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Chapter One: General introduction, aims and objectives 
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1.1 Research background  

Osteoarthritis (OA) is an umbrella term that covers a group of prolonged, painful and 

potentially debilitating disorders of synovial joints, including joints of the hands, fingers, 

knees, hips and spine. It is the most common chronic degenerative disease of joints and 

typically involves degeneration of articular cartilage, sclerosis/thickening of subchondral 

bone and inflammation of the synovium (Ji and Zhang, 2019). 

OA constitutes a significant and growing health burden and has serious consequences 

for afflicted people, health-care systems, as well as the wider socioeconomic costs 

(Hunter and Bierma-Zeinstra, 2019). OA affects 3.3 - 3.6% of the population globally and 

is responsible for causing moderate to severe disability in 43 million people, making it 

11th in terms of disease prevalence worldwide. In the United States, 80% of people over 

65 years of age are estimated to have radiographic evidence of OA, with 60% of this 

subset having symptoms. In 2011, approximately 1 million people in the US were 

hospitalized for OA with a cumulative cost of nearly US $15 billion, making it the second 

most expensive disease in the United States (Berenbaum et al., 2018, Bortoluzzi et al., 

2018).  

Risk factors relevant for OA include gender, older age, obesity, race and ethnicity, 

genetics, nutrition, smoking, anatomical factors, muscle weakness, and joint injury 

(occupation/sports activities) (Felson et al., 2000, Loughlin et al., 2002, Loeser, 2010). 

Based on its aetiology, OA can be classified as primary OA (idiopathic or non-traumatic) 

or secondary OA (usually due to trauma or mechanical misalignment). Primary OA is the 
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composition of joints and signalling mechanisms that could result in the progression of 

degenerative joint disease. Senescent/old cells are present both in aged and OA joints, 

which release senescent-associated mediators responsible for destroying the articular 

tissues. These changes along with the aging-related chronic pro-inflammatory 

environment might be responsible for the delay in the ability of the joint to repair, 

leading to onset of OA (O'Brien and McDougall, 2019). 

Obesity is another risk factor for the disease. Although the link to OA has been 

demonstrated for a long time, the exact mechanism through which it contributes to OA 

is not fully understood. Obesity not only contributes to OA by exerting mechanical stress 

to the joints (mechanical hypothesis), but it also incites an inflammatory state by 

mechanisms such as increased leptin (LEP) expression, compromised gut mucosa, 

and/or gut microbiota disruption, which may contribute to the pathogenesis of OA (King 

et al., 2013, Raud et al., 2020). The main obesity-related signalling pathways involved in 

OA inflammation are protein tyrosine phosphatase 1B (PTP1B) and toll-like receptor 4 

(TLR4) or damage associated patterns (DAP12) (Jiang et al., 2021). 

A study in the United Kingdom on a cohort of 2,597 participants demonstrated a direct 

correlation between body mass index (BMI) and knee OA in men and women (Martin et 

al., 2013). Similar results were reported in another study involving African American and 

Caucasian American populations (Deshpande et al., 2016). Moreover, the ROAD 

(Research on Osteoarthritis/Osteoporosis Against Disability) study, comprising 1,690 

participants, showed that frequency and intensity of knee OA were associated with 

significantly increased central obesity, high triglycerides, low HDL cholesterol, high 
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blood pressure and insulin resistance (Yoshimura et al., 2012), all of which are associated 

with metabolic syndrome. Studies have also shown that the incidence of the disease in 

obese women is four times greater than in non-obese women. This correlation is even 

higher in men, with obese men being at five times greater risk of OA than non-obese 

men (Anderson and Felson, 1988a). Obesity, therefore, is believed to be a primary risk 

factor for both the onset and progression of OA.  

OA is a whole joint disease primarily due to the breakdown of the articular cartilage, 

which is the smooth, lubricated, shock-absorbing tissue covering the ends of joints. 

Though articular cartilage is considered the site of OA, it lacks neurons and cannot be 

the source of pain by itself (Goncharov, 2011). Structural modifications in the hyaline 

articular cartilage, subchondral bone, ligaments, capsule, synovium, and periarticular 

muscles together lead to OA and its debilitating symptoms (Brandt et al., 2006, Glyn-

Jones et al., 2015). The complex pathogenesis of the disease involves genetic, metabolic, 

biochemical, biomedical and inflammatory factors, which eventually result in the 

structural destruction and collapse of the synovial joint. OA is therefore not a passive 

degenerative disease or so-called wear-and-tear disease as was once believed; rather, it 

is a  dynamic and intense change in the joint that arises from a disproportion between 

anabolic and catabolic activities of  joint tissues (Hassanali and Oyoo, 2011, Fu et al., 

2017). 

OA is generally considered a non-inflammatory condition, different from inflammatory 

arthritis disorders such as rheumatoid arthritis (RA) or seronegative 

spondyloarthropathies, but the recent interpretation of OA as a chronic injury highlights 







https://www.sciencedirect.com/topics/medicine-and-dentistry/nutraceutical
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by chondrocytes  (Roach and Tilley, 2007). Fish oil contains all the essential lipids that 

have to date been found to be effective in treating different types of arthritis including 

OA (Boe and Vangsness, 2015). These components include the marine n-3 PUFA 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Current aquaculture 

practice relies solely on fish to produce fish oil, which is unfortunate and is leading to 

overfishing, an escalating global concern. Currently, there are no means to produce 

long-chain n-3 PUFA or fish containing these fatty acids in an economically and 

environmentally sustainable way.  

Shellfish including blue mussel (BM; Mytilus edulis) and GreenshellTM mussel (GSM; 

green-lipped mussel; Perna canaliculus) have macronutrient profiles comparable to fish. 

Both fish and mussels contain EPA and DHA. In addition to these, mussels are also rich 

in nutrients such as zinc, selenium, riboflavin, and carotenoids. Besides nutritional 

benefits, blue and greenshell mussel farming can also be undertaken in a 

environmentally friendly manner so that these shellfish remove excessive nitrogen at 

harvest and reduce the eutrophication of the sea. Fish and shellfish are often included 

in the same food group, although their nutrient composition varies significantly between 

species. Therefore, in most studies the nutritional and bioactive effects of different fish 

or shellfish species have not been distinguished.  

There are no reported studies to date regarding joint health interventions in patients or 

healthy subjects using consumption of whole mussel meat or other shellfish intake. Yet, 

some animal- and cell-model studies show anti-arthritic or anti-inflammatory effects 

from lipid extracts of mussels (Stebbings et al., 2017). One such study demonstrated that 
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canaliculus for their diet were less likely to develop osteoarthritis than their inland 

counterparts. Seatone® was the first commercially available product of freeze-dried 

mussel extract marketed in 1976, but quality concerns due to instability arose among 

consumers and industry (Grienke et al., 2014b). The instability issues were solved using 

a new formulation called Lyprinol® in 1998. Lyprinol was synthesized as an oil from 

stabilized freeze-dried mussel powder and blended with vitamin E and olive oil as an 

antioxidant  (Whitehouse et al., 1997, Singh et al., 2008).  

Reports in the literature collectively demonstrate that GSM extracts such as Lyprinol® 

have proven anti-inflammatory effects. For some conditions, its anti-inflammatory 

mechanism is also understood; however, in osteoarthritis the exact mechanism of its 

action is unknown.  

1.2 Research Project Proposal 

GSM is reported to treat OA and other inflammatory conditions through its anti-

inflammatory mechanism of action, with its biological activity being mostly attributed to 

its lipid fraction. However, the effects of the whole mussel and the mechanism of its 

action are unknown. This research project is primarily designed to gain insight into the 

mechanism of action of whole mussel powder extracts using in vitro cell models of OA. 

The following questions were addressed during this study:  

Question 1 - What is the anti-inflammatory mechanism of action of GSM extracts? 
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Hypothesis: Being anti-inflammatory in nature, GSM should affect cytokine 

levels produced by macrophages. 

Study design: We created a novel LEP-stimulated in vitro cell model of synovial 

inflammation by using J774A.1 macrophages and then tested GSM extracts at 

non-cytotoxic levels for their immunomodulatory potential. We further assessed 

both GSM and blue mussel extracts to identify optimal solvent and assay 

conditions, with the goal of establishing this cell model for future whole-meat-

extract experimental use. We measured the expression of selected cytokines in 

response to the treatments using RT-qPCR.   

Question 2 - Do GSM extracts alter cell function such as levels of mineralization in a 

bone model of OA? 

Hypothesis: GSM extracts should have a direct protective effect on cell function, 

as fish oil-containing neutraceuticals have been shown to have protective effects 

on osteoblasts, osteoclasts, and osteocytes.  

Study design:  We created a novel in vitro model of OA subchondral bone 

remodeling by treating murine MC3T3-E1 osteoblasts with LEP. After treating the 

bone model of OA with the GSM extracts, we measured mineralization and 

production of extracellular matrix molecules, alkaline phosphatase, and other 

markers using specialized staining techniques and RT-qPCR. 

Question 3 - How do GSM extracts affect cartilage metabolism in vitro? 
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Hypothesis: GSM extracts should have a direct protective effect on cartilage cell 

function, as fish oil-containing neutraceuticals have been shown to have 

protective effects on chondrocytes.  

Study design: We created a novel in vitro model of OA cartilage by treating 

ATDC5 chondrocytes with LEP. After treating the cartilage model of OA with the 

GSM extracts, we measured mineralization and production of extracellular 

matrix molecules, alkaline phosphatase, and other markers using specialized 

staining techniques and RT-qPCR. 

1.3.  Study Outcomes and Funding 

There is a lack of information on how whole GSM can affect immune, bone, and cartilage 

models of OA.  This study has allowed us to test the hypotheses outlined above and 

demonstrated that GSM extracts, as a whole food, can indirectly alter the disease 

progression of OA induced by leptin by modifying the immune response as well as by 

directly providing protective effects to cartilage and bone. The study also provided novel 

insights into the mechanisms of action of GSM extracts, adding to the existing body of 

data describing how GSM extracts can affect different cell types. Finally, three new cell 

models to mimic the immune, bone, and cartilage changes that occur in OA were 

developed and assessed. These findings have aided in determining that whole GSM is a 

candidate for usage instead of or in addition to NSAIDS to treat OA.  
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This project is part of a collaboration between Massey University, the Cawthron Institute 

and Sanford Ltd. The research is supported by a High Value Nutrition grant (Ministry of 

Primary Industries) with funds of >$50,000 for running costs, and a three-year full 

doctoral scholarship (including tuition) from the Riddet Centre of Research Excellence. 

1.4 Thesis layout 

The thesis is divided into eight chapters, containing five experimental chapters (the sixth 

experimental chapter yet to be completed). Experimental chapters are written with the 

intention to be published in scientific journals and their publication details are 

mentioned in each chapter. 

Chapter One briefly introduces osteoarthritis (OA), its prevalence and risk factors, the 

pathogenesis of the disease, currently available therapeutic options, and the 

importance of food supplements or nutraceuticals in disease management, with a 

special focus on green shell mussel (GSM) followed by aims and objectives of the project, 

funding information of the project and details about thesis layout at the end of this 

chapter. All these topics are discussed in more detail in chapter 2, which thoroughly 

reviews the literature on OA and GSM. 

Chapter Two is a review of the literature regarding important aspects of OA such as 

prevalence, risk factors of the disease, aetiology, pathogenesis and pathophysiology. It 

reviews the literature on different in vitro models used for the study of OA including 

their advantages and limitations, as well as GSM and blue mussel (BM) composition and 
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Chapter Six explores the immunomodulatory and osteogenic effects of GSM in LEP-

stimulated murine J774A.1 macrophages and MC3T3-E1 osteoblasts. The aim of this 

study was firstly to design and assess in vitro cell models by challenging J774A.1 

macrophages and differentiated MC3T3-E1 osteoblasts with LEP, and secondly to 

determine whether whole GSM has protective effects in these models of synovial 

inflammation and bone remodelling. Alizarin red staining assay, alkaline phosphatase 

activity assay and RT-qPCR were used as a tool to study osteogenic and inflammatory 

biomarkers. 

Chapter Seven further investigates the role of GSM extracts on chondrocyte 

metabolism. This study was aimed to mimic the OA-related pathophysiology of 

chondrocytes in vitro and then to explore the mechanism of action of GSM in the disease 

model. We used ATDC5 cells to create an LEP-stimulated in vitro chondrocytes model of 

OA and compared two whole GSM powders, conventionally processed GSM-A versus 

enzymatically processed GSM-B, for their effects on proliferation, differentiation, 

collagen, proteoglycan, and mineral deposition of the LEP-stimulated chondrocytes. 

Chapter Eight reviews and describes the general findings of the whole thesis and 

discusses the study limitations, recommendations, and future perspectives. 
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processes facilitated by cytokines, proteolytic enzymes, and other pro-inflammatory 

mediators such as prostaglandins, leukotrienes, and nitric oxide. These biochemical 

pathways lead to the alteration of joint homeostasis including articular cartilage 

degeneration, osteolysis, subchondral bone sclerosis, the formation of osteophytes, and 

thickening of the synovial membrane and subchondral bone; regardless of the aetiology, 

all of the prior mentioned components are involved in the pathogenesis of the disease 

(Carmona and Prades, 2009). 

OA is one of the most prevalent chronic health conditions in the western world; with a 

higher frequency amongst people aged 60 years or higher (Helmick et al., 2008, Loeser, 

2010). OA has a strong link with aging, consequently, the incidence of the disease has 

increased as the population has aged, as shown by the Arthritis Data Workshop report 

which stated that the incidence of OA of the hands, hips, or knee (Figure 2.1) was 

increased among older adults of US from 21 million in 1995 to 27 million in 2005 

(Lawrence et al., 2008b). Obesity is another risk factor for the disease, as previous 

research shows that the incidence of the disease in obese women is four times greater 

than in non-obese women. Likewise,  obese men have five times greater risk of OA than 

non-obese men (Anderson and Felson, 1988a).  Obesity, therefore, is considered as a 

primary risk factor for the pathogenesis of OA. Other risk factors include sex, race and 

ethnicity, genetics, nutrition, smoking, and injuries/trauma to the joint (Felson et al., 

2000, Loughlin et al., 2002, Loeser, 2010).  
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Figure 2.1: shows OA in different synovial joints of the body and pathological changes in 
OA knee joint vs healthy joint. Reproduced with the permission of www.healthwise.org 
(© Healthwise, 2019).  

2.2 Epidemiology of osteoarthritis 

The prevalence of OA varies across human clinical studies depending upon the definition 

used for diagnosis. For example, self-reported OA is called symptomatic OA, when it is 

diagnosed radiographically it is called radiographic OA and when defined clinically then 

it is doctor-diagnosed OA. Interestingly, not all patients with radiographic OA are shown 

to have symptomatic OA, therefore, overall, the prevalence for symptomatic OA tends 

to be lower than radiographic OA as its presence is defined by a combination of 

symptoms such as pain and stiffness in addition to radiographic features (Parsons et al., 

2015, Li et al., 2020). 
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2.2.1 Incidence  

The 2016 Global Burden of Disease study (GBD2016) estimates 199 cases of hip and knee 

OA per 100,000 population globally (Vos et al., 2017). The incidence of OA varies 

according to socioeconomic conditions in different regions of the world with estimates 

of 347 new cases per 100,000 in high-income areas, compared with 256 per 100,000 in 

Central Europe and 91 per 100,000 in sub-Saharan Africa. Also, in the United States, the 

incidence of OA is generally lower for African Americans when compared to Caucasians 

(Neogi and Zhang, 2013, Nelson, 2018b).(Neogi and Zhang, 2013, Nelson, 2018b). The 

incidence of OA increases with age and women have a higher incidence as compared to 

men. The frequency of symptomatic hand, hip, and knee OA increases rapidly around 

the age of 50 years and then stabilizes after 70 years of age (Zhang and Jordan, 2010). 

2.2.2 Prevalence  

Approximately 240 million people are affected by OA around the globe (Nelson, 2018a), 

including over 30 million in the United States, which has increased from 21 million in 

1990 to 27 million in 2005 (Zhang and Jordan, 2008). The prevalence of OA of the hip 

and knee is increasing, affecting 5% of adults aged over 18 years, although prevalence 

varies due to differences between rural and urban areas, and between high- and low- to 

moderate-income regions. This rate is expected to increase with the increased incidence 

of aging and obesity (Hong et al., 2020). 
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Knee OA is the most widespread form of OA globally and accounts for around 80% of 

the disease's total burden (Vos et al., 2012). The age-standardized and radiographically 

confirmed symptomatic knee OA has been estimated at 3.8% globally, with the 

incidence being higher in women (4.8 percent) compared with men (2.8 percent). Knee 

OA has a similar prevalence in the United States and Europe and lower incidence being 

reported in southern Asia (Litwic et al., 2013, Cross et al., 2014).  

Hand OA is the next most prevalent form of OA with the incidence of radiographic hand 

OA that is approximately 27 to over 80%  in the United States (Litwic et al., 2013) and in 

Japan, its incidence is even higher at over 90% (Kodama et al., 2016). However, the 

percentage of symptomatic hand OA is much lower at around 8% (Dillon et al., 2007). 

The incidence of symptomatic hand OA is strongly correlated with age in the United 

States, with 13% of men and 26% of women over 70 years of age reported to have 

symptomatic hand OA, while in China symptomatic hand OA is rarely reported 

irrespective of age and gender (Litwic et al., 2013). 

The incidence of hip OA is lower than knee or hand OA, with an age-standardized global 

prevalence of radiographically confirmed symptomatic hip OA of 0.85% in adults over 

18 years of age, again considering the differences between rural and urban areas and 

socioeconomic status of the regions. Hip OA has equal rates in men and women with no 

gender differences and incidence increases with age. Rates of radiographic hip OA are 

reported to be higher than symptomatic OA, with a prevalence of 1 to 6%, based on the 

definition used (Litwic et al., 2013, Cross et al., 2014). 
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persists afterward and is thought to contribute to cartilage erosion and thus cause PTOA 

(Lieberthal et al., 2015).2.3.4 Gender 

Gender is also an important but non-modifiable risk factor for OA. Studies have shown 

that OA of the hands and knees is more prevalent among women than men, while hip 

OA is prevalent equally in both genders (Johnson and Hunter, 2014). Aging in women 

also plays a central role in OA pathogenesis, as OA is more frequent in the 

postmenopausal years, although some studies have shown loss of estrogen as a 

causative factor in postmenopausal women (Cirillo et al., 2006, Hussain et al., 2014). 

2.3.5 Genetics 

Genetics may or may not be a serious risk factor for OA pathogenesis, depending on the 

type and number of genes affected. Generally, a mutation in any individual gene 

provides only a very slight risk for OA (likelihoods ratios in the 1.2-1.4 range) (Richard, 

2020), signifying the involvement of either multiple genes for a more substantial OA risk 

or importance of environmental factors and/or epigenetics in addition to mutant genes 

for the disease to be incited (Yucesoy et al., 2015).  However, there are some severe 

forms of OA inherited due to rare mutations in the genes encoding structural collagens 

present in articular cartilage and the vitreous of the eye. These genes include collagen 

types II, IX, or XI.  Mutations in these genes result in premature OA that can initiate as 

early as adolescence, resulting in a severe destructive form of arthritis that affects 

multiple joints (Snead and Yates, 1999, Kannu et al., 2010). As the vitreous fluid of the 

eye also contains these collagen types, some patients also have eye disease. These 
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mutations also cause Stickler syndrome which affects 1 in 7,500-9,000 new-borns 

(syndromes with craniofacial abnormalities) (Couchouron and Masson, 2011).  Another 

less severe form of OA triggered due to alterations in joint shape is caused due to 

mutation (polymorphisms) of genes associated with expression of growth and 

differentiation factor (GDF)-5, which is a member of bone morphogenetic proteins that 

play a part in joint growth and development (Valdes and Spector, 2011). 

2.3.6 Anatomic factors  

Joint structure also plays a significant role in the onset of OA. Altered joint shape results 

in altered joint mechanics, i.e. excessive joint loads and activation of 

mechanotransduction pathways lead to increased production of inflammatory 

mediators and proteolytic enzymes (Andriacchi and Favre, 2014). The joint shape is 

particularly important in the case of the hip, where hip joint alteration due to Congenital 

acetabular dysplasia results in premature hip OA that often requires replacement of the  

(Morvan et al., 2013). Similarly, in the case of the knee joint lower extremity alignment 

is important concerning its role in the onset of OA. Individuals who have a Varus 

alignment (bow-legged) are at increased risk of medial tibial-femoral OA, while those 

with a valgus alignment (knocked-knee) are at risk for lateral tibial-femoral OA (Moisio 

et al., 2011).  

2.3.7 Inflammation  

Inflammation is the natural immune response of the body to many pathways that occur 

in the body such as aging, obesity, injury, etc. All these processes converge at 

https://www.uptodate.com/contents/syndromes-with-craniofacial-abnormalities?sectionName=STICKLER+AND+MARSHALL+SYNDROMES&topicRef=5498&anchor=H18&source=see_link#H18
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inflammation which can lead to a number of pathological conditions including OA 

depending upon the site affected. There is growing evidence that OA is manifested by 

low-grade local and systemic inflammation (Lopez-Otin et al., 2013). Similarly, aging is 

also correlated with chronic low-grade inflammation, occasionally called inflammaging 

(Franceschi et al., 2000). Inflammaging might be involved in OA but the exact mechanism 

that links OA with inflammation is not known yet. However, several features of aging 

can contribute to OA pathogenesis such as epigenetic modifications, mitochondrial 

dysfunction, cellular senescence, dysregulated nutrient sensing, and transformed 

intercellular communication (Loeser et al., 2016b). Increased production of 

proinflammatory mediators is associated with senescence-associated secretory 

phenotype (SASP) that may have an important role to play in pathogenesis of OA 

(Greene and Loeser, 2015). IL-6 is an important cytokine associated with age related 

diseases (Morrisette-Thomas et al., 2014) and systemic increase in its concentration 

might be considered as a strong risk factor for the development of OA (Livshits et al., 

2009). Although the role of IL-6 in progression of rheumatoid arthritis (RA) is clear and 

IL-6 targeted therapy is found to be an effective treatment for RA (Smolen et al., 2008), 

its role in age associated OA has not yet been recognized, as IL-6 gene deficient mice 

show even more severe age related OA. This reveals the involvement of other mediators 

in the disease pathogenesis and that the relation between age and OA is not determined 

by a single factor but by multiple cytokine profiles changing during aging (Morrisette-

Thomas et al., 2014). 
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end-stage knee arthritis patients) were shown to have protective effects on bovine 

cartilage explants rather than being catabolic (Bastiaansen-Jenniskens et al., 2012).  

2.3.8 Proteases 

Proteases (protein degrading enzymes) involved in the degradation of cartilage matrix 

proteins such as aggrecans and type II collagen are known to play an important role in 

OA pathogenesis. These proteases include numerous matrix metalloproteinases 

(MMPs), cysteine proteinases such as cathepsin K, and serine proteinases. Members of 

the ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs), a 

family called aggrecanases (ADAMTS-4 and -5), catalyse the breakdown of aggrecan in 

the early phases of OA, which is the large proteoglycan that provides plasticity to 

cartilage. (Thomas, 1956) Similarly, collagenases are MMPs; one example, MMP-13, is a 

major collagenase involved in the breakdown of type II collagen, the major collagen in 

cartilage that is responsible for the tensile strength of cartilage (Troeberg and Nagase, 

2012). Cathepsin K is a cysteine proteinase that is primarily expressed in osteoclasts and 

is responsible for the degradation of type I collagen in bone but can also degrade type II 

collagen in cartilage (Salminen-Mankonen et al., 2007). Once collagen is broken down 

significantly, the repair of the damaged matrix is thought to be impossible, and the 

progression of matrix loss is obvious (Svelander et al., 2009). Considering the importance 

of aggrecanase-2 (ADAMTS-5) and MMP-13 in OA, it is logical to utilize them as potential 

targets for the development of disease-modifying drugs such as protease inhibitors 

(Tonge et al., 2014). MMPs are produced in their inactive or pro-forms, and are only 

activated into functional MMPs when cleaved by proteolytic enzymes such as serine 
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proteases including, HtrA1 and activated protein C (Visse and Nagase, 2003). Therefore, 

serine proteases can also be used as potential targets for treatment of OA in order to 

inhibit the production of functionally active MMPs.  

2.3.9 Other pathways 

Several studies have revealed potential mediators of OA other than pro-inflammatory 

in nature, which can contribute to OA either by activating pathways involved in joint 

tissue destruction or by inhibition of tissue repair. These mediators include: 

2.3.9.1 FGF signalling  

Fibroblast growth factors (FGFs) produced after joint injury can signal both catabolic and 

anabolic pathways in chondrocytes, depending on the specific receptor activated. FGF-

18, for instance, is a potent cartilage anabolic factor that signals through FGF receptor-

3 and is being explored as a potential intra-articular therapy for OA (Yu and Hunter, 

2015). These findings have led to the concept that OA might reinforce developmental 

processes, leading to the investigation of other proteins such as bone morphogenetic 

proteins (BMPs) and Wnts (a term formed by combining the proto-oncogene names of 

wingless and integration-1) for their roles in OA (Loeser, 2013).  

2.3.9.2 BMP and Wnt signalling  

BMP and Wnt are proteins which act through cell surface receptors. These proteins are 

produced in subchondral bone and have receptors on cartilage; the interactions 
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RNAs and long noncoding RNAs that differ between normal cartilage and OA cartilage 

(Gabay and Sanchez, 2012, Loeser, 2013, Tsezou, 2014). Yet, it is not clear which of the 

various epigenetic changes are more important regarding their role in the development 

of OA in humans. 

2.3.9.4 Sirtuins  

Sirtuins (SIRT) are a family of nicotinamide adenine dinucleotide (NAD)-dependent 

deacetylases involved in the regulation of gene expression in response to altered energy 

metabolism and serve as a key factor in the promotion of longevity in response to 

dietary restriction (Leibiger and Berggren, 2006). SIRT1 serves as a histone deacetylase 

and studies have shown that mice deficient in SIRT1 resulted in the cartilage to develop 

spontaneous OA (Gabay and Sanchez, 2012). Other SIRTs, including SIRT6, found in 

cartilage may also have an important role in maintaining cartilage homeostasis (Nagai 

et al., 2015). 

2.4 Summary of the aetiology and pathogenesis of osteoarthritis 

As discussed above, OA was initially considered as age-associated wear and tear of the 

cartilage in the joints of the hands, knees, and hips but modern research shows that it is 

a whole joint disease of complex aetiology involving the above-mentioned multiple risk 

factors. One of the multiple components of the disease are genetic and studies show 

that it is a polygenic disease with a substantial hereditary component. Data obtained 

from gene analyses and genome-wide screening of individuals with OA identify a 
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multitude of information about different aspects of the disease. For instance, gene 

studies have shown that multiple genes involved in bone formation  

(CLEC3B, CDH11, GPNMB, CLEC3A, CHST11, MSX1, MSX2) and genes encoding collagens 

(COL13A1, COL14A1, COL15A1, COL8A2) (Sun et al., 2015)  are associated with the 

development of synovial joints, and mutations in these genes can directly cause OA. 

Moreover, they can also determine the age of the disease onset, site of the joint 

involved, severity of the disease, and rate of its progression (Sandell, 2012).  

Altered metabolism in cartilage and synovial joints is also considered a significant factor 

in the onset and development of OA. According to this hypothesis mammalian cells, 

under adverse microenvironment (increased mechanical loading, trauma, or injury) 

undergo a shift from regulated metabolism to highly activated metabolic pathways to 

maintain energy homeostasis (Zheng et al., 2021). This change in metabolism is 

accompanied by increased production of metabolic intermediates which lead to 

biosynthesis of inflammatory mediators and other proteins which ultimately stimulate 

inflammatory pathways and transcription factors involved in catabolism of cartilage. The 

continuation of these processes culminates in the pathogenesis of OA (Mobasheri et al., 

2017).  

Injury or trauma (macro trauma or repeated microtrauma) is generally considered the 

cause of OA in many patients. In response to injury, chondrocytes produce degradative 

enzymes that result in poor repair responses. Cartilage defects are a less common origin 

of OA (Ding et al., 2005). Defective cartilage, due to a genetic mutation in type II collagen 
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or ochronotic cartilage with deleterious pigment deposition, fails under normal joint 

loading, resulting in the development of OA (Lotz, 2010, Lieberthal et al., 2015). 

In short, OA can be initiated due to a failure of biomechanical forces and /or cartilage, 

but once it has triggered, the progression of the disease is an interplay between many 

other factors including protease and protease inhibitors, cytokines and inflammatory 

mediators, cartilage degradation, and many risk factors such as age, body weight, 

systemic hormones, mineral deposition, and abnormalities in neurogenic control. 

Finally, the damage extends beyond the cartilage and affects other components of the 

joint such as subchondral bone, synovial membrane, and ligaments (Hassanali and Oyoo, 

2011), as shown in figure 2.2. Subsequently, the patient suffers from joint agony, 

stiffness, and limited movement. If left untreated, these symptoms slowly spread all 

over the joint, resulting in pain, failure of the joint and disability. 
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Figure 2.2: OA pathogenesis is an interplay between different components of joints i.e. 
synovial macrophages, chondrocytes of cartilage, and underlying subchondral bone. 
Cross talk is facilitated through cytokines. Reproduced with the permission of the Xuan 
cu Cao (Innes, 2016). 

2.5 Pathophysiology of osteoarthritis 

2.5.1 Joint anatomy & physiology  

A typical synovial joint consists of different tissues such as articular cartilage, synovium, 

ligaments, joint capsules, subchondral and metaphyseal bone, and the muscles that act 

over the joint (Buckwalter et al., 2005). During OA disease progression, all of these 

components undergo modifications such as subchondral bone undergoes remodelling, 

osteophytes or bony projections are formed, synovial inflammation is caused, 

ligamentous laxity (loose ligaments) occurs, and the periarticular muscles deteriorate 

due to an imbalance between the catabolic and anabolic processes of joint tissue 
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(Brandt et al., 2006). Subsequently, the patient suffers from pain, stiffness, and limited 

joint movement, which ultimately lead to joint failure and disability (Martel-Pelletier, 

2004). 

2.5.1.1 Articular cartilage 

Articular cartilage is primarily made up of extracellular matrix (ECM) with sparingly 

scattered, a particular type of cells called chondrocytes (Buckwalter and Mankin, 1998). 

It lacks nerves lymphatic vessels or blood vessels. Chondrocytes are the only cells 

present in cartilage. ECM contains tissue fluid and a background of structural 

macromolecules including collagens, non-collagenous proteins, proteoglycans, and 

glycoproteins, produced by chondrocytes. Each chondrocyte produces and  preserves a 

particular microenvironment in its adjoining zone (Poole et al., 2001). Tissue fluid is the 

major component (80% of the wet weight of articular cartilage) of ECM and is mainly 

composed of water with minute amounts of gas, metabolites, small proteins, and a high 

concentration of cations to compensate for the anionic proteoglycans. ECM water is 

distributed in different fractions such as 30% in intrafibrillar space within collagen in the 

form of a gel, a small proportion in the intracellular space, and the remainder in the pore 

space of the matrix. Tissue fluid not only provides lubrication but also facilitates the 

transport of nutrients to chondrocytes. 

The macromolecular portion of ECM consists of different macromolecules with the most 

abundant one being collagen (around 60% of the dry weight of articular cartilage). 

Different types of collagen are present in the ECM, such as collagen types I, II, IV, VI, IX, 
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X and XI, but the major one is type II collagen which interlinks the proteoglycan 

aggregates by forming a fibrillary network. This organization is maintained and stabilized 

by other forms of collagen. All these molecules together form a meshwork that 

encompasses the whole tissue and provides flexibility, cohesiveness, and strength to the 

articular cartilage (Eyre, 2002, Fox et al., 2009a). The second group of abundant 

macromolecules in the ECM are proteoglycans. Proteoglycans are of two types, 

aggrecans and other minor proteoglycans (decorin, biglycan, and fibromodulin) 

(Watanabe et al., 1998). Aggrecans are large aggregating molecules which intermingle 

with hyaluronic acid (also termed as HA, hyluronin) and proteins to produce huge 

proteoglycan aggregates, supporting the proteoglycans anchoring within the matrix. 

Aggrecans are also responsible for osmotic properties of cartilage, crucial for fighting 

compressive loads (Hardingham et al., 1994, Watanabe et al., 1998, Knudson and 

Knudson, 2001). Small proteoglycans (decorin, biglycan, and fibromodulin) are not 

directly involved in mechanical support, but they indirectly support cartilage function; 

for example, decorin and fibromodulin are involved in fibrillogenesis and interfibril 

connections by networking with collagen type II fibrils, while biglycan in the immediate 

surrounding of chondrocytes interact with collagen type IV  (Hedlund et al., 1994, Poole 

et al., 1996, Buckwalter and Mankin, 1998). 

Cartilage is divided into different zones and regions depending upon the structure, 

organization, morphology, and mechanical properties of the matrix. From the articular 

surface to subchondral zone there are four zones;  the superficial zone, the transitional 

zone, the middle (radial or deep) zone, and the calcified cartilage zone. These zones 
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differ from one another with respect to composition, structure, and function of the 

matrix. The composition, structure and function of matrix even vary within the same 

zone depending upon the distance from the chondrocytes, resulting in different areas 

such as the pericellular area, the territorial area, and the interterritorial area (Bhosale 

and Richardson, 2008, Fox et al., 2009b). 

The superficial zone is the thinnest zone close to the synovial fluid and is rich in flattened 

chondrocytes, types II and IX collagen. It is strongly packed and arranged parallel to the 

articular surface and protects deeper zones. It also provides flexibility and strength to 

the joint to stand compressive forces produced during joint use due to its highly packed 

collagen fibrils arranged parallel to the joint (Clark, 1990). The transitional zone 

constitutes 40-60% of the total cartilage and is composed of proteoglycans and thicker 

(having largest diameter) collagen fibrils, arranged perpendicularly. It acts as an 

anatomic bridge between the superficial and deeper zone and provides resistance 

against compressive forces. The deep zone is richest in proteoglycans and lowest in 

water and these properties enable it to resist compressive forces (Buckwalter et al., 

2005, Fox et al., 2009a). Finally, the calcified cartilage zone is separated from the deep 

zone by a basophilic line. The calcified zone anchors the collagen fibrils of the deeper 

zone to the subchondral bone and thus safeguards the cartilage and bone, (Redler et al., 

1975). Furthermore, calcified cartilage facilitates the movement of small molecules 

between the cartilage and subchondral bone and thus non-calcified tissues can 

biochemically interact with subchondral bone (Green et al., 1970, Arkill and Winlove, 

2008).  
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activated after cleavage of propeptide domains in ECM (Roos et al., 1995b, Knäuper et 

al., 2002, Tchetverikov et al., 2005).  The activity of MMPs is regulated by different 

molecules such as tissue inhibitors of metalloproteinases (TIMPs) and proteinase 

inhibitors that activate proMMPs. These molecules control the changes in the activity 

and level of these enzymes; therefore, it can be concluded that MMPs, their inhibitors, 

and activators together maintain homeostasis by controlling the anabolic and catabolic 

processes in the joint (Martel-Pelletier et al., 1994, Yoshihara et al., 2000). 

The synovial membrane is a size-dependent molecular sieve for the components of 

synovial fluid. HA and PRG4 lubricants, being larger, are retained by the membrane, 

while smaller molecules such as metabolic substrates and by-products including 

cytokines, and growth factors are not (Pejovic et al., 1995, Sabaratnam et al., 2005). 

2.5.1.3 Subchondral Bone 

Previously, OA was considered to be the outcome of cartilage degeneration but it has 

now been established that this is not the only cause of disease, with all components of 

the joints are involved in its pathology. Remodeling of the subchondral bone is 

accompanied by articular cartilage damage and subchondral sclerosis and together  

these conditions contribute to OA (Burr and Gallant, 2012, Henrotin et al., 2012). 

Subchondral bone is a membrane-like structure that lies away from calcified cartilage 

(Madry et al., 2010, Li et al., 2013c). Subchondral bone has two layers i.e. subchondral 

bone plate and subchondral trabecular bone (Goldring and Goldring, 2010). The 
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Joint homeostasis is maintained by the entire joint together with articular cartilage, 

synovium, subchondral bone, and IFP, all of these components are involved in the onset 

and pathogenesis of OA.  However, the critical component is articular cartilage, which 

loses the ability to absorb shock produced as a result of mechanical forces imposed on 

the joint. This failure of cartilage to withstand mechanical force is due to the destruction 

of the extracellular matrix (Roach and Tilley, 2007). 

2.5.2.1 Altered cartilage homeostasis 

During OA, chondrocytes progressively experience a variety of pressures including 

biomechanical stress, pro-inflammatory cytokines and chemokines, and altered ECM. As 

a result, chondrocytes undergo phenotypic modification and cartilage homeostasis is 

disturbed (Goldring and Otero, 2011b). Several pathways maintain these phenotypic 

changes; these are discussed in detail below. 

2.5.2.1.1 mRNA decay in healthy vs OA chondrocytes 

The mRNA levels in a cell are not only regulated by the rate at which it is produced, but 

also the rate at which it is degraded (post-transcriptional regulation); the combination 

of the two determines the cell mRNA levels. Tew and colleagues (Tew et al., 2014) 

compared chondrocyte transcriptomes of healthy and osteoarthritic patients, using 

microarray analysis and actinomycin D chase. They stated that most of the transcripts 

were unaffected in both healthy and OA chondrocytes with only a small division of short-

lived transcripts. These transcripts with decreased half-life were high in OA 
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demonstrating that TLR ligand can be generated from one of the primary 

macromolecules of cartilage during OA when cartilage undergoes destruction. Aggrecan 

fragments may interact with the existing pool of DAMPs but their role within the 

immune system in vivo is yet to be established.  

2.5.2.2 The pathogenic role of synovium 

Data obtained from clinical and imaging studies of OA provides strong evidence that 

synovitis is related to cartilage loss and other symptoms of OA (Scanzello and Goldring, 

2012). Described below are the synovial pathways that may cause OA. 

2.5.2.2.1 The role of the alarmins, S100A8, and S100A9, in OA with pronounced 

synovitis 

The alarmins known as S100A8 and S100A9, whose production are elicited by cellular 

damage, are copiously found in OA joints (Zreiqat et al., 2010). They have pro-catabolic 

activity in chondrocytes and they act through TLR4 (Blom et al., 2020). They add to OA 

pathogenesis in the collagenase-induced OA (CIOA) model, having prominent synovial 

inflammation, but not in the DMM model which reveals low-grade synovitis (van Lent et 

al., 2012). The van Lent research group found that intra-articularly (IA) deposited stem 

cells derived from adipose tissue are effective in minimizing the cartilage impairment 

and osteophytes in CIOA but not in DMM, which shows that synovial provocation 

stimulates the protective effects of adipose-derived stem cells when administered 

locally (Schelbergen et al., 2014).  Adipose-derived stem cells were effective in CIOA 
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because they suppress S100A8/A9 and IL-1 in the joint and S100A8/A9 levels in serum, 

ultimately blocking synovial activation (Schelbergen et al., 2014). These findings further 

validate the idea that alarmins can be involved in the pathogenesis of OA in subgroups 

having synovitis as a prominent feature and can be explored as a therapeutic target.  

Along with S100 proteins, there are many other DAMPs in the OA joint such as products 

of ECM degradation that signal through various PRRs. But more recent studies involving 

female mice deficient in TLR1, TLR2, TLR4, TLR6, and MyD88 have reported contradicting 

results; these DAMPs were found not to defend against cartilage destruction and 

synovial inflammation 8 weeks after the medial meniscus was partially removed (Nasi 

et al., 2014). Further research on the role of the innate immune system in different 

subtypes of OA at different phases of the disease are needed. 

2.5.2.2.2 PAR2 ablation modulates synovial macrophage activation 1 week after DMM 

and results in cartilage protection at 8 weeks 

Proteinase-activated receptor-2 (PAR2), which is a pro-inflammatory G protein-coupled 

receptor, is increased in concentration in OA synovium and cartilage and thought to be 

involved in the progression of OA (Boileau et al., 2007). This idea was confirmed by 

Jackson et al (Jackson et al., 2014) who compared the advancement of OA in wild type 

and PAR2 -/ - mice up to 8 weeks after DMM and found that chondrocytes were 

protected in PAR2 -/ - mice. Wild type mice revealed synovitis and increased expression 

of synovial pro-inflammatory cytokines and metalloproteases and increased numbers of 

CD4þ T-lymphocytes and activated macrophages, while PAR2-deficient mice had fewer 
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macrophages one week after DMM. These findings suggest that this early-stage 

synovitis after DMM, though minor as compared to other inflammatory models, is key 

to the progression of the OA. In vitro studies, however, have not proved the 

chondroprotective effects of PAR2 ablation (Jackson et al., 2014), suggesting the 

involvement of extra cartilaginous pathways may be important in the protective 

mechanism of PAR2 ablation. 

2.5.2.2.3 Synovitis and pain 

The histopathology of knee OA was studied by Stoppiello and co-workers (Stoppiello et 

al., 2014), who collected medial tibial plateaux and synovia from 29 post-mortem 

asymptomatic donors and 29 symptomatic donors having a total knee replacement. 

They compared the samples for macroscopic tibiofemoral chondropathy between the 

two groups and analysed similarities and differences in their histological features. Their 

findings suggested that there was more loss of cartilage and chondrocyte modifications 

in the symptomatic chondropathy group as compared to the asymptomatic 

chondropathy group. But the feature which was more strongly linked to the pain was 

synovitis, and 8 out of 29 symptomatic knees displayed severe inflammation. Pain 

relating nerves called the pro-algesic neurotrophin nerve growth factor (NGF) stained 

positive in the different areas of the synovium; most of NGF were localized with synovial 

fibroblasts but some CD68þ macrophages in the sub lining of the synovium also 

contained NGF. The presence of NGF in synovitis highlights the relationship between 
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synovitis and pain and also provides a basis to perform anti-NGF therapies in subsets of 

patients. 

2.5.2.3 Pathophysiology of bone 

Bone undergoes different modifications during OA pathogenesis, which include 

thickening of the subchondral bone (bone sclerosis) due to increased production of 

collagen and its improper mineralization, the formation of osteophytes (bony spurs) at 

the margins of the joints, and also bone cysts that occur at an advanced stage of the 

disease (Goldring, 2009). However, bone erosions are not generally observed in OA 

except in erosive OA, which are most commonly seen in the distal joints of the hands 

(distal interphalangeal and proximal interphalangeal) and are located centrally 

(Rothschild, 2013). These erosions are different from marginal erosions usually 

associated with rheumatoid arthritis (RA) and gout. MRI shows bone marrow lesions 

also in some cases and in the areas where overlying cartilage is damaged and where 

mechanical loads are greatest. Pathologically, these focal lesions consist of 

microstructural damage to bone accompanied by localized necrosis and fibrosis  

(Taljanovic et al., 2008). 

2.5.2.4 Pathophysiology of the infrapatellar fat pad 

Knee OA involves cellular changes in IFP such as penetration of immune cells, which 

produce various inflammatory mediators that contribute to disease progression (Klein-

Wieringa et al., 2011, Ioan-Facsinay and Kloppenburg, 2013). These inflammatory 
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to OA pathogenesis by increasing the inflammatory effectors in synovial tissue, 

increasing the production of chondrocytes, inhibiting the proteoglycan production, and 

increasing the synthesis of MMPs indirectly by amplifying the effects of IL-1 (Wiegertjes 

et al., 2020). However, the effect of IL-6 on MMPs is controlled by feedback regulation 

(Akeson and Malemud, 2017). IL-6 also inhibits the production of MMPs by stimulating 

the production of tissue inhibitor of MMPs (Lotz and Guerne, 1991). LIF, a cytokine of 

the IL-6 family, is produced in high levels in OA in response to IL-6 and other cytokines 

(Lotz and Guerne, 1991, Liu et al., 2002), but its role in disease progression is still 

unknown. IL-17 is a family of cytokines that affects cell activation and which has recently 

been implicated in OA (Snelling et al., 2017). 

2.5.2.6 Nitrous Oxide 

 Nitrous oxide is an inorganic free radical, though the exact mechanism of its action in 

OA is yet to be understood. Primarily, it is believed to be involved in cartilage 

degradation (Zhou et al., 2018) However, there is also evidence indicating a protective 

role of nitrous oxide on the cartilage (Abramson, 2008, Hsu et al., 2017). 

2.5.2.7 Calcium crystals  

Calcium pyrophosphate has been found in some OA patients along with damaged 

cartilage (Ivory and Velázquez, 2012); however, it is still unclear whether these are the 

result or the cause of cartilage damage. Whichever is the case, these crystals have been 



 

 

Review of literature. 58 

 

found to have stimulatory effects on the production of MMPs, COX-1 and 2, PGE2, IL-10, 

and NO (Rosenthal, 2011). 

2.5.2.8 Angiogenesis  

The process of formation of new blood vessels is referred to as angiogenesis.  

Angiogenesis and inflammation have proved to play important roles in OA. Both 

processes reinforce each other: inflammation stimulates angiogenesis and angiogenesis, 

in turn, contributes to inflammation and other processes such as chondrocyte 

hypertrophy and endochondral ossification (Ashraf and Walsh, 2008). 

2.5.2.9 Leptin 

Leptin (LEP) is a metabolic factor produced by white adipose tissue (Zhang et al., 2015). 

There is an immense body of evidence that endorses the involvement of this adipokine 

in the pathophysiology of OA, and it provides a link between obesity and OA (Yan et al., 

2018). Its level is found to be elevated in serum, synovial tissues, infrapatellar fat pad 

(IPFP), and cartilage of OA patients compared to healthy individuals (Conde et al., 2014, 

Scotece and Mobasheri, 2015). Some studies involving LEP-deficient or LEP receptor 

(LEPR)-deficient mice have revealed the onset of extreme obesity in such mice without 

increased incidence of OA, emphasising the imperative role of LEP signalling in the 

development of OA (Griffin et al., 2009). Moreover, a longer form of LEPR (which has a 

long intracellular domain with full capacity for intracellular signal transduction) was 
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morphogenic protein (BMP)-2 level was found to be elevated in LEP-stimulated human 

primary chondrocytes (Chang et al., 2015). LEP suppressed the formation of bone in vivo, 

but there are some inconsistencies with in vitro results (Dumond et al., 2003b). 

 

Figure 2.3: Effects of adipose tissue-derived leptin on osteoarthritis and rheumatoid 
arthritis. Bodyweight gain, accompanied by white adipose tissue enlargement, leads to 
obesity followed by the mechanical load, resulting in cartilage degradation and 
osteoarthritis onset. Adipose tissue-derived leptin causes osteoblast dysregulation in 
subchondral bone, thus promoting joint destruction. Additionally, leptin induces pro-
inflammatory cytokine release from innate and adaptive immune cells, generating an 
inflammatory environment that prompts cartilage damage (Francisco et al., 2018). 

2.6 Suitable in vitro models for osteoarthritis 

Numerous in vitro and in vivo models have been utilized in research involving 

inflammatory diseases and related biomaterials/biocompatibility preceding human 
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are responsible for the chronic inflammatory response and destruction of cartilage and 

thus joints during OA pathogenesis (Bondeson et al., 2006, Francisco et al., 2018). LEP is 

also classified as a hormone with endocrine functions including influencing bone 

metabolism (La Cava, 2017). LEP has not previously been used to induce an OA-type 

phenotype in J774A.1 macrophages, ATDC5 chondrocytes, or MC3T3 osteoblasts.  

However, it is the factor most closely aligned with metabolic syndrome and OA, and 

there is limited evidence that it will induce changes in cellular behaviour in these cell 

lines. LEP was therefore selected as a stimulant to create the in vitro models of MetOA 

used in this study. 

2.7 New therapeutics for osteoarthritis 

To design a single effective drug for the treatment of OA is challenging; firstly due to its 

complex etiology and multifactorial nature, and secondly because of its late diagnosis. 

Imaging techniques such as MRI & radiography can diagnose the disease, but these 

methods can only detect existing structural changes of the joint and are poor at 

monitoring disease progression status. Therefore, OA is diagnosed at the stage where it 

is irreversible. Although progression may be slowed or stopped, the disease can not be 

cured or the damage repaired. Therefore researchers are trying to establish biological 

markers for the disease which can be monitored for earlier diagnosis and targetted for 

therapy (Mobasheri, 2013).  

To date, different therapeutic options, including simple analgesics, non-steroidal anti-

inflammatory drugs (NSAIDS), corticosteroids, and hyaluronic acid injections have been 
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Fish oil contains all the essential nutrients found to be effective in treating different 

types of arthritis including OA. These components include the marine n-3 

polyunsaturated fatty acids (PUFA) eicosapentaenoic acid (EPA) and docosahexaenoic 

acid (DHA). However, they are not present in high concentrations in the oil of most wild-

caught fish, which still make up the majority of products from global fisheries (Azra et 

al., 2021). Overfishing has led overexploitation and depletion of many ocean species, 

and many consumers may choose to avoid even effective nutraceuticals if their 

production has a significantly detrimental environmental impact (Yaghubi et al., 2021). 

Salmon is a good source of PUFAs and is one of the few species of farmed fish worldwide, 

but salmon produced by aquaculture are high-value and result in products expensive for 

consumers. Furthermore, high-intensity salmon farming can be detrimental to the 

health of the animals. Currently, there is no economically and environmentally 

sustainable system to produce marine creatures with high levels of long-chain n-3 PUFA 

other than green-lipped mussels. 

2.7.2 Shellfish/Mussels as Nutraceuticals for OA 

Shellfish constitute a main source of aquatic food worldwide. They are broadly classified 

as crustaceans and molluscs. Crustaceans are invertebrates with segmented bodies 

protected by a chitin-made exoskeleton, and this group includes shrimp, crayfish, crab, 

lobster, and krill. Molluscs are invertebrates with soft bodies consisting of foot and 

visceral portions, and are further classified as bivalves, gastropods, and cephalopods. 

Mussels, oysters, clams, and scallops are commercially important bivalves. The 
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gastropod group contains abalone, sea snail, cockle, and whelks, while cephalopods 

include squid, cuttlefish, and octopus (Venugopal and Gopakumar, 2017).  

Shellfish including blue mussel (Mytilus edulis) and green lipped mussel (Perna 

canaliculus) are bivalves, with nutrient compositions comparable to fish. Like fish, 

mussels contain the marine n-3 PUFA eicosapentaenoic acid (EPA) and docosahexaenoic 

acid (DHA). They also are abundant in essential nutrients like zinc, riboflavin, selenium, 

and carotenoids (Venugopal, 2018). Mussel farming has important environmental 

advantages as these creatures reduce eutrophication of the sea by removing excessive 

nitrogen (Clements and Comeau, 2019).  

Fish and shellfish are often included in the same nutrition group, as their general 

nutrient compositions are similar. Therefore, in many studies, a variety of fish and 

shellfish have been assessed as a single intervention (Menon and Gopakumar, 2017). 

However, there are a few studies related specifically to anti-arthritic or anti-

inflammatory lipid extracts of mussels (Stebbings et al., 2017). Along with EPA and DHA, 

potentially bioactive novel fatty acids have been identified in blue (McPhee et al., 2010) 

and green-lipped mussels (Treschow et al., 2007). In one study, lipid extracts from blue 

mussel had positive effects on arthritic rats as compared to olive oil (McPhee et al., 

2010). Lipids extracts from a green-lipped mussel or blue mussel have been identified to 

have anti-cyclooxygenase effects in in vitro studies (Treschow et al., 2007). In addition 

to the anti-inflammatory lipid fraction, water extracts from the blue mussel, containing 

substituent peptides and taurine in addition to other nutrients, reduced inflammation 
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the results that GSM might contain effective natural compounds that were effective in 

the treatment of osteoarthritis (OA) (Cobb and Ernst, 2006b).  Since then GSM has been 

studied for its anti-inflammatory activities in vitro, in vivo, and in clinical trials and 

suggested as a supplement to treat many inflammatory conditions including asthma, 

osteoarthritis, and rheumatoid arthritis (Ferreira, 2005). GSM has been used as a non-

prescription supplement for treating arthralgias in both humans and animals, but 

existing products tend to be lipid extracts and/or unstandardised (Coulson et al., 2015). 

2.9.1 Bioactive metabolites of GSM 

Metabolites identified in mussel meat are classified into three main fractions: lipids, 

proteins, and carbohydrates. These fractions have been recognized to contain various 

antimicrobial, anti-inflammatory, antihypertensive, and bioadhesive activities (Grienke 

et al., 2014) but their therapeutically effective role in OA is yet to be understood. 

Previous studies demonstrated that the lipid fraction has the predominant anti-

inflammatory activity (Ulbricht et al., 2009). Gibson and Gibson (Gibson and Gibson, 

1998) compared a lipid fraction versus a whole mussel stabilized powder extract in 

treating joint pain caused in OA and rheumatoid arthritis (RA). Both mussel formulations 

showed significant therapeutic activity in relieving joint pain with no noticeable variance 

between either formulation.  

The metabolites present in mussel meat are variables that depends on many factors 

including season, life cycle, nutrition, and mussel habitat and environment, all of which 

can differ between harvests (Fearman et al., 2009, Narváez et al., 2008). A metabolomics 
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study comparing Australian BM (Mytilus galloprovincialis) and GSM demonstrated that 

taurine, glycine, lactate, succinate, homarine, ATP, ADP, valine, and leucine were higher 

in GSM while betaine, isoleucine, acetoacetate, and glucose were prominent in the BM 

(Rochfort et al., 2013). Likewise, investigation of lipid methyl ester products indicated 

marked differences between the species. The palmitic acid methyl ester (C16:0), cis-5, 

8,11,14,17 eicosapentaenoic acid methyl ester (C20:5n3), and palmitoleic acid methyl 

esters (C16:1) obtained from GSM were significantly higher with overall higher lipid 

content. These differences are owed partially to the difference in the environmental 

differences between species, as a lower temperature of the water is correlated with a 

higher degree of unsaturated lipids (Rochfort et al., 2013). The typical nutrient 

composition of an extract made from whole GSM meat is presented in Table 2.1. 
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Most studies to date have focused on the lipid fraction of GSM for its therapeutic 

activity, with no experimental evidence available demonstrating bioactivity of its 

carbohydrate content (Ovodova et al., 1992). Only one study assessed glycogen in 

carrageenan-induced OA in rats, and although glycogen from GSM was found to be 

significantly effective, the authors confirmed after treating glycogen with potassium 

hydroxide (KOH) and proteinase K that it was a protein moiety associated with glycogen 

rather than glycogen itself that had the anti-inflammatory activity, as after enzymatic 

treatment the protein was lost and glycogen showed no activity (Miller et al., 1993). 

2.9.2 Bioactive proteins, peptides, and amino acids  

Proteins constitute about 70% of the solids in mussel meat. Pernin, which circulates in 

P. canaliculus haemolymph, is the only bioactive protein identified in GSM to date. 

Pernin is a glycosylated, non-pigmented protein capable of self-aggregation. It is made 

up of 497 amino acids, with histidine and aspartic acid residues being predominantly 

high. Pernin can inhibit serine proteases but demonstrated a weak anti-thrombin 

activity in an in vitro chemical assay (Scotti et al., 2001). The whole mussel meat 

homogenate contains an average of 0.2 mg pernin per mussel and pernin has not been 

shown to have any bioactivity in humans or animal models (Scotti et al., 2001).  

Antimicrobial peptides (AMPs) are found in marine mussels and have a very important 

immune defensive function for the host; for example, they have effective bactericidal, 

antifungal, antiviral, antihypertensive, anticoagulant, anti-thrombin, antioxidant, and 

anti-inflammatory effects (Grienke et al., 2014a). GSM powder extract prevented the 
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production of prostaglandins in rats (Miller and Wu, 1984) but existing evidence is not 

sufficient to prove the presence of AMPs in Perna species (Grienke et al., 2014). Overall, 

mussel protein and peptide fractions have not yet been explored for their therapeutic 

activity in humans. 

2.9.3 Bioactive lipid fractions 

Of the three major classes of metabolites in mussels, the lipid portion has been most 

widely explored for its health benefits, both as a nutritional and bioactive dietary 

supplement (Grienke et al., 2014b). The lipid fraction of GSM is subdivided into five 

major types: sterol esters (cholesterol and desmosterol/brassicasterol), triglycerides, 

free fatty acids (FFAs), sterols and phospholipids (Coulson et al., 2015) as shown in figure 

2.5. The fatty acid and sterol components of GSM lipid vary with both the temperature 

of water in which the mussel lives and the nutrients it ingests such as marine 

phytoplankton, dinoflagellates and zooplankton (Murphy et al., 2003, Rochfort et al., 

2013).  
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metabolism, was upregulated in the rats orally administered with Lyprinol®. Increased 

expression of malate dehydrogenase is associated with low levels of glucose in 

splenocytes. At a set level of glucose in these cells, formation of MHC-I (Major-

Histocompatibility-Complex-I) occurs; therefore, production of active MHC-I is inhibited 

under conditions of low glucose, consequently reducing the progress of autoimmune 

diseases including arthritis. In patients suffering from RA and OA, orally ingested mussel 

preparations are effective in treating pain and stiffness of bones (Hyung et al., 2018). 

Moreover, mussel preparations are also applied topically on the affected area of the 

body to treat pain and stiffness (Mulye and Assoulin, 2011), but to date there have been 

no studies conducted to compare the results of topical application and oral use of 

mussel preparation. 

Thus, reports in the literature collectively demonstrate that GSM lipid extracts such as 

Lyprinol® have proven anti-inflammatory effects. For some conditions, its anti-

inflammatory mechanism is understood; however, in OA the exact mechanism of its 

action is unknown.  Further, it is not known what cell types GSM may have bioactivity 

in, whether non-lipid components of GSM are bioactive, or whether the lipid in GSM 

retains bioactivity when it is present in an unfractionated GSM product.  Therefore, 

studies of whole GSM in multiple cell types are warranted.   

2.11 Summary of aims for studies to be performed 

This research project is primarily aimed to gain insight into the mechanisms of action of 

whole greenshell mussel powder extracts using in vitro cell models of OA. The first step 



 

 

Review of literature. 82 

 

in achieving this goal is to create effective in vitro cell models that mimic the 

pathophysiology of OA. Therefore, we aim to design and assess in vitro cell models by 

challenging J774A.1 macrophages, differentiated MC3T3-E1 osteoblasts and ATDC5 

chondrocytes with leptin. The second step is to determine whether whole GSM-B has 

protective effects in these models of synovial inflammation, bone remodelling and OA 

chondrocytes. The expression of selected cytokines, osteogenic and chondrogenic 

markers in response to the treatments will be measured by using RT-qPCR. 

Mineralization and production of extracellular matrix molecules and alkaline 

phosphatase will be measured using specialized staining techniques.  
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In many in vitro studies, lipopolysaccharide (LPS) is used as a stimulus to activate the M1 

phenotype in macrophages and to model physiological inflammation to gain insights 

into various inflammatory conditions, and to evaluate the anti-inflammatory potential 

of novel compounds in vitro (Rabe et al., 2015, Hung et al., 2019b). LPS is a heat-resistant 

endotoxin and a component of the gram-negative bacterial cell wall, known for inducing 

systemic inflammatory response by acting through Toll-like receptor 4 (TLR4), which 

may lead to cell damage, shock, and possibly multiple organ failure (Chae, 2018b).  

Very low doses of LPS, i.e. up to 5 pg/ml in blood are normally present in healthy 

individuals without producing any harmful effects (Wassenaar and Zimmermann, 2018). 

While low doses are considered beneficial in generating host immune responses and the 

removal of invading pathogens, high doses can initiate a cascade of inflammatory 

responses, which can ultimately lead to cell death, tissue injury, and organ failure 

(Pestka and Zhou, 2006). LPS is the most commonly used stimulus for macrophages and 

monocytes both in vivo and in vitro, used in varying doses depending upon the aims of 

the studies and other experimental conditions (Fang et al., 2004, Li et al., 2014b, 

Monguió-Tortajada et al., 2018, Kamperschroer et al., 2019). Data regarding the optimal 

LPS dose needed to induce the M1 macrophage phenotype are inconsistent in the 

literature; however, doses <5 pg/ml were unable to induce an inflammatory response 

while a higher dose (~100 ng/ml ) of LPS is generally considered optimal to simulate a 

robust and physiologically relevant model of inflammation in vitro (Xiong and 

Medvedev, 2011, Deng et al., 2013, Martin et al., 2015). Therefore, based on previous 

literature we selected 100 ng/ml of LPS to induce an inflammatory response. Although 
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100 ng/ml can induce inflammation in in vitro cell lines, we hypothesized that 

physiologically it is not an appropriate stimulus to mimic the low-grade inflammatory 

response associated with metabolic syndrome and OA, as physiologically high doses of 

LPS in the body are correlated to sepsis (Meng and Lowell, 1997).  

Fasting serum LEP levels of healthy individuals are highly variable across different 

populations and are typically higher in women than men, however, <15 ng/ml is 

generally considered normal, and >15 ng/ml is considered high (Askari et al., 2010). 

Physiologic levels of LEP are reported to exert anti-inflammatory rather than pro-

inflammatory effects (Flatow et al., 2017). LEP is the most important adipocyte-derived 

adipokine with respect to its regulatory roles in energy metabolism and controlling the 

interplay between metabolism and the immune system. It is known to have receptors 

throughout the immune system and regulates both innate and adaptive immunity 

(Francisco et al., 2018). It is reported to stimulate the production of pro-inflammatory 

cytokines in macrophages and natural killer cells  During OA, LEP levels are found to be 

elevated by adipose tissues and due to local production in both the cartilage and joint 

(Dumond et al., 2003a, Simopoulou et al., 2007). A study in a group of middle-aged 

women, which revealed that LEP serum levels, 10 years before an MRI diagnosis of OA, 

were associated with cartilage defects, bone marrow abrasions, osteophytes, meniscal 

anomalies, synovitis, and joint effusion, further supports the clinical relevance of LEP in 

OA (Karvonen-Gutierrez et al., 2014). 
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and100 µg/ml of LEP in CM and CM+0.1% DMSO. Total RNA was extracted from the cells 

after 4 hours of incubation using an RNA extraction kit (PureLink RNA Mini Kit, Thermo 

Fisher, Auckland, NZ). 2 µg of RNA was reverse transcribed using SuperScript® IV First-

Strand Synthesis System (Invitrogen, Thermo Fisher, Auckland, NZ). RT-qPCR was done 

with gene-specific primers (Invitrogen, Life Technologies, Australia) using a PCR kit 

(LightCycler® 480 SYBR Green I Master, Roche Life Science, Thermo Fisher, Auckland, 

NZ). Relative expression of the genes was quantified by the E-method of advanced 

relative quantification. Each test condition was assessed in a single well within an 

experiment, and each experiment was carried out two or three times. Finally, 10 µl of 

the PCR products were separated on a 2% agarose gel and visualized under UV light. 

GADPH (Glyceraldehyde 3-phosphate dehydrogenase) was used as an internal reference 

gene. A list of primers and their annealing temperatures is given in table 3.1. 
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higher with 10 and 100 µg/ml to represent the activated/stimulated state of J774A.1 

macrophages.  
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Figure 3.3: Effects of LPS and LEP on the expression of cytokines in J774A.1 
macrophages. Cytokine expression was evaluated by RT-qPCR in response to LPS (100 
ng/ml) and four doses of LEP (100 µg/ml-0.05 ng/ml) in medium only (CM) and CM+ 
0.1% DMSO. 1x106/well of J774A.1 cells were incubated in 12 well plates with 100 ng/ml 
LPS and 100 µg/ml-0.05 µg/ml leptin (LEP) for 4 hours followed by RNA extraction. Data 
were analysed by Two-way ANOVA followed by Bonferroni's multiple comparisons and 
the values represent mean ± SEM of two independent experiments, (n=2). *p<0.05, 
** p<0.01, and ***p<0.001 signifies difference from CM control and ### p<0.001 
signifies difference between CM and 0.1% DMSO. Values are represented on a 
logarithmic scale.   
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3.4.1 Effects of LPS and LEP on the viability of the cells 

We found that except for 100 µg/ml of LEP, neither LPS nor LEP with or without DMSO 

negatively impacted the viability of cultured macrophages (fig 3.1) according to the 

norms of the International Organization of Standardization, which considers a substance 

to be cytotoxic when it reduces cell viability to less than 70%  (Iso, 2009). In the published 

literature, the effects of LPS and LEP on viability are dose, time, and cell-type dependent 

(Stone et al., 2003, Haque et al., 2018). Moreover, at lower doses, LEP is reported to 

increase cell proliferation (Kabadere et al., 2007, Haque et al., 2018). In contrast to this, 

our results showed a dose-dependent decrease in cell proliferation with all the doses of 

LEP in CM as well as in 0.1% DMSO. In the literature 100 ng/ml of LPS is also reported to 

be non-cytotoxic (Stone et al., 2003). As shown by the MTT assay in this study, none of 

the treatments showed any significant cytotoxic effect except the highest dose of LEP 

(100 µg/ml), which significantly reduced the viability of the cells both in CM and 0.1% 

DMSO as compared to unstimulated cells cultured in complete medium containing 0.1% 

DMSO.  Although 0.1% DMSO did not produce any significant cytotoxic effects, it did 

reduce the viability of LEP treated cells and the effect was correlated with the dose of 

LEP, as a significant decrease in viability was observed in the cells treated with the 

highest dose (100 µg/ml). The addition of 0.1% DMSO decreased the viability of the cells 

treated with 100 µg/ml of LEP by 50% as compared to their CM counterpart. Similarly 

10, 0.1 and 0.05 µg/ml of LEP reduced the cell viability by 28%, 22% and 22% respectively 

in 0.1% DMSO as compare to CM. Though DMSO slightly affected the viability of cells, 

there was no solvent effect observed overall, except when combined with 100 µg/ml of 
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Repeated stimulation of J774A.1 was performed for a relatively long period (48 hours) 

in such a way that cells were exposed twice to the stimuli without changing the existing 

medium over 48 hours to determine whether there may be cumulative effects of the 

stimuli on the expression of cytokines. This was done to best mimic what occurs in vivo, 

where continuous or periodic exposure to LPS and/or LEP would be expected. LPS 

diffuses into the blood from the bacteria residing in the gut and exogenous sources 

including food and food supplements (Wassenaar and Zimmermann, 2018). Similarly, 

LEP is secreted into the blood by adipose tissue and its concentration also changes in 

response to different stimuli such as food, BMI, and different pathophysiological 

conditions (Cammisotto and Bukowiecki, 2002, Romon et al., 2003, Lin et al., 2011). We 

found that after 48 hours of induction created by two serial stimulations 24 hours apart, 

the cumulative/chronic effect of two treatments was more noticeable in the LPS-

stimulated group. A significant increase in the expression of only inflammatory cytokines 

was observed after 48 hours of exposure to LPS. A previous study reported similar 

findings where pre-exposure of  RAW 264.7 macrophages and peritoneal macrophages 

with 100 ng/ml LPS made them more sensitive to induce proinflammatory cytokines 

upon secondary exposure to other toxins (Pestka and Zhou, 2006). A similar study 

described that repeated exposure to LPS is required to maintain the expression of pro-

inflammatory cytokines and the activated state of blood cells can be restored to normal 

after LPS neutralization with plasma components (Dedrick and Conlon, 1995). The 

neutralization time of LPS is different under different conditions depending on the cell 

types, LPS dose, plasma proteins, and  LPS receptors and co-receptors (Dawson, 1998).   
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which induces a nonspecific, general, and exaggerated inflammatory response. Time is 

a crucial consideration for mRNA analysis and 4 hours was the optimal time point for the 

expression of all cytokines measured. Furthermore, it is safe to use 0.1% DMSO, as this 

concentration produced no significant effects on cell viability and or cytokine 

expression. LEP affected cytokine expression dose-dependently and we found 10 µg/ml 

of LEP in 0.1% DMSO to be appropriate to mimic physiologic inflammation related to 

MetS and OA in vitro. 
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This study aimed to compare the immune-modulating potential of unfractionated blue 

mussel (BM) and greenshell mussel (GSM) in LEP-stimulated macrophages using the 

murine J774A.1 cell line. However, there are no standardized protocols for assessing 

whole-food extracts in this model. Therefore, this study was designed to identify the 

optimal time point, dose, solvent, and culture conditions for peak cytokine production, 

followed by a comparison of BM and GSM for immunomodulatory bioactivity. 
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associated with the M1 phenotype, which is a characteristic feature of chronic 

inflammation, include allergic reactions, cardiovascular diseases, arthritis and other 

joint disorders, diabetes, inflammatory bowel disease, and chronic obstructive 

pulmonary disease (Ashley et al., 2012). Since macrophages are vital in maintaining 

tissue homeostasis and fighting disease, immunostimulation of macrophages that 

specifically contribute to the improvement of various diseases present themselves as 

attractive targets for therapeutic intervention (Chan-Zapata et al., 2018).  

Functional foods have been extensively explored globally for possible 

immunomodulatory properties and can be used as an alternative to or adjunct to 

conventional therapy, which can potentialize the immune function for a variety of 

diseases (Zhang et al., 2019c). Omega-3 polyunsaturated fatty acids, especially 

eicosapentaenoic (EPA) and docosahexaenoic (DHA), are important micronutrients that 

can protect against a variety of inflammatory conditions. Marine foods have high levels 

of EPA and DHA, in addition to other micronutrients such as peptides, essential amino 

acids, carotenoids, vitamins including vitamin B12, and minerals such as calcium, 

copper, zinc, sodium, potassium, selenium, and iodine; this makes them well-placed 

to be explored as functional foods (Soccol and Oetterer, 2003, Venugopal, 2017). Fish 

are the most common source of EPA and DHA, but consumer demand has led to 

overfishing and sustainability issues; therefore, additional dietary sources of EPA and 

DHA must be explored. Mussels, a bivalve mollusc, are an excellent alternative source 

as they are rich in omega-3 polyunsaturated fatty acids (PUFAs) and a good source of 

essential amino acids (Venugopal, 2017). They are rich in nutrients such as zinc, 
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4.2 Materials and Methods 

4.2.1 Materials and reagents 

The murine macrophage cell line J774A.1 was purchased from the American Type 

Culture Collection (ATCC; Manassas, Virginia, United States). Foetal calf serum (FCS), and 

Dulbecco's Modified Eagle Medium (DMEM) were purchased from Gibco (Thermo 

Fisher, Auckland, NZ). Penicillin-streptomycin-L-glutamine (PSG), 3-(4,5-dimethylthiazol-

2-yl)-2,5 diphenyltetrazolium bromide (MTT), and lipopolysaccharide (LPS, E. coli 

0111:B4) were obtained from Sigma-Aldrich (Merck, Auckland, NZ). Leptin (recombinant 

mouse leptin OB) was purchased from Biomyx (San Diego, California, USA). Dimethyl 

sulfoxide (DMSO), ethanol, and methanol were purchased from Sigma-Aldrich (Merck, 

Auckland, NZ)). RNA extraction kits (PureLink RNA Mini Kit) and SuperScript® IV First-

Strand Synthesis System for RT-PCR were purchased from Thermo Fisher. PCR primers 

were from Invitrogen (Life Technologies, Melbourne, Australia) and PCR kits 

(LightCycler® 480 SYBR Green I Master) from Roche Life Science (Thermo Fisher). 

4.2.2 Mussel Extracts 

The mussel extracts used in this study were kindly provided by Sanford Ltd, New 

Zealand. Two GSM and two BM extracts were used; proximal analyses were carried out 

by Cawthron Institute (Nelson, NZ) and are shown in Table 1.  Both GSM products were 

from the same harvest but were manufactured using two different processing methods; 

GSM-A was blended, freeze-dried, and milled, whereas GSM-B included an added 

enzymatic digestion step.  The two BM extracts were likewise from a single harvest. BM-

https://www.google.co.nz/search?rlz=1C1GGRV_enNZ751NZ751&q=Manassas,+Virginia&stick=H4sIAAAAAAAAAOPgE-LUz9U3MC-MNytU4gAxc_OyTLQ0Msqt9JPzc3JSk0sy8_P084vSE_MyqxJBnGKr9MSiosxioHBGIQCxlj-CQQAAAA&sa=X&ved=2ahUKEwj5yvW9wNfdAhULd94KHa_TAgcQmxMoATATegQIBxAe
https://www.thermofisher.com/us/en/home/life-science/cell-culture/mammalian-cell-culture/classical-media/dmem.html
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
https://www.biocompare.com/23237-SYBRreg-Green-qPCR-Master-Mixes/195683-LightCycler-reg-480-SYBR-Green-I-Master-Easytouse-hot-start-reaction-mix-for-PCR-using-the-LightCycler-reg-480-Instruments/
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(penicillin, streptomycin, and L-glutamine) at 37°C under 5% CO2 humidified air. 

Subcultures were obtained twice a week by scraping. At confluence, cells were 

transferred to culture plates for experimental work. 

4.2.5 Macrophage metabolic activity and survival 

MTT assays were performed, as described previously (Michel et al., 2013a) with minor 

modifications to determine the effects of LEP, mussel extracts, and various solvents on 

the survival of metabolically active cells. Briefly, J774A.1 were plated at 50,000 cells/well 

in 96-well plates, left for 2 hours to adhere, and then treated. After 24 hours of 

incubation, 10 µg/ml of 5 mg/ml MTT (in PBS) was added to each well at a final 

concentration of 0.5 mg/ml and incubated for three hours until purple crystals were 

microscopically visible, which were solubilized by adding a volume of  DMSO equal to 

that in the wells. Absorbance was quantified by measuring optical density (OD) at 

a wavelength of 550 nm using a microplate reader (Multiskan Fc, Thermo Scientific). 

To determine optimal extract concentration, cells were treated with each of the four 

extracts at 1000, 100 or 10 µg/ml (Raso et al., 2002a), with medium alone serving as the 

negative control. Next, LEP at 10 µg/ml and mussel extracts (100 µg/ml) + LEP were 

assessed.  Finally, LEP, the BM-C extract (100 µg/ml), and LEP+BM-C were compared 

using four solvents to solubilize the BM extract: medium alone, 0.1% DMSO, 0.1% 

ethanol, or 0.1% methanol. Each test condition was assessed in 4 replicate wells within 

an experiment, and each experiment was carried out twice. 

https://en.wikipedia.org/wiki/Absorbance
https://en.wikipedia.org/wiki/Wavelength
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Figure 4.1: Effects of unfractionated mussel extracts on the survival of metabolically 
active J774A.1 macrophages. Activity was evaluated by MTT assay after 24 hours 
treatment with A) each of four extracts at 1000, 100 or 10 µg/mL; B) with 100 ug/ml 
mussel extracts, 10 ug/ml leptin (LEP) ± extracts at 100 µg/mL; C) with 100 ug/ml of BM-
C dissolved in four different solvents i.e. DMEM, 0.1% DMSO, 0.1% ethanol (E-OH), and 
0.1% methanol (M-OH),with or without 10 ug/ml leptin (LEP). Data are shown as mean 
± SD of two independent experiments, each assessed in quadruplicate or duplicate. * 
signifies (p<0.05) difference from control (cells with DMEM alone), ##p<0.01, and 
###p<0.001 signifies difference from 0.1% DMSO control. 
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Figure 4.2 (A-D): Effects of crude mussel extracts on expression of cytokines in J774A.1 
macrophages. Cytokine expression was evaluated by RT-qPCR at different time points 
i.e. 0, 4, 6, 16, 24, and 48 hours after incubation of at least 1x106/well of J774A.1 cells 
in 12 well multiwell plate with 100 µg/ml mussel extracts and 10 µg/ml leptin (LEP). The 
values represent the mean ± SE of three independent experiments (n=3). * signifies 
(p<0.05), **p<0.01, ***p<0.001 difference from control. 
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Figure 4.3: Effects of blue mussel (BM-C) extract on the expression of cytokines in 
J774A.1 macrophages. Cytokine expression was evaluated by RT-qPCR in response to 
three different doses of BM-C, i.e. 10, 100, and 1000 µg/ml. 1x106 cells/well were 
incubated in 12 well multiwell plates with 10, 100, and 1000 µg/ml of BM and 10µg/ml 
leptin (LEP) followed by RNA extraction after 4 hours. The values represent the mean ± 
SEM of two independent experiments (n=2). * signifies (p<0.05), ** p<0.01, ***p<0.001 
difference from control group, # signifies (p<0.05), ##p<0.01, ###p<0.001 difference 
from LEP stimulated group and ++p<0.01, and +++p<0.001 signifies difference between 
BM-C and LEP+BM-C.  
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Figure 4.4: Effects of blue mussel C (BM-C) extract on the expression of cytokines in 
J774A.1 macrophages. Cytokine expression was evaluated by RT-qPCR in response to 
BM-C dissolved in four different solvents i.e. DMEM, 0.1% DMSO, 0.1% ethanol, and 
0.1% methanol. 1x106 cells/well were incubated in 12 well multiwell plates with 100 
µg/ml BM-C and 10µg/ml leptin (LEP) for 4 hours followed by RNA extraction. The values 
represent the mean ± SEM of two independent experiments (n=2). * signifies (p<0.05), 
** p<0.01, ***p<0.001 difference from the respective solvent controls, # signifies 
(p<0.05), ##p<0.01, ###p<0.001 difference from the respective solvent LEP stimulated 
groups.   ++p<0.01 (DMEM), $ (p<0.05), and $$p<0.01 (0.1% DMSO) and %% p<0.01 
(0.1% ethanol) indicate the solvent differences among the same treatment groups. 
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concentrations slightly increased the proliferative activity of the cells as compared to 

untreated cells, particularly BM-A which produced a small but statistically significant 

increase in the number of cells at all the doses. This might be due to extra nutrients 

present in the whole mussel extracts. Similar effects are reported in a study which 

demonstrated that growth regulatory effects of shellfish are differential and depend on 

the type of cells and type of shellfish, but many shellfish extracts had growth-promoting 

effects for macrophage cell lines and growth inhibitory effects on cancer cell lines (Kong 

et al., 1997). Likewise, (Kim et al., 2016a) also found blue mussel hydrolysates had no 

cytotoxic effects when tested on RAW264.7 cells.  

None of the mussel extracts negatively affected the viability of J774A.1 cells when used 

alone but they did reduce the cell viability when used together with LEP. LEP 

independently slightly reduced cell viability but the effect was enhanced when used 

together with mussel extracts especially BM-A and GSM-A, which caused a small but 

significant reduction in the viability of the cells when used together with LEP. Unlike our 

results, previous studies regarding the effect of LEP on macrophages report 

contradictory findings. Santos-Alvarez et al., and Cannon et al. reported that LEP 

increased the proliferation of human circulatory monocytes in vitro (Santos-Alvarez et 

al., 1999, Cannon et al., 2014) while another study reported that LEP at lower 

concentrations (50-1,600 ng/ml) had no effects on the viability of RAW264.7 cells (Hsieh 

et al., 2017). This discrepancy may be species-specific (human vs murine cells), cell line 

specific or due to differences in the test format including the LEP doses and other 

experimental conditions.  
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Blue mussel (BM-C) was an imprecisely prepared extract whose production method 

could not be replicated; therefore, further work with BM was not pursued. The main 

goal of the HVN-funded project was to study the mechanism of action of greenshell 

mussel (GSM) in osteoarthritis. Therefore, we proceeded with conventionally processed 

(GSM-A) and enzymatically processed (GSM-B) in different in vitro models of OA.  There 

is a scarcity of data regarding in vitro use of whole GSM and there are no published 

studies to date exploring the effects of GSM on subchondral bone. This study is therefore 

primarily designed to compare two freeze-dried whole GSM powders (GSM-A and GSM-

B) produced by different processing methods for their effects on mineralization in LEP-

stimulated MC3T3-E1-cells as an in vitro bone model of OA. 
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bone is an intricate structure, which has a biomechanical and biochemical relationship 

with overlying cartilage. Initially, it was believed that OA was involved in new bone 

formation and sclerosis, however, it is now understood that bone resorption or 

hypomineralization is an early sign of progressive OA (Jia et al., 2018). Subchondral bone 

is anatomically divided into two parts: a layer of corticalized subchondral bone plate 

(SBP) and the underlying subchondral trabecular bone (STB). These two parts are 

important with respect to their architectural and mechanical changes during OA 

pathogenesis; as they undergo different pathological changes during the disease 

progression (Dedrick et al., 1993). SBP sclerosis or thickening is certainly considered a 

hallmark of late-stage non-progressive OA but the underlying mechanism is yet to be 

understood (Goldring and Goldring, 2016). STB, on the other hand, experiences 

hypomineralization and thus reduced mechanical strength due to increased bone 

remodelling during the progression of OA (Bailey et al., 2004, Funck-Brentano and 

Cohen-Solal, 2011). Cellular signalling for micro-damage repair, stimulation of vascular 

invasion, and bone-cartilage crosstalk via channels in the SBP could be the possible 

mechanisms for the alterations in STB (Burr and Gallant, 2012). Moreover, recent studies 

in mice showed that OA progression could be prevented by modifying osteoblastic gene 

expression or inhibiting osteoclastic bone resorption (Findlay and Kuliwaba, 2016).  

Bone formation involves three major steps: osteogenesis, modelling, and remodelling. 

All of these processes are controlled by osteoblasts (Papachroni et al., 2009), which are 

mononuclear cells differentiated from mesenchymal stem cells through osterix (Osx), 

Runt-related transcription factor, and Wnt signalling transcription pathways (Neve et al., 
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started in 1960 when it was found to relieve pain in cancer patients. Since then it has 

been extensively studied for its anti-inflammatory activities in vitro and in vivo.  Clinical 

trials have evaluated GSM as a supplement for the treatment of many inflammatory 

conditions including asthma, osteoarthritis, and rheumatoid arthritis (Ferreira, 2005).  

Conflicting findings in these studies are due in part to the variability of mussel quality 

and composition. In addition to sex, season, life cycle, nutrition, environment, and 

habitat (Teshima and Kanazawa, 1974, Narváez et al., 2008, Fearman et al., 2009), 

processing methods may also affect the bioavailability of bioactive components in GSM. 

The method involving enzymatic processing is shown to better preserve the bioactive 

composition of GSM as compared to conventional mechanical shucking of the shelled 

mussel.  Lipids, proteins, and carbohydrates are the major constituents of GSM, 

consisting of several components that have various antimicrobial, anti-inflammatory, 

antihypertensive, and bioadhesive activities (Grienke et al., 2014b). As far as their role 

in OA is concerned, which of the fractions is therapeutically effective is yet to be 

understood; previous claims, however, suggest the lipid fraction has the prevailing anti-

inflammatory activity (Ulbricht et al., 2009).   

A multitude of studies have demonstrated that GSM is effective in treating OA-related 

symptoms and most of these studies have been done in animal models such as dogs, 

cats, and horses (Eason et al., 2018a). Less is known about the mechanism of action of 

GSM or whether all of its bioactivity can be attributed to its lipid fraction, which is 

thought to relieve OA symptoms by reducing inflammation (McPhee et al., 2007b). More 
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21, mineralized nodules were stained with Alizarin red (Sigma Aldrich) as described 

previously with some modifications (Yingyu et al., 2016). The mineralized nodules were 

photographed, and the stain was solubilized using cetylpyridinium chloride (CPC; Sigma 

Aldrich) and quantified by measuring optical density at 550 nm using a microplate reader 

(Multiskan Fc, Thermo Fisher Scientific). The timeline for the development of MC3T3-E1 

preosteoblasts into functioning osteoblasts is shown in figure 5.1: 

 

Figure 5.1: Schematic representation of MC3T3-E1 developmental stages. 

5.2.8 Statistical analysis 

All experiments were repeated at least three times and results are presented as mean ± 

SEM. Statistical analysis was done using IBM SPSS Statistics for Windows, version 25 

(IBM Corp., Armonk, N.Y., USA). Different groups were compared by one-way analysis 

of variance (ANOVA). p<0.05 was considered to indicate a statistically significant 

difference. 
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5.3 Results 

5.3.1 Cell metabolic activity and survival 

Potential cytotoxicity of LEP and the GSM extracts on MC3T3-E1 pre-osteoblasts was 

determined by MTT assay. As shown in figure 5.2, none of the treatments negatively 

affected the viability of the cells. LEP and both the GSM extracts increased the metabolic 

activity of the viable cells. LEP at 100 ng/ml significantly increased (p<0.05) the 

metabolic activity of the cells, GSM-A also slightly increased the cell viability of both the 

unstimulated and the LEP-stimulated cells. GSM-B or the combination of LEP + GSM-B 

significantly increased (p<0.01, p<0.001 respectively) the number of metabolically active 

cells present.  GSM-A with or without LEP at 100 ng/ml had no significant effect as shown 

in figure 5.2. 
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treatment groups significantly suppressed (p<0.001) the ALP activity and thus the 

differentiation of pre-osteoblasts as compared to control.  

Seven days pre-differentiated MC3T3-E1 osteoblasts (figure 5.4B) on the other hand, 

behaved differently when subsequently treated with GSM-A and GSM-B (100 µg/ml) 

and/or LEP during the proliferation period from days 7-14. LEP appeared to slightly 

(22%) decrease ALP activity compared to 0.1% DMSO control, but this did not reach 

statistical significance and the coefficient of variance for this parameter was high.   

Neither of the mussel extracts affected the ALP activity of pre-differentiated osteoblasts 

and both GSM extracts appeared to negate the slight decrease caused by LEP when used 

in combination. 
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5.3.4 Osteoblast mineralization (Alizarin red staining) 

Alizarin red staining (ARS) to identify calcium deposition and mineralisation signifying de 

novo bone formation was performed after treating 14 days pre-differentiated 

osteoblasts with GSM-A and GSM-B (100 µg/ml) and or LEP (100 ng/ml). Staining was 

quantified by measuring the optical density of the solubilized stain and verified visually 

in photomicrographs.  As shown in figure 5.5, none of the treatments except LEP+GSM-

B produced any significant effects on mineralization. Although neither LEP nor GSM-B 

independently altered mineralization, the combination resulted in a synergistic stimulus 

that significantly increased (p<0.001) the mineralization/calcium deposition of MC3T3-

E1 osteoblasts as compared to all the other treatment groups.  
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osteogenic markers, but the effect was more prominent with GSM-B and the effect was 

greater in LEP-stimulated cells. These results show that GSM-B in particular assists every 

step of bone maturation from proliferation through late-stage differentiation to finally 

mineralization both independently and together with LEP, and clearly demonstrate that 

the manufacturing process for GSM-B produced bioactive factors not present in GSM-A. 

The effects of GSM on ALP activity showed a very interesting trend in MC3T3-E1 pre-

osteoblasts and 7 days pre-differentiated osteoblasts. The pre-osteoblasts, which were 

exposed to the differentiating factors and the treatments simultaneously for 14 days 

showed significantly reduced ALP activity in response to both the GSM extracts alone or 

together with LEP. However, the pre-differentiated cells, which were first differentiated 

for seven days in the differentiating medium and then treated with GSM and/or LEP for 

the next 7 days showed a totally opposite trend. Under these conditions, GSM 

significantly increased the ALP activity of LEP stimulated cells when compared to the 

LEP-stimulated group. No study has so far compared the response of non-differentiated 

and differentiated MC3T3-E1 osteoblasts to any treatment; however, a similar study 

explored the effects of LEP on mesenchymal progenitor cells (MPC) and bone marrow 

stomal cells (BMCs) and demonstrated that LEP maintained MPC in an undifferentiated 

state and promoted the mineralization of more differentiated osteoblasts.  This showed 

LEP has multiple peripheral roles depending on the differentiation state of MPC (Scheller 

et al., 2010). In another study involving osteoclasts, LEP negatively affected the 

development of osteoclast precursors but had no effect on mature osteoclasts (Cornish 

et al., 2002). The clinical relevance of these findings is yet to be understood.  
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GSM-B also promoted calcium deposition in the extracellular matrix (ECM) of LEP-

stimulated osteoblasts. Although, there is no study so far reporting the effects of GSM 

on subchondral bone in OA, it is already proved that GSM can treat OA related symptoms 

by controlling inflammation and preventing cartilage damage (Li et al., 2014a, 

Siriarchavatana et al., 2019a). Furthermore, Siriarchavatana also found that GSM 

improved bone mineral density in rats with diet- and ovariectomy-induced metabolic 

OA (Siriarchavatana et al., 2020). Also, a water-soluble protein from blue mussel was 

shown to increase the growth and osteogenic activity of MC3T3-E1 cells (Xu et al., 2019). 

5.5 Conclusion 

In summary, the present study establishes that GSM and particularly, enzymatically 

processed GSM-B has anabolic effects on bone formation in vitro especially when 

osteoblasts are also stimulated with LEP. The higher efficacy of GSM-B specifically in the 

LEP-stimulated group indicates that it has the potential to prevent the damage to 

subchondral bone that occurs with OA, and further may be of use in improving bone 

mineral density and structure in osteoporosis.
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Enzymatically processed greenshell mussel (GSM-B) was found to be more effective in 

the previous studies (chapter 5) in providing protective health benefits. Therefore, in 

this chapter only GSM-B was further studied in models of synovial inflammation and 

bone. There was no information in the literature regarding in vitro use of LEP or GSM so 

we tried multiple concentrations and cast a wide net so that we would not miss any 

possible effects. The aims of this study, therefore, were first to design and assess in vitro 

cell models by challenging J774A.1 macrophages and differentiated MC3T3-E1 

osteoblasts with leptin, and second to determine whether whole GSM-B has protective 

effects in these models of synovial inflammation and bone remodelling. 

 

 

 

 





 

 

 Immunomodulation and osteogenesis induced by whole green shell mussel (Perna canaliculus) 
powder in macrophage and osteoblast cell models of osteoarthritis. 166  

  

MC3T3-E1 cells to model synovial inflammation and subchondral bone damage in OA 

and demonstrate that whole GSM can provide protective effects in both macrophages 

and osteoblasts challenged with LEP. 

Key words: osteoarthritis, leptin, osteoblast, macrophage, inflammation 

6.1. Introduction 

Osteoarthritis (OA) is a painful and debilitating deterioration of the whole synovial joint 

accompanied by a progressive and steady loss of articular cartilage, sclerotic changes to 

the subchondral bone, osteophytosis, and synovial inflammation (Dickson et al., 2019a). 

Despite its widespread prevalence, the exact mechanism of its pathogenesis is not fully 

understood. However, it is no longer thought of as a purely non-inflammatory or 

biomechanical process, an increasing body of evidence suggests it is accompanied by 

chronic low-level, often subclinical inflammation (Orlowsky and Kraus, 2015).  

Although OA is primarily considered a disorder of articular cartilage, the role of 

subchondral bone has gained increasing attention and osteoblasts are believed to play 

a vital role in the pathogenesis of OA (Suri and Walsh, 2012).  Morphological changes in 

bone during OA are well characterized and include sclerosis, hypomineralization, 

osteophytosis, and subchondral cyst formation (Li et al., 2013). Macrophages are key 

players during inflammation (Dickson et al., 2019a) and a multitude of studies have 

proved the importance of activated macrophages in OA and their number is significantly 

related to pain and joint space narrowing. In addition, biomarkers of activated 
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meniscal anomalies, synovitis, and joint effusion (Karvonen-Gutierrez et al., 2014, 

Francisco et al., 2018). 

Owing to the complex pathology of OA and the poor regenerative properties of the 

cartilage tissue (Karuppal, 2017), this disease currently has no cure. All existing 

treatments, which include exercise, weight management, physical therapy, medications, 

and surgery are meant to reduce pain and symptoms, as well as to improve the 

functional capacity of the joint (Zhang et al., 2019). The most commonly used 

medication for the treatment of OA are painkillers and anti-inflammatory medicines. 

Although these help relieve OA symptoms, they are sometimes associated with adverse 

side effects including nausea, vomiting, dizziness, constipation, sleepiness, tiredness, 

headache, potential cardiovascular risk, damage to liver, and gastrointestinal problems 

(Zhang et al., 2016). Therefore, alternative treatments that are safe and effective are 

needed to prevent or treat OA (McAlindon et al., 2014). 

Nutrition is a possible alternative treatment that is increasingly recognized to have 

disease preventive potential along with fulfilling the basic nutritional requirements 

(German et al., 1999). OA is a classic example of a chronic disease amenable to being 

addressed by nutrition. Cartilage degradation in OA is a complex and multifactorial 

process, but pharmacologic compounds often target a single pathway, and this could be 

a reason for their partial ineffectiveness in the treatment of OA. Nutritional compounds 

on the other hand may contain multiple bioactive compounds and, therefore, could 

target multiple pathways.  Moreover, chronic diseases including OA require long-term 
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pharmacological interventions often associated with significant adverse effects. 

Nutraceuticals and functional foods could be a better option because they are less likely 

to cause adverse physiological effects, addiction, or liver damage (Ameye and Chee, 

2006). 

Perna canaliculus or Greenshell mussels (GSM) are a bivalve mollusc long used as a 

source of nutraceuticals and are mostly recognized because of their bioactive lipids; 

including EPA (eicosapentaenoic acid), DHA (docosahexaenoic acid) and furan fatty acids 

(F-acids), sphingolipids, phytosterols, diacylglycerols, diterpenes, sesquiterpenes, and 

saponins, alongside anti-oxidants such as carotenoids, xanthophylls, and anthocyanins. 

Bioactives such as EPA and DHA are sourced not just from GSM but also from other 

sources that have already been proven to have anti-inflammatory effects in a variety of 

inflammatory diseases including arthritis (Eason et al., 2018). 

Research into OA to better understand the initiating factors, disease progression, and 

potential intervention strategies in humans and animal models has been invaluable, but 

also time-consuming and costly. There are no established macrophage or bone 

osteoblast cell models designed to mimic the events that occur in osteoarthritis, 

particularly those driven by LEP.  And while GSM lipids have been shown to have 

protective effects in OA, there is no published research to date regarding the use of GSM 

as a whole food including both water-soluble and fat-soluble components. The aims of 

this study were to design and assess in vitro cell models by challenging J774A.1 

macrophages and differentiated MC3T3-E1 osteoblasts with leptin, and subsequently to 
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Figure 6.1: Effect of LEP (10 µg/ml) and GSM (100 or 1000 µg/ml) assessed by MTT on 
the cell metabolic activity of (A) J774A.1 macrophages with after 24 hours and (B) on 
MC3T3-E1 osteoblasts after 7 days. The data were analysed by single-factor ANOVA; 
** p<0.01, ***p<0.001 signifies significant difference with respect to 0.1% DMSO carrier 
control (unstimulated) and #p<0.05, ##p<0.01, ###p<0.001 signifies significant 
difference with respect to model group (LEP). The values represent mean ± SD of two to 
three independent experiments each conducted in 4 replicates (n=4). 
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well. As expected, LEP alone caused a small but not significant reduction in ALP activity, 

similar to the earlier effect observed for Alp mRNA (Figure 6.4A).  GSM at 100 µg/mL 

with or without LEP did not significantly alter ALP activity.  GSM at 1000 µg/mL did 

significantly increase (p<0.05) ALP activity compared to either the control or LEP alone 

treatments, and this increase in ALP was not blocked by the addition of LEP stimulation, 

thus reproducing the effect observed on Alp mRNA. 

ALP activity in non-differentiated but proliferating pre-osteoblasts was several log-fold 

lower in undifferentiated MC3T3-E1 cells. All the treatment groups suppressed the ALP 

activity and thus the differentiation of pre-osteoblasts as compared to control, and this 

was not significantly altered by LEP (Figure 6.4B). However, GSM significantly reduced 

(p<0.05)  ALP activity in these cells, and this effect was not lost with the inclusion of LEP. 
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6.3.4 Alizarin red staining (ARS) 

As ALP leads to mineralisation in bone, a functional assay was performed to measure 

the effect of GSM on mineralisation. MC3T3-E1 cells were differentiated for 14 days into 

functional osteoblasts, and then for an additional 7 days with GSM and LEP treatments.  

The deposition of calcium and formation of mineralised nodules was identified by 

Alizarin red staining. Staining was quantified by measuring the optical density of the 

solubilised stain and verified visually in photomicrographs. LEP alone caused a small but 

nonsignificant decrease in mineralisation (Figure 6.5).  GSM at 100 µg/mL had no effect, 

but when combined with LEP a small nonsignificant decrease matching that seen with 

LEP alone was observed.   GSM at 1000 µg/mL significantly increased (p<0.05) 

mineralisation by osteoblasts, but this effect was lost when LEP was included, indicating 

that even the highest concentration of GSM could not overcome the hypomineralisation 

effect induced by LEP. 
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The evaluation of this novel osteoblast cell model as well as the osteogenic effects of 

GSM both gave positive results in the current study and indicate that GSM may directly 

aid in reducing bone damage.  LEP significantly decreased the number of metabolically 

active cells in the early stages of differentiated osteoblasts, but this effect was mitigated 

by the inclusion of GSM at 1,000 µg/ml (figure 6.1).  In addition,  GSM significantly 

increased ALP mRNA and enzyme activity in osteoblasts on a per-cell basis in both the 

absence and presence of LEP, and also significantly increased mineralisation by 

osteoblasts although GSM could not overcome the hypomineralisation effect induced 

by LEP (figure 6.4A). There is one report of a blue mussel protein hydrolysate increasing 

ALP in differentiated osteoblasts (Hyung et al., 2018), suggesting that the ALP-promoting 

activity observed in the current study was due to the protein rather than lipid 

components of the GSM.  However, more research to verify this is needed. 

Finally, GSM significantly suppressed virtually all ALP activity on a per-cell basis in 

undifferentiated precursor cells. and this effect was not lost with the inclusion of LEP 

stimulation. In contrast, a peptide and a water-soluble protein isolate from blue mussels 

have been shown to increase ALP in undifferentiated MC3T3 cells in two different 

studies (Xu et al., 2019a, Xu et al., 2019b). In both of these studies the mussel treatment 

also significantly increased total cell numbers, and as ALP activity was not reported 

normalised to cell number or total protein the effect of their test treatments on ALP on 

a per-cell basis was not determined. However, it is possible that proteins in mussels 

promote early differentiation of mesenchymal cells into osteoblasts in the absence of 

the osteogenic differentiation medium normally used for MC3T3-E1 cells; it would be of 
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This study was aimed to mimic the OA-related pathophysiology of chondrocytes in vitro 

and then to explore the mechanism of action of GSM in the disease model.  We used 

ATDC5 cells to create an LEP-stimulated in vitro chondrocyte model of OA and compared 

two whole GSM powders, conventionally processed GSM-A versus enzymatically 

processed GSM-B, for their effects on proliferation, differentiation, collagen, 

proteoglycan, and mineral deposition of the LEP-stimulated chondrocytes. 
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7.3.4 Histochemical analysis 

Alizarin red staining (ARS), Sirius red staining, and Alcian blue staining were done to 

evaluate calcium, collagen, and proteoglycan content of ATDC5 chondrocyte cultures 

respectively in response to treatment with GSM and/or LEP. As shown in figure 7.4, LEP 

caused a non-significant increase in mineralisation as measured by calcium content.  

However, this detrimental change was significantly reduced by both GSM-A and GSM-B, 

even in the presence of LEP.  LEP, GSM-A and GSM-B each independently caused slight 

decreases in collagen production, with the effect of GSM-B being statistically significant.  

None of the treatments had any effect on proteoglycan secretion.  
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intracellular signal transducers (Figenschau et al., 2001, Ben-Eliezer et al., 2007, Conde 

et al., 2012, Wang et al., 2012b). LEP has been shown to induce inflammation and 

catabolism in primary chondrocytes (Hui et al., 2012b, Bao et al., 2017). The use of LEP 

with ATDC5 cells in this study to simulate OA chondrocytes and assess effects on cell 

function was partly exploratory but the findings described below validated this to be an 

effective cell model.  

100 ng/ml of LEP was used to activate ATDC5 chondrocytes, a dose reported to be 

effective with this cell line and other chondrocytes (Li et al., 2013d, Fu et al., 2019, Zhang 

et al., 2019a). No effect of LEP on cell viability was observed. LEP did not alter the mRNA 

levels of Runx2, a transcription factor necessary to commit pre-chondrocytes to the 

osteoblast lineage (Chen et al., 2014) or of Sox9, which initiates differentiation of pre-

chondrocytes into chondrocytes (Jiang et al., 2018) and whose expression peaks in this 

cell line at approximately day 14 of differentiation (Naito et al., 2015). The effects of LEP 

on these parameters have not previously been measured in ATDC5 chondrocytes, but 

these findings indicate that LEP at this concentration neither blocks nor promotes the 

survival, proliferation or differentiation of these cells.  

Alkaline phosphatase and mineralised nodules, characteristic features of 

calcified/hypertrophic cartilage and during in vitro cell differentiation assays, are 

considered an undesirable form of cartilage (Armiento et al., 2019) and are associated 

with OA. LEP induced slight but non-significant increases in mRNA expression of Alp, a 
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to LEP for only the final 24 hours of the 14 day culture.  LEP was found to modulate type 

2 collagen expression in primary human chondrocytes at 100 ng/mL but not 20 ng/mL 

(Pallu et al., 2010), suggesting that dose is important and this should be further explored 

to better optimise our model. 

LEP induced slight but non-significant increases in mRNA expression of Acan, one of the 

proteoglycans that makes hydrogel and acts as a shock absorber in the articular joints 

(Roughley and Mort, 2014); however, levels of secreted proteoglycans were unchanged.  

LEP has similarly been shown to slightly increase Acan mRNA but not Alcian Blue staining 

in primary rat chondrocytes (Fu et al., 2019). Runx2, an essential regulatory factor for 

chondrocyte proliferation and maturation (Ding et al., 2012, Chen et al., 2014), regulates 

the expression of genes encoding matrix degradation  enzymes (Chen et al., 2017).  

Runx2 was unchanged by LEP or by GSM in this study, suggesting that collagen and 

proteoglycan staining levels were not affected by upstream changes in 

metalloproteinases or other degradative enzymes. 

These results are consistent with previous studies which indicate that LEP plays a role as 

a growth factor in the chondrocytes of the skeletal growth centres and promotes the 

formation of bones through endochondral ossification (Maor et al., 2002). Our findings 

verify that LEP plays a pathological role in the progression of OA by changing the 

phenotype of cartilage, and thus is a suitable stimulant to activate chondrocytes in vitro. 

However, the results from our model when put into the context of the literature 
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demonstrate that LEP may have varying effects on chondrocytes depending on cell 

source, stage of differentiation, duration of exposure, and LEP concentration.  

7.4.2 Effect of GSM extracts on biomarkers of chondrocytes metabolism    

The conventionally processed GSM-A and enzymatically processed GSM-B extracts 

induced similar but not identical effects  including decreasing Acan mRNA expression 

with no change in aggrecan production, and increasing expression of the differentiation 

initiator Sox9, a major transcription factor required for differentiation of 

prechondrogenic progenitors into chondrogenic cells (Haag et al., 2008).  Sox9 is crucial 

for the formation of hyaline/normal cartilage and prevents transitioning of normal 

proliferative chondrocytes into hypertrophic or osteoblastic states (Dy et al., 2012, 

Lefebvre and Dvir-Ginzberg, 2017). A recent study showed that upregulation of Sox9 

showed therapeutic effects on surgically induced OA in mice (Ouyang et al., 2019). Thus, 

the effects we observed with GSM in both unstimulated and LEP-stimulated 

chondrocytes suggest that GSM has the potential to prevent hypertrophic 

differentiation in chondrocytes.  

Importantly, both extracts decreased mineralisation in unstimulated ATDC5 

chondrocytes in vitro, which mimic normal in vivo chondrocytes. Further, in LEP-

stimulated ATDC5 chondrocytes used to model in vivo OA chondrocytes, both GSM 

extracts overcame the detrimental effect of LEP, and significantly decreased 

mineralisation as measured by Sirius red staining.  Lipids in GSM such as polyunsaturated 
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fatty acids, which are known to be effective in reducing OA symptoms, have not been 

reported to reduce mineralisation in chondrocytes; thus, this finding in the current study 

can more realistically be attributed to non-lipid components of GSM. There are a 

number of compounds reported to reduce mineralisation in this cell line.  Most are 

pharmacological preparations unlikely to be present in GSM (Kirimoto et al., 2005, 

Okada et al., 2005, Hojo et al., 2010, Nasi et al., 2021). Individual ions can also decrease 

mineralisation by chondrocytes, but the supplemental ions provided by GSM in the 

current study as calculated from analysis of a similar powder (Nutrizing, 2021) were one 

hundred-fold and ten-fold lower than concentrations shown to be effective for 

magnesium (Nakatani et al., 2006) or iron (Ohno et al., 2012) respectively, and thus are 

unlikely to be responsible for the effects observed in this study. However, glucosamine 

(Nakatani et al., 2007), collagen-derived peptide (Nakatani et al., 2009), chondroitin 

sulphate and hyaluronic acid (Kudo et al., 2017) have been shown to have similar effects, 

although high concentrations (1 mg/ml) of each are required to be effective compared 

to unfractionated GSM used in the current study at 100 µg/ml. GSM extracts are likely 

to contain most or all of these compounds (Miller M, personal communication) as well 

as minerals, which may interact synergistically. It is also possible that GSM contains one 

or more novel bioactive factors that inhibit mineralisation of articular cartilage and play 

a protective role in OA.  

GSM-B behaved comparatively differently from GSM-A when several parameters were 

measured in LEP-stimulated ATDC5 chondrocytes.  GSM-B, but not GSM-A, significantly 
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other than lipids in GSM may contribute to its bioactivity, and that whole GSM may be 

beneficial as a dietary supplement in OA patients. Given the novel direct effects of GSM 

observed in a model of OA chondrocytes, it would be of interest to identify its active 

components as well as to explore a wider panel of genes whose expression is modulated 

by GSM.
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8.1 Overall discussion 

The work described in this thesis was designed to gain insight into the mechanisms of 

action of whole green shell mussel (GSM) on osteoarthritis (OA) using in vitro cell 

models. OA is a multifactorial disease of complex pathogenesis and involves 

collaborative breakdown and restoration processes of cartilage, bone, and synovium. A 

complex interaction between genetic, metabolic, biochemical, and biomedical factors, 

combined with inflammation, initiates joint pain (Hassanali and Oyoo, 2011). The 

enzymes, growth factors, and cytokines involved in regulating cartilage differentiation 

and destruction, subchondral bone remodelling, and synovial inflammation could be the 

most attractive targets for therapy due to their critical role in OA pathogenesis (Thysen 

et al., 2015). Leptin (LEP), a hormone produced by adipose tissue, is thought to be the 

linking factor between obesity and OA. Elevated levels of LEP in obese individuals and in 

females, who have a higher proportion of body fat than men, make them more 

susceptible to OA (Lajeunesse et al., 2005, Gualillo, 2007, Hu et al., 2011). LEP is 

considered to act as a genetic, proinflammatory, local, and systemic factor in OA 

pathogenesis (Chen and Yang, 2015), and its levels are found to be elevated in serum, 

infrapatellar fat pad (IPFP), synovial tissues, osteoblasts, and cartilage of OA patients 

compared to healthy individuals (Dumond et al., 2003a, Mutabaruka et al., 2010b, de 

Boer et al., 2012, Conde et al., 2014). 

GSM has known efficacy in treating pain and stiffness in joints. Reports in the literature 

collectively demonstrate that GSM extracts such as Lyprinol® have proven anti-

inflammatory effects. For some conditions, its anti-inflammatory mechanisms are also 
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Neither GSM-A nor GSM-B induced a pro-inflammatory M1 phenotype in treated cells. 

Repeated treatment with GSM-B induced at least some of the cells to express the M2 

phenotype as identified by IL-10 mRNA production. The increase in the expression of IL-

10 after 48 hours of treatment with GSM-A in vitro would, if extrapolated to in vivo, 

suggest the possibility that long-term use of GSM-A could potentialize the immune 

system to fight chronic inflammatory conditions by altering the polarization of 

macrophages from M1 to M2. This may be the mechanism occurring in reported in vivo 

studies where regular consumption of GSM produced anti-inflammatory results in rats 

and humans. For instance, a lipid fraction (Lyprinol®) from GSM was found to have anti-

inflammatory activity in rats (Whitehouse et al., 1997). Similarly, whole BM reduced 

disease symptoms in women with rheumatoid arthritis (Lindqvist et al., 2018a). 

However, neither GSM extract was able to reduce the pro-inflammatory effects of LEP 

when the treatments were combined.  It would be of interest to determine whether pre-

treating J774A.1 macrophages with GSM could alter subsequent LEP treatment effects.  

In contrast, BM-A and BM-C increased M1 cytokine production within 4 hours of 

treatment. This novel finding suggests that blue mussels have a significant pro-

inflammatory component.  BM-A also induced M2 macrophage activity; this activity was 

likely due to multiple, competing bioactive factors in the extract, and BM has been 

reported elsewhere to reduce inflammation (Lindqvist et al., 2018b). BM-C induced a 

much stronger pro-inflammatory response compared to BM-A but failed to produce any 

anti-inflammatory response. The significant differences between the bioactivity of the 

two BM extracts are ascribed to the production processes.  
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al., 2019), in our case this effect may not be responsible for its increased anti-

inflammatory activity because solvent effects of each treatment group were normalized 

with the untreated control (0.1% DMSO). Instead, its anti-inflammatory effects might be 

due to bioactives present in the mussel extracts, which had greater access into the cells 

because of excellent solvate capability of DMSO. Being amphiphilic,  DMSO is a common 

solvent of choice as it can solubilize both polar and nonpolar components and can 

transpose through hydrophobic cell membranes of the cells and is generally not 

cytotoxic when used at a final concentration of <0.1%  in the culture medium (Tunçer et 

al., 2018). Moreover, it is placed in the safest category of class 3 solvents according to 

the Q3C solvent classification system, which means they are less toxic and are of less 

risk to human health (Jamalzadeh et al., 2016).  However, use of any solvent is not 

physiologically relevant, as macrophages in vivo would be exposed to bioactive mussel 

compounds in the bloodstream in an aqueous rather than solvent carrier form. 

There is no research so far regarding the effects of GSM on subchondral bone. We tested 

two GSM extracts (GSM-A and GSM-B) for their effects in a subchondral trabecular bone 

model of OA in vitro. We created the novel in vitro model of OA bone by stimulating 

MC3T3-E1 cells with LEP and identifying how this stimulus altered osteoblast function. 

We then compared two whole GSM powders, conventionally processed GSM-A versus 

enzymatically processed GSM-B, for their effects on proliferation, differentiation, and 

mineralization of normal and LEP-stimulated MC3T3-E1 osteoblasts. We found results 

with LEP presented a dichotomy, as it increased the proliferation and expression of 

osteogenic markers but decreased ALP activity and mineral deposition of osteoblasts. 
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the central nervous system (CNS). Numerous studies have shown that in addition to 

acting through the CNS, LEP can also act directly on peripheral tissues, including bone 

marrow mesenchymal stem cells (BMSCs) in which it increases osteoblast proliferation 

and mineralization (Burguera, 2001, Gordeladze et al., 2002, Mutabaruka et al., 2010a). 

Mutabaruka et al also demonstrated that local production of LEP increases in OA 

osteoblasts which may also increase some osteoblast differentiation markers. 

Moreover, the exogenous administration of LEP was shown to increase the ALP activity 

of MC3T3-E1 cells but failed to further affect the release of osteocalcin (OCN) and 

collagen type 1 production. In another study 200 ng/ml of LEP was found to decrease 

the ALP activity as well as the production of the bone resorption protein receptor 

activator of nuclear factor kappa-B ligand (RANKL); however, a lower dose of LEP had 

the opposite effect on ALP activity  (Lamghari et al., 2006). Xu et al also found that 160 

ng/ml LEP significantly increased the expression of genes related to bone cell 

differentiation in human bone marrow stromal cells (Xu et al., 2016). Together these 

data suggest that the role of LEP with respect to bone metabolism is complex; it has 

been proven to play an important role in the abnormal physiology of OA osteoblasts but 

the exact mechanism is yet to be explored (Mutabaruka et al., 2010a). It is possible that 

its effects in vivo are dose-dependent and thus the level of body adiposity, correlating 

with the amount of LEP produced and the circulating LEP concentration, may result in 

different effects on bone cell function.  

GSM and particularly enzymatically processed GSM-B has anabolic effects on bone 

formation in vitro especially when osteoblasts are also stimulated with LEP. The higher 
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phenotype of cartilage, and thus is a suitable stimulant to activate chondrocytes in vitro. 

However, the results from our model when put into the context of the literature 

demonstrate that LEP may have varying effects on chondrocytes depending on cell 

source, stage of differentiation, duration of exposure, and LEP concentration. 

The effects of conventionally processed GSM-A and enzymatically processed GSM-B 

extracts showed similarities including decreasing Acan mRNA expression with no change 

in aggrecan production, and increasing expression of the differentiation initiator Sox9, a 

major transcription factor required for differentiation of prechondrogenic progenitors 

into chondrogenic cells (Haag et al., 2008).  Sox9 is crucial for the formation of 

hyaline/normal cartilage and prevents transitioning of normal proliferative 

chondrocytes into hypertrophic or osteoblastic states (Dy et al., 2012, Lefebvre and Dvir-

Ginzberg, 2017). A recent study showed that upregulation of Sox9 showed therapeutic 

effects on surgically induced OA in mice (Ouyang et al., 2019). Thus, GSM demonstrated 

in both unstimulated and LEP-stimulated chondrocytes the potential to prevent 

hypertrophic differentiation.  

Importantly, both extracts decreased mineralisation in unstimulated ATDC5 

chondrocytes in vitro, which mimic normal in vivo chondrocytes. Further, in LEP-

stimulated ATDC5 chondrocytes used to model in vivo OA chondrocytes, both GSM 

extracts overcame the detrimental effect of LEP and significantly decreased 

mineralisation as measured by Sirius red stain.  Lipids in GSM such as polyunsaturated 

fatty acids, which are known to be effective in reducing OA symptoms, have not been 

reported to reduce mineralisation in chondrocytes; thus, this finding in the current study 







 

 

Discussion, conclusions and future directions.247 

 

8.2 Overall Conclusions 

One aspect of OA research is designed to discover new therapeutic strategies that can 

prevent, stop, reduce, or restore the damage to the joints, but due to the multifactorial 

complex nature of the disease, it is still challenging to bring to market disease-modifying 

OA drugs (DMOADs) with promising results and reliable safety (Bijlsma et al., 2011a, 

Martel-Pelletier et al., 2012). Enzymes, growth factors, and cytokines involved in 

regulating cartilage differentiation and destruction, subchondral bone remodelling, and 

synovial inflammation could be the most attractive targets due to their critical role in 

OA pathogenesis (Thysen et al., 2015). As currently there is no cure for the disease, OA 

needs to be prevented, and for many people the first and most important step towards 

prevention is maintaining a healthy lifestyle. Weight loss and nutrition could help to 

achieve this goal. Bioactive factors in foods can be alternative and preventive 

treatments, as many are now increasingly recognized to have health-promoting benefits 

along with fulfilling basic nutritional requirements (German et al., 1999).  

OA is a chronic disease whose initiation, progression and symptoms may be partly 

addressed by nutrition. Cartilage degradation in OA is a complex and multifactorial 

process but pharmacologic compounds tend to target a single specific pathway, which 

may explain why they are only partially effective in the treatment of OA. Nutritional 

compounds and whole foods on the other hand have multiple bioactives and therefore 

can target multiple pathways. In addition, their potential to prevent disease onset makes 

them a more attractive option to be explored further. Moreover, chronic diseases 

including OA require long-term pharmacological interventions that are often associated 
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with significant adverse effects. Nutraceuticals and functional foods may be better 

options because they are less likely to cause adverse effects (Ameye and Chee, 2006).  

Mussels/molluscs are potential functional foods as they are a rich source of omega-3 

polyunsaturated fatty acids (PUFAs) as well as essential amino acids (Venugopal, 2017). 

They are rich in nutrients such as zinc, selenium, riboflavin, and carotenoids, making 

them nutritionally desirable. Mussels are also well-suited to sustainable and 

environmentally friendly but intensive aquaculture production. The mollusc Perna 

canaliculus (P. canaliculus), generally called green-lipped mussel or GreenshellTM mussel 

(GSM), is endemic to New Zealand (Cobb and Ernst, 2006a). This species has an extensive 

history of being used as a traditional medicine to treat various arthralgias in both 

humans and animals. A multitude of studies have demonstrated that GSM are effective 

in treating OA-related symptoms and most of these studies have been done in animal 

models such as dogs, cats, and horses (Eason et al., 2018a). Less is known about the 

mechanism of action of GSM and most of its bioactivity is attributed to its lipid fraction, 

which is thought to relieve the OA symptoms by reducing inflammation (McPhee et al., 

2007b). More recently, Siriarchavatana et al found that a whole GSM extract prevented 

OA in a rat model of metabolic osteoarthritis by reducing cartilage degradation 

(Siriarchavatana et al., 2019b).  

However, few studies have assessed whole GSM bioactivity in vitro and its actions at the 

cellular level are largely unknown. Therefore, this study was primarily designed to gain 

insights into the mechanism of action of GSM in cells with three distinct phenotypes. 

Novel LEP-stimulated in vitro models of J774A.1 macrophages, MC3T3-E1 osteoblasts, 
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and ATDC5 chondrocytes corresponding to OA-related synovial inflammation, 

subchondral bone remodelling, and cartilage metabolism respectively were created as 

tools to study the effects of GSM on different parts of the OA-joint. A series of in vitro 

assays were performed to evaluate the activity of different biological markers (genes, 

enzymes, proteins) in response to GSM treatment. Moreover, we optimized a protocol 

for in vitro use of unfractionated whole mussel extracts in LEP-stimulated J774A.1 

macrophages by identifying the optimal time point, solvent and dose for cytokine 

production, characterising this model well enough for it to be useful to test any kind of 

whole-meat extract in future.  

We also compared two freeze-dried whole GSM powders produced by different 

processing methods i.e. conventionally processed GSM-A and enzymatically processed 

GSM-B for their efficacy on different OA targets. We established that GSM extracts, as a 

whole food, can indirectly alter the disease progression of OA induced by LEP by 

modifying the immune response as well as by directly providing protective effects to 

cartilage and bone. The study also provided novel insights into the mechanisms of action 

of GSM extracts and added to the existing body of data describing how GSM extracts 

can affect different cell types. Finally, three new cell models to mimic the immune, bone, 

and cartilage changes that occur in OA were developed and assessed. These findings 

have aided in determining that whole GSM is a strong candidate for further study in 

animal models and humans with the goal of optimising the use of GSM instead of or in 

addition to NSAIDS to treat OA. 
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8.3 Recommended future research 

The following research can be recommended for the future: 

�x In this study, we treated J774A.1 macrophages with LEP and mussel extracts and 

measured cytokine expression at 4, 6, 16, 24- and 48-hour time points by RT-

qPCR (chapter Four). The 48 hour time point accompanied by re-application of 

the treatments after 24 hours, was the longest time of the treatments, after 

which GSM-A was shown to increase the expression of anti-inflammatory IL-10 

mRNA. Therefore, in future it would be worth investigating the effect of chronic 

exposure of J774A.1 cells to multiple applications of the treatments to explore 

the anti-inflammatory potential of mussel extracts. 

�x In the present study, J774A.1 cells were treated with an inflammatory stimulus 

(LEP) and the mussel extracts simultaneously (chapter Four) and neither of the 

mussel extracts was able to reduce the pro-inflammatory effects of LEP when the 

treatments were combined. It would be of interest to determine whether pre-

treating J774A.1 macrophages with GSM could alter subsequent LEP treatment 

effects.  

�x In this study, we compared the effects of the conventionally processed GSM-A 

and enzymatically processed GSM-B and also assessed the dose-dependent 

effects of more potent GSM-B on LEP-stimulated MC3T3-E1 cells (OA model of 

subchondral bone) (chapter Five & Six). We measured ALP activity, mineral 

deposition (Alizarin red staining), and expression of osteogenic markers (RT-
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qPCR) in response to GSM treatment as markers of mineralization. The same was 

done for LEP-stimulated ATDC5 (OA-model of chondrocytes). It would be 

desirable to confirm the changes in the expression of osteogenic and 

chondrogenic markers at the protein level in the future. 

�x The effects of GSM in all three cell types has been studied in a limited fashion.  

To assess genes modulated by GSM, the use of RNA-sequencing would provide a 

much wider scope of I nformation and identify potential pathways for further 

study. 

�x Although in vitro research is an excellent tool for the initial screening of the 

products, isolated cells cannot portray the complex physiological system 

particularly related to multifaced OA, which is a whole joint disease where all the 

components of the joint interact. Therefore, conditioned medium or co-culture 

models of either subchondral bone and chondrocytes or macrophages and 

chondrocytes are highly recommended in the future to understand complex 

pathological processes of OA and the interaction of multicomponent GSM with 

multiple OA targets. 

�x Present findings related to chondroprotective and osteogenic effects of GSM 

were obtained using in vitro cell models backed by in vivo research by 

(Siriarchavatana et al., 2019b, Siriarchavatana et al., 2020). However, the effects 

of GSM need to be further investigated in OA patients.
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Insulin-transferrin-sodium selenite Sigma Aldrich, Merck, NZ 

Dimethyl sulphoxide (DMSO) Sigma Aldrich, Merck, NZ 

Leptin (recombinant mouse leptin OB) Biomyx (San Diego, California) 

Lipopolysaccharide (LPS) Sigma Aldrich, Merck, NZ 

Tris aminomethane (Tris) Sigma Aldrich, Merck, NZ 

 Hydrochloric acid (HCl) Sigma Aldrich, Merck, NZ 

Magnesium chloride (MgCl2) Sigma Aldrich, Merck, NZ 

Triton-X100 Sigma Aldrich, Merck, NZ 

Agarose powder Mediray, NZ 

Ethidium bromide  Invitrogen, Life technologies, NZ 

Bromophenol blue BDH Laboratory supplies, Australia 

2-Mercaptoethanol BDH Laboratory supplies, Australia 

Xylene Cyanol Merck, NZ 

DNA ladder (EasyLadder I) Meridian Bioscience, Total Lab Systems, 
NZ 

Ethanol Sigma Aldrich, Merck, NZ       

Nitrogen hydroxide (NaOH) Sigma Aldrich, Merck, NZ       

Para-nitro-phenyl phosphate (pNPP)                                                                        Sigma Aldrich, Merck, NZ       

4-Nitrophenol  Sigma Aldrich, Merck, NZ   

Trypan blue  Sigma Aldrich, Merck, NZ   
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1.1.3 Mussel extracts: 

The mussel extracts used in this study were kindly provided by Sanford Ltd, New 

Zealand. Two Greenshell mussel (GSM) and two Blue mussel (BM) extracts were used; 

proximal analyses were carried out by Cawthron Institute (Nelson, NZ). 

1.1.4 Other materials and equipment: 

Weighing Balance  

(AG204, PB 3001-S, XS105) 

Mettler toledo, NZ 

Cell culture flasks (Corning, T-25 
and T-75) 

Thermofisher Scientific, NZ 

Cell scrapers (Biologix) Thermofisher Scientific, NZ 

Centrifuge tubes (Cellstar® greiner 
bio-one, 15 ml, 50 ml) 

Thermofisher, Scientific, NZ 

Syringe filters (0.2 µm, 0.45 µm) 

(ReliaPrepTM Ahlstorm-Munksjo) 

Labsupply, NZ 

Microcentrifuge tubes (Multimax) 

(2 , 1.5, 0.5, 0.2 ml)                                      

Labsupply, NZ 

PCR 0.2 ml tubes (Multimax) Labsupply, NZ 

PCR 96 well plates Roche, NZ 

PCR plate sealers Roche, NZ 

Jenway pH meter (3510) Acorn Scientific, NZ                                                                                                         
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Serological pipettes (5,10, 25 ml) Thermofisher Scientific, NZ 

Troughs Labsupply, NZ  

Reservoir troughs Labsupply, NZ 

Cell culture plates (Cellstar® greiner 
bio-one, 96, 48, 24, 12, 6 well 
plates) 

Thermofisher Scientific, NZ                                     

Micropipettes (Tarsons, Biohit, 
Jencons) 

(P-1000, P-200, and P-20, P-10) 

Thermofisher Scientific, NZ                                    
  

Multichannel pipettes Thermofisher Scientific, NZ 

Micropipette tips (Multimax) Labsupply, NZ 

Microscope (BH2) Olympus 

Cell culture microscope (MHRC 
3036) 

Olympus 

Biosafety Cabinet 

(Esco NordicSafe® Class II)  

Biostrategy, NZ 

Fume cupboard Thermoplastic, NZ 

Incubator (Contherm) Thermofisher Scientific, NZ 

Microcentrifuges (Labnet 
spectrofuge), (Eppendroff 
centrifuge 54150) 

Total Lab Systems, NZ 

Vortex (Labnet-VX100) Total Lab Systems, NZ 

Spinner/mini centrifuge (Biocote) Total Labs Systems, NZ 
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�x Centrifuge (148R-Gyrozen),  
�x  
�x Beckman Coulter's Allegra 64R 

Biostrategy, NZ 

Beckman Coulter, NZ 

PCR machine (Biometra T-
advanced) 

Total Lab Systems, NZ 

Roche Lightcycler 480 real-time PCR 
machine 

Roche, NZ 

Gel electrophoresis apparatus Bio rad, NZ 

Gel doc system (MiniBIS Pro) Total Lab Systems, NZ 

UV transilluminator (UVitec) Total Lab Systems, NZ 

Orbital shaker (Bioline) Alphatech Ltd, NZ 

Heating block Labortechnik 

Microplate Photometer (Multisaken 
FC) 

Thermofisher Scientific, NZ 

Nanophotometer (Implen 4269) Total Lab Systems, NZ 

RNAStable tubes Biomatrica, San Diego, USA 

Fridge Fisher and Paykel, NZ 

-20 freezer Fisher and Paykel, NZ 

-80 freezer  Thermofisher Scientific, NZ 

Autoclave (Tuttnauer 3850 ELV) Thermofisher Scientific, NZ 

Hotbox oven (GALLENKAMP) Watson Victor Ltd, NZ 
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Sonicator (Virtis Virsonic 100 
sonicator sonicator) 

Global Science, NZ 

Water bath (Grant)                                                Global Science, NZ 

1.1.5 Buffers and solutions: 

All solutions and buffers were prepared using highly purified millique (milli-Q) water and 

autoclaved where required. Chemicals were properly weighed (weighing balance), pH 

was properly adjusted using pH calibration standards (pH 4.0 and 7.0). Solutions were 

stored in autoclaved bottles and autoclaved again where appropriate.  

1. Phosphate buffer saline (10XPBS): 

Dissolved the following in 800ml milli-Q water. 

�x 80g of NaCl 

�x 2.0g of KCl 

�x 14.4g of Na2HPO4 

�x 2.4g of KH2PO4 

�x Adjusted pH to 7.4. 

�x Adjusted volume to 1L with additional milli-Q water. 

�x Sterilized by autoclaving. 

2. Tris-acetate EDTA (TAE) Buffer: 

�x TAE Buffer 50x Stock Recipe: 

�x 242 g tris base in Milli-Q H2O 

�x 57.1 ml glacial acetic acid 
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100 ml 0.5 M EDTA solution (pH 8.0) 

�x 10x TAE Recipe: 

For 1L of 10x solution, 

�x 48.5 g tris 

�x 11.4 mL glacial acetic acid 

�x 20 mL 0.5M EDTA (pH 8.0) 

�x 1x TAE Recipe: 

Dilute 1:10 

�x 0.4 M tris acetate (pH approximately 8.3) 

�x 0.01 M EDTA 

using Milli-Q water. 

3. 100 µg/ml LPS stock  

LPS stock was prepared at a concentration of 100 ug/ml with PBS. 

4. 1 mg/ml Leptin stock 

Leptin stock was prepared at a concentration of 1 mg/ml with PBS. 

 

5. Mussel extracts preparation (10 or 100 mg/ml stocks) 
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�x Add 9 mL PBS 

�x Adjust volume to 10 mL 

�x Filter sterilise in TC hood (0.2 �Pm), aliquot and store at -20°C 

�x Use at 50 µg/mL (1:200)  

8. Differentiating solutions (Chondrogenic media) 

�x 10 mg/mL Ascorbic acid (AA; Vitamin C) 

For 10 mL: 

�x 100 mg Ascorbic acid  

�x Add 9 mL PBS 

�x Adjust volume to 10 mL 

�x Filter sterilise in TC hood (0.2 �Pm), aliquot and store at -20°C 

�x Use at 50 µg/mL (1:200)  

�x 2 mg/mL Insulin  

For 10 mL: 

�x 20 mg Insulin 

�x Add 9 mL PBS 

�x Adjust volume to 10 mL 

�x Filter sterilise in TC hood (0.2 �Pm), aliquot and store at -20°C 

�x Use at 10 µg/mL (1:200)  

�x 2 mg/mL Transferrin  

For 10 mL: 
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�x 20 mg Transferrin, 

�x Add 9 mL PBS 

�x Adjust volume to 10 mL 

�x Filter sterilise in TC hood (0.2 �Pm), aliquot and store at -20°C 

�x Use at 10 µg/mL (1:200)  

�x 20 µg/mL Sodium selenite  

For 50 mL: 

�x 1 mg Sodium selenite 

�x Add 40 mL PBS 

�x Adjust volume to 50 mL 

�x Filter sterilise in TC hood (0.2 �Pm), aliquot and store at -20°C 

�x Dilute it further to 1 µg/ml (working stock) 

�x Use at 5 ng/mL (1:200)  

9. ALP assay buffers and solutions  

�x 5 M NaCl  

For 50 mL: 

�x 14.61 g NaCl (58.44 g/mol) 

�x Add 30 mL dH2O 

�x Bring final volume to 50 mL and stir until dissolved (5 M = near solubility limit) 

�x Store at RT 

�x Physiological Saline (0.9%, 154 mM NaCl) 
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�x Add 10 mL (10 mL) ALP Assay Buffer  

�x 5 M NaOH 

For 50 mL: 

�x 10 g NaOH (40.00 g/mol) 

�x Add 35 mL dH2O 

�x djust volume to 50 mL 

�x Store at RT 

�x Stop Solution (1 N NaOH = 1 M NaOH) 

For 50 mL: 

�x 10 mL 5 M NaOH 

�x 40 mL dH2O 

10. 0.1% (w/v; 1mg/ml) Alizarin Red S 

1 mg of Alizarin Red S dissolved in 1 ml of Milli-Q water, adjusted to pH 5.5 with 

ammonium hydroxide (freshly made).  

11. 10% Cetylpyridinium Chloride 

Made up a 10% solution (w/w) in Milli-Q water.  

12. 0.1% (w/v, 1mg/ml) Alcian Blue stain  

1 mg of Alcian blue dissolved in 1 ml of Milli-Q water 

1.2 Cell cultures 
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Different cell lines were used to assess the in vitro effects of GSM extracts on different 

biochemical markers. All these cell lines were from the mouse and included J774A.1, 

Mc3t3-E1 subclone-4 (purchased from ATCC or the American Type Culture Collection) 

and ATDC5 (purchased from ECACC or European Collection of Authenticated Cell 

Cultures). All these cell lines are already reported in the literature to be used in 

osteoarthritis and inflammation research.   

1.3 Cell Culture Media 

Cell lines were cultured in growth media, according to the formulation recommended, 

with 10% fetal bovine serum. J774A.1 cell lines were grown in Dulbecco's Modified 

Eagle's Medium (DMEM) + 10% fetal bovine serum (FBS); Mc3t3-E1 subclone-4 in Alpha 

Minimum Essential Medium (MEM) with ribonucleosides, deoxyribonucleosides, 1 mM 

sodium pyruvate, and 10% FBS;  ATDC5 in DMEM: Ham's F12 (1:1) + 5% Foetal Bovine 

Serum (FBS). 1% PSG (Penicillin, Streptomycin and L-glutamine) or 0.27% gentamicin in 

case of Mc3t3-E1 subclone-4 were added to all the media to prevent microbial 

contamination of the cell cultures. 

1.4 LPS and Leptin 

LPS (LPS, E. coli 0111:B4) purchased from Sigma-Aldrich (St. Louis, MO, USA), and leptin 

(recombinant mouse leptin OB), obtained from Biomyx (San Diego, California) was used 

to stimulate an inflammatory response in the cell lines under conditions of simulated 

obesity or to make an inflammatory model of osteoarthritis in vitro, as reported 

previously (Raso et al., 2002b). 
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 1.5 Mussel Extracts 

Sanford Ltd and Cawthorn Institute have provided us all the extracts and fractions 

needed in the research. Two blue mussel extracts, i.e. BM-A and BM-C and two GSM 

extracts were used in the study i.e. GSM-A and GSM-B. The composition of these 

extracts is given in table 1.1:  

Table 1.1: Composition of mussel extracts 

 

1.6 Cell thawing 

All the cells used in this study were stored in the liquid nitrogen vapor phase. Thawing 

was done according to the protocol mentioned in the respective product sheet provided 

by ATCC or ECACC. Cells were rapidly defrosted (2 minutes approximately) in a water bath 

at 37°C, quickly transferred to centrifuge tubes containing 9 ml of complete medium and 

centrifuged at 1500 rpm for 5 minutes. After centrifugation supernatant was discarded 

and the pellet was resuspended in 25 cm2  or a 75 cm2  culture flask according to 

recommended dilution.  

Extract Moisture Protein Ash Fat Carbohydrate 

BM-A 10.4 49.7 14.5 5.5 19.9 

BM-C 6.1 43.7 27 3.2 20 

GSM-A 3.2 50.8 15.3 6.5 24.2 

GSM-B 4.4 47.3 20.1 7.9 20.3 
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1.7 Cell culturing and subculturing 

Cells were cultured and subcultured in 75 cm2  culture flasks according to respective 

protocols of each cell line. J774A.1 are loosely adherent and their sub-cultures were 

prepared by scraping with a subcultivation ratio of 1:3 to 1:6. Mc3t3-E1 subclone-4 and 

ATDC5 cells on the other hand are adherent cells and were dislodged by trypsinization 

with 0.25% trypsin or trypsin/EDTA preceded by rinsing twice with 10 ml PBS (phosphate 

buffer saline). The medium was changed or replaced twice or thrice a week. Cell cultures 

were maintained in a humidified atmosphere of 5% CO2 at 37�( . 

1.8 Cryopreservation 

Cryopreservation was done over a range of passage numbers, ranging from passage 6 to 

passage 30 according to the protocols in respective product sheets. Cells were first 

dislodged from the flasks and cell suspensions were spun at 1500 rpm for 5 minutes to 

get cell pellets which were resuspended into 95% complete medium + 5% DMSO 

(dimethyl sulphoxide). One ml of the suspended cells were shifted to 2 ml cryovials and 

frozen at -80�(  for 24 hours and then transferred to liquid nitrogen.  

1.9 Storage of reagents, extracts, and samples 

All the reagents and samples are stored at the recommended temperatures for optimum 

performance. Extracts and most of the reagents and samples were stored at -20�( , 

buffers and solutions at 4�(  or room temperature, and samples containing proteins and 

RNA at -80�( . 
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2.Experiment Design 

The experimental design of the thesis is summarized in figure 1.1 

 

                                 Figure 2.1: Overall experimental design of research 

2.1 Plating out the cells 

Before starting any assay, the first step is to plate the cells out in a suitable plate. Cells 

were seeded at different densities and in different plates depending upon the nature of 

the assay. For instance, MTT assay was performed in 96 well plates with different cell 

densities depending upon the cell line. RNA extraction was done by growing the cells in 

6 wells, 12 wells, or 24 wells plates depending on the cell line and the number of 

treatment groups. Similarly, other staining assays were performed in 12 or 24 well 

plates. Cells were used at different densities in different assays. Cell density was 

determined after counting the cells with trypan exclusion assay using the 
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hemocytometer. 10 µl of cells were mixed thoroughly with 10 µl of trypan blue dye and 

10 µl of the mixture was then transferred to the hemocytometer cell counting chamber, 

observed under the microscope and counting took place in four corner squares of 

counting chamber. 

Blue stained cells were excluded from counting, for being dead and white cells were 

considered alive and counted by the formula, 

Number of viable cells in 4 squares x Dilution factor x 10,000 = Number of cells in 1 ml 

                              4 
Cells densities or cell concentration were then customized according to the 

requirement of the experiment by using formula M1V1 = M2V2 

Where, 

�x M1 (Concentration of the stock) 

�x V1 (Volume of the solution to be taken from stock) 

�x M2 (Concentration of the solution to be made) 

�x V2(Volume of the solution to be made) 

2.2 Cell treatments 

All the cells used in the study were cultured in 75cm2 flasks and subcultured according 

to instructions given by ATCC or ECACC. The pre-chondrocyte cell line ATDC5 was 
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The most important characteristic of primer pair to be considered for RT-qPCR is its 

amplicon size, which should be in the range of 70-200 bp. Greater amplicon size may 

end up with low PCR efficiency and smaller size will be difficult to be detected on the gel 

for being confused with primer dimers. The list of primer pairs used in the study are 

given in the table 2.1. 
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7. Relative quantification 

All these genes involved in the pathogenesis of OA were compared for their expression 

in different experimental groups of respective cell lines by using Light Cycler ® 480 Real- 

Time PCR System. Relative gene quantification was done by E-method/ advanced 

relative quantification which is highly accurate and employs standard curves for gene 

quantification, therefore, the first step towards gene quantification was the 

construction of standard curves for each gene using different standard dilutions of 

cDNA. 

8. Gel electrophoresis & PCR product sequencing 

primer pairs specificity was confirmed by agarose gel electrophoresis and sequencing of 

the PCR products. 

A) Gel electrophoresis 

Gel electrophoresis was done to separate products based on their size while moving in the 

direction of the electric field. 2% agarose gel was used for this purpose. 

Forming the gel 

2% agarose gel was prepared by dissolving agarose in TAE buffer (Tris acetate-EDTA) 

with a ratio of 4g to 200ml, the mixture was shaken well and heated until the solution 

becomes transparent. Then the solution was allowed to cool at room temperature and 

ethidium bromide (Et-Br) was added at a concentration of 0.5µg/ml to the slightly warm 
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solution, again shaken thoroughly, and poured into gel casting tray to be solidified 

properly. The casting tray had combs of proper size fixed at one side for the formation 

of wells. After the solidification tray was placed in an electrophoresis tank having the gel 

being submerged in the same buffer in which the gel was formed i.e. TAE. Combs are 

carefully removed without damaging the wells. 

Procedure 

PCR products (10µl) including GADPH were loaded into the well along with xylene, 

bromophenol blue mixture (10µl) and allowed to run on the gel together with 5µl of 

1000 bp ladder for about 30-40 min at 90 volts, this is enough time to separate the 

products. Bands were then made visible due to ethidium bromide staining which is an 

intercalator and insert itself between the base pairs of nucleic acids and made visible by 

absorbing UV at 300-360nm when seen in the gel documentation system. Gel images 

were captured at super-resolution in the gel doc system and saved for further analysis. 

9 Cell staining studies 

Cell staining studies were performed to assess other biochemical markers related to 

bone and cartilage cell function. 

Experiment design for ATDC5 cell staining  

For cell staining studies of ATDC5, cells were seeded at a concentration of 30,000 

cells/2ml of the medium in a 12-welled multiwell plate and let to be confluent for about 
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(Sigma Aldrich) was used for staining. Reagents used and the protocol followed is as 

under: 

Material required 

Phosphate buffered saline 

Methanol 

Alcian Blue stain, 0.1% in water 

Guanidine HCl, 6M 

Method 

1. The medium was removed from the wells. 

2. PBS, 500 microliters per well was added twice to wash the cells. 

3. 500 microliters of Methanol was added to each well. 

4. Incubated at -20°C for twenty minutes fix the cells. 

5. Methanol was removed (rinsed down the sink with copious amounts of water to 

dilute the Methanol). 

6. Plates were rinsed with water by dunking them into a container of water, then 

dumping the water out and plates were air-dried. 

7. Staining was done with 500 ul of 0.1% alcian blue dye in each well overnight. 

8. Washed the plates three times with PBS as in Step 2. 

9. Photographed for staining images. 
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10. 500 microliters of Guanidine HCl, 6M was added to each well to solubilise the stain. 

11. Plates were allowed to sit overnight. 

12. Optical density was read at 650 nanometres, ensuring the wells have been well 

mixed (manually or by plate shaking option on the reader). 

3. Alizarin Red Staining. 

Mineralization studies were performed on chondrocytes as well as Mc3t3-E1 subclone-

4 cells, using alizarin red staining, Assay details are described below: 

Material required 

Phosphate buffered salin 

Ice cold 100% Ethanol 

Alizarin Red stain (Sigma Aldrich) ,0.1% in water, pH 5.5 

Cetylpyridinium chloride (CPC) (Sigma Aldrich), 10% in water 

Method 

1. The medium was removed from the wells. 

2. PBS, 500 microliters per well was added twice to wash the cells 

3. 500 microliters of ice-cold 100% ethanol was added to each well. 

4. Incubated at room temperature for one hour to fix the cells. 







 

. 

 Appendix A.287 

 

14 days both for ATDC5 and MC3T3 cells after which ALP assay was performed. The 

summary of the protocol is demonstrated in figure 2.2: 

                                   Figure 2.2: Summary of ALP assay Protocol 

Standard curve preparation 

A standard curve is a pre-requisite for ALP assay. A standard curve is calculated with 

different dilutions of 4-nitrophenol, which is produced as a yellow coloured product as 

a result of ALP activity in the test samples. 

Material required 

ALP assay buffer (400 mM Tris-HCl pH 9.5, 1 mM MgCl2)4-nitrophenol 

NaOH, 1N (stop solution) 

Method 
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1. First, 13.9 mg of 4-nitrophenol was dissolved in 10 ml of ALP buffer to make 10 mM 

solution. 

2.  10 mM solution was diluted 10 times to make 1 mM stock solution, which was used 

to make further dilutions for standard curve calculation. 

3.  The scheme of dilution is given in figures 2.3 a & b. 50 ul of the standard dilutions 

were made in 96 well plates and incubated at 37°C for 60 minutes. 

4. 50 ul of stop solution was added after 60 minutes and absorbance was recorded at 

405 nm by using a spectrophotometer (Multiskan Fc, Thermo Scientific SkanIt 

Software). 

5. Finally, standard concentration was plotted against OD values to get a standard 

curve using Ms excel as shown in figures 2.3 c & d. 

6. This standard curve with a known concentration of product (4-nitrophenol) was used 

as a reference to calculate the concentration of 4-nitrophenol in test samples. 

7. Linear fitted trend line was drawn to show a relationship between absorbance (OD) 

and concentration and was used to calculate unknown concentration of test samples 

by the formula; y = ax+b or x = y-b/a (where y is OD value of test sample, 

8. x is the unknown concentration of test sample a and b are the values on the trend line 

e.g. a=3.5043 and b=0.0458 in 2.3c graph). 
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Figure 2.3: a) Dilution duplicates in 96 well plate, b) Scheme of dilutions, c) absorbance 
at 405 nm and d) scatter chart with line and markers to represent relationship between 
concentration and absorbance (OD) at 405 nm. 

Sample preparation/Harvesting the cells 

Material required 

Extraction buffer (Extraction TBS (1% Triton-X100 in 1 x TBS)), pre-warmed at 37°C. 

0.9% NaCl pre-warmed at 37°C. 

Method 

The steps of cell harvesting are as follows: 

1. First, cells were washed with 1ml of 0.9% NaCl. 

2. 500ul of extraction buffer was added to each well for lysis. 

3. Incubated on an orbital shaker for 15 minutes at room temperature. 
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4. Well contents were transferred in a 1.5 ml tube. 

5. Incubated on ice for 15 minutes with brief vertexing after every 5 minutes. 

6. The lysate was centrifuged at 13000 rpm for 5 minutes and transferred to a new 

1.7ml tube on ice 

7. Stored at -80oC for ALP activity. 

8. ALP Assay (Addition of pNPP to the samples-measuring OD at 405) 

Material required 

ALP assay buffer (400 mM Tris-HCl pH 9.5, 1 mM MgCl2. 

pNPP solution (10 mM pNPP in ALP Assay Buffer) on ice 

NaOH, 1N (stop solution) 

Method 

1. ALP activity was performed within 1-5 days of cell harvesting. 

2. Samples were retrieved from -80oC and thawed immediately at 37oC. 

3. 50ul of sample lysate and TBS solution as a blank (in triplicate) was added in 96 well 

plates. 

4. 50ul of pNPP substrate solution was added to each sample. 

5. Incubated the plate at 37oC for 60 minutes (15-60min). 

6. Added 50ul of stop solution after 60 minutes. 
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ALP activity was calculated from the concentration of 4-nitrophenol in test samples by 

using the above-mentioned equation.  

Normalization of the ALP activity 

ALP activity was normalized to total protein content of the test samples to eliminate the 

possibility of error in the results. To get an accurate measurement and to eliminate the 

probability that, more product concentration in the test samples was due to more cell 

number and not due to more enzyme activity was eliminated by normalization i.e. by 

dividing EA to total protein concentration (mg/ml) of the test samples. Normalized ALP 

activity can also be defined as specific ALP activity 

The formula can be written as, 

Specific ALP activity (U/mg) = A/V/T/Total proteins (mg/ml) 

Formulas for calculation of ALP activity and Specific ALP activity are highlighted in figure 

2.5 
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The process followed for protein assay is quite similar to ALP assay. 

Calculation of Standard curve 

Calculation of standard curve is the first step in protein assay. protein concentrations 

generally are determined and reported with reference to standards of a common 

protein such as bovine serum albumin (BSA). A series of dilutions of known 

concentration are prepared from the protein and assayed alongside the unknown(s) 

before the concentration of each unknown is determined based on the standard curve. 

Material required: 

ALP assay buffer (400 mM Tris-HCl pH 9.5, 1 mM MgCl2) 

BSA 

BCA working reagent (BCA reagent A 50ml+ BCA reagent B 1ml i.e. 50:1, Reagent A: B) 

Method 

1. The first BCA working reagent is prepared from BCA reagents A and B, provided with 

the kit in the ratio of 50:1. 

2. Next, 2mg/ml vial of BSA provided with the kit was diluted to half (1mg/ml) with ALP 

buffer and was used as a stock to make series of dilutions with known protein 

concentration. 

3. The scheme of dilution is given in Figures 2.6 a & b. 
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4. 100 ul of the standard BSA dilutions were made in duplicates in 96 well plates. 

5. 200 ul of the working solution was added to each well. and incubated at 37°C for 30 

minutes. 

6. Absorbance was recorded at 550 nm by using a spectrophotometer (Multiskan Fc, 

Thermo Scientific SkanIt Software). 

7. Finally, standard concentration was plotted against OD values to get a standard 

curve using Ms excel as shown in figure 2.6c & d. 

8. This standard curve with known BSA concentration was used as a reference to 

calculate the concentration of proteins in the test samples. 

9. Linear fitted trend line was drawn to show a relationship between absorbance (OD) 

and concentration and was used to calculate unknown concentration of test samples 

by the formula; y = ax+b or x = y-b/a (where y is OD value of test sample, x is the 

unknown concentration of test sample a and b are the values on the trend line e.g. 

a=32.298 and b=0.273 in 2.6d graph). 
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Figure 2.6: a) Dilution duplicates in 96 well plate, b) Scheme of dilutions, c) absorbance 
at 550 nm and d) scatter chart with line and markers to represent a relationship between 
concentration and absorbance (OD) at 550 nm. 

Protein Assay (Addition of BCA working reagent to the samples-measuring OD at 

550nm) 

Material required 

Frozen test samples 

BCA working reagent 

Method 

1. Protein assay was performed alongside ALP assay. 

2. Samples were retrieved from -80oC and thawed immediately at 37oC. 



 

. 

 Appendix A.298 

 

3. 10ul of sample lysate and TBS solution as a blank (in triplicate) was added in 96 well 

plate. 

4. 200ul of BCA working solution was added to each sample. 

5. Incubated the plates at 37oC for 30 minutes. 

6. Plate was read at 550nm two times (read at 550nm then shake and again read at 

550nm) and OD values were documented. 

7. Measuring the concentration of proteins in test samples 

8. The concentration of proteins in the test samples was measured by using the BSA 

standard curve (figure 2.6d). 

9. The concentration of product in test samples was calculated by the formula; 

10. y = ax+b or x = y-b/a (where y is OD value of test sample, x is the unknown 

concentration of test sample a, and b are the values on the trend line e.g. a=32.298 

and b=0.273 in 2.6d graph). 

11. In the Excel worksheet, the concentration of the test sample (x) was calculated by 

the same procedure we followed for 4-nitrophenol concentration. 

12. Finally, ALP activity was normalized by dividing with a protein concentration of that 

sample to measure specific enzyme activity in that sample. The workflow is shown 

in figure 2.6. 

3.3.6. Statistical Analysis 

For multi, group comparison of dependent variables one-way ANOVA was used. 

Dependent variables include cytokines expression, cell viability, transcriptome 

comparison; mineralization, etc. software used for statistical analysis IBM SPSS Statistics 
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for Windows, version 25 (IBM Corp., Armonk, N.Y., USA). Different groups were 

compared by one-way analysis of variance (ANOVA). p<0.05 was considered to indicate 

a statistically significant difference.
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Figure16A & B: Amplification and melting curve for GADPH in J774A.1 macrophages. 
Amplification curves of the housekeeping gene GADPH. In the X-axis are the number of 
amplification cycles and in the Y-axis, the specific fluorescence. The C T of all samples 
(treated and untreated) was similar; showing that GADPH expression was the same in 
all the experimental groups irrespective of the treatment. 
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Figure17A & B: Amplification and melting curve for GADPH in MC3T3-E1 osteoblasts. 
Amplification curves of the housekeeping gene GADPH. In the X-axis are the number of 
amplification cycles and in the Y-axis, the specific fluorescence. The CT of all samples 
(treated and untreated) was similar; showing that GADPH expression was the same in 
all the experimental groups irrespective of the treatment. 
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Figure18A & B: Amplification and melting curve for GADPH in ATDC5 chondrocytes. 
Amplification curves of the housekeeping gene GADPH. In the X-axis are the number of 
amplification cycles and in the Y-axis, the specific fluorescence. The CT of all samples 
(treated and untreated) was similar; showing that GADPH expression was the same in 
all the experimental groups irrespective of the treatment.



 

 

   Appendix C. 319 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

   Appendix C. 320 

 

 

 

 

 

 

 

Appendix C 

Permission for copyright figures and table 

 

 

 

 

 

 



 

 

   Appendix C. 321 

 

Permission letter for figure 2.1  
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Permission letter for figure 2.2 
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Permission letter for figure 2.3 
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Permission letter for figure 2.4 

 

 

 

 

 

 



 

 

   Appendix C. 326 

 

Permission letter for table 2.5 
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