
 

Development and 
Clinical Applications of 

Immunoassays for 
Human Adiponectin 

 

A thesis submitted in partial fulfilment of 
the requirements of Oxford Brookes 

University for the degree of Doctor of 
Philosophy 

 

Matthew J. Hazell 
 

 

 

8/2009 

 

  



II 
 

Abstract 

Adiponectin is a 244 amino acid long protein monomer. Total adiponectin consists of the 
assembly of adiponectin monomers into homo-trimeric, hexameric and high molecular 
weight (HMW) multimers. High concentrations of trimeric, hexameric and HMW adiponectin 
multimers are secreted from adipose tissue. However, a negative correlation is observed 
between serum adiponectin concentration and increased adipose tissue mass. Obesity has 
reached epidemic levels worldwide and related decreases in adiponectin levels have been 
observed as a major contributor to conditions such as insulin resistance and cardiovascular 
disease. Evidence is beginning to emerge to support the hypothesis that high molecular 
weight adiponectin is a marker of obesity associated conditions. The main purpose of this 
thesis was to measure total and HMW adiponectin multimer concentrations/proportions to 
establish if they are more influential biomarkers for obesity associated conditions compared 
to current biomarkers. The goals of this project were facilitated by the generation of novel 
antibodies that recognise adiponectin and the development of an immunoassay to quantify 
total and HMW adiponectin separately. The assay was extensively validated and shown to 
correlate well with the best current commercial assays. 
 
Adiponectin as a Biomarker for Overt Vascular Disease: Overt Vascular Disease (OVD) 
patients (British/Caucasian) were separated into primary (n=96) and secondary (n=63) stage 
prevention groups (SPGs). The Primary SPG was defined as individuals that had no OVD 
and secondary SPG was defined as individuals that had OVD by previous myocardial 
infarction, angina, angioplasty, coronary artery bypass grafting, cerebrovascular accident, 
peripheral vascular disease or diabetes mellitus. Serum total and HMW adiponectin levels 
were compared between the primary and secondary SPGs and correlated with specific 
biomarkers used in NHS OVD clinical settings. Additionally OVD patient medications were 
investigated to assess their effect on total and HMW adiponectin concentrations and HMW 
adiponectin proportion of total adiponectin. No significant differences were noted in the 
comparison of total and HMW adiponectin concentrations between OVD primary and 
secondary SPGs. Total and HMW adiponectin concentrations were significantly affected by 
β-blockers (p=0.004 & p=0.040), ACE inhibitors (p=0.004 & p=0.024) and loop diuretics 
(p=0.002 & p=0.001). Decreases in total and HMW adiponectin concentrations and the 
proportion of HMW adiponectin were related to increases in markers of OVD. In conclusion 
adiponectin alone was not useful as a marker for OVD; however, the proportion of HMW 
adiponectin of total adiponectin was useful in combination with levels of high density 
lipoprotein cholesterol and creatine kinase. 
 
Adiponectin as a Biomarker for Polycystic Ovary Syndrome: Patients with polycystic 
ovary syndrome (PCOS) (n=50) were defined by the Rotterdam diagnosis criteria and 
polycystic ovarian morphology on MRI scan. Control patients were regularly cycling healthy 
women (n=28) and all patients were British/Caucasian. Adiponectin levels were compared 
between PCOS cases and controls (including non-obese subgroup, 11 PCOS and 10 
Control) and correlated with PCOS related biomarkers. Between group comparisons of total 
and HMW adiponectin concentrations and proportion of HMW multimer demonstrated a 
significant difference on data analysis of the non-obese subgroup and not the whole study 
cohort (p=0.045; p=0.037, p=0.037, respectively). Between group comparison of 
testosterone concentration demonstrated a significant difference on data analysis for both 
the non-obese subgroup and whole study cohort (p=0.003 & p =0.037, respectively). On 
analysis of the whole study cohort, total and HMW adiponectin concentration and HMW 
adiponectin proportion for PCOS cases were associated with HOMA2 IR (r=-0.553 & p<0.01; 
r=-0.535 & p<0.01 r=-0.435 & p<0.01, respectively) and visceral fat mass (r=-0.459 & 
p<0.01; r=-0.466 & p<0.01; r=-0.404 & p<0.01, respectively). Also HMW adiponectin 
concentration and proportion was associated with L4 subcutaneous fat mass (r=-0.330 & 
p=0.19 and r=-353 & p=0.012, respectively). Interestingly in the non obese subgroup 
HOMA2 IR was associated with testosterone (r=-0.700, p=0.024). Overall reduced 
adiponectin levels and increased insulin resistance correlated more closely with adiposity in 
PCOS cases than testosterone levels. Testosterone was found to be related to insulin 
resistant status in non-obese individuals. 
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Adiponectin Secretion into Lymph: Previous investigation of the release of adiponectin 
into the blood circulatory system by the difference in adiponectin concentration in atrial blood 
entering an adipose tissue depot and venous blood exciting has been inconclusive. The 
objective of this investigation was to detect adiponectin secretion into lymph fluid and 
compare its concentration to that in serum. Also adiponectin is suggested to have anti-
inflammatory actions; therefore, levels quantified in lymph were compared with inflammatory 
biomarkers. Samples were collected from a fat depot situated in the lower leg of 12 healthy, 
non obese, non diabetic, British/Caucasian males. The HMW proportion of total adiponectin 
in lymph was significantly lower than in matched plasma (p<0.001), but, the strong positive 
correlation between total and HMW adiponectin remained (r=0.919, p<0.001). Total and 
HMW adiponectin concentration measured in lymph had statistically significant negative 
correlations with monocyte chemoattractant protein 1 (MCP1) (r=-0.624, p=0.030 & r=-
0.640, p=0.025). Overall this study is the first to demonstrate the presence of adiponectin 
(including HMW multimer) in lymph. It also suggests that adiponectin counterbalances the 
pro-inflammatory cytokine MCP-1 demonstrating that adiponectin is involved in 
inflammation. 
 
Conclusion: These studies demonstrate the potential of adiponectin (total and high 
molecular weight concentration and proportion of HMW multimer) as a clinical marker for 
obesity related conditions. 
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Chapter 1: 

Obesity and its associated complications have reached epidemic levels worldwide. 

Decreases in adiponectin levels are related to increases in adipose tissue mass and 

have been recognised to be a major contributor to such obesity associated 

conditions as insulin resistance, diabetes and cardiovascular disease. The following 

Chapter is a review of current literature to introduce obesity, along with its 

complications, and the related field of adiponectin research 

  



2 
 

1.1Adipose Tissue 

1.1.1 Adipose Tissue Distribution and Morphology 

There are two major subdivisions of adipose tissue, subcutaneous1 and visceral2 

(Figure 1.1). Each have unique anatomic, metabolic, endocrine, paracrine and 

autocrine properties (Wajchenberg, 2000; Misra & Vikram, 2003). Subcutaneous 

adipose tissue constitutes 65-70% of body fat and is divided into two distinct layers, 

the superficial and deep subcutaneous adipose tissue (Martini, 2001; Smith et al., 

2001; Misra & Vikram, 2003). Visceral adipose tissue constitutes 20% of body fat 

and is subdivided into intraperitoneal and reteroperitoneal compartments. The 

intraperitoneal compartment comprises the majority of visceral fat and is itself 

composed of omental and mesenteric adipose tissue (Abate et al., 1994; 

Wajchenberg, 2000; Misra & Vikram, 2003). In addition to these compartments, 

adipose tissue is also found in small amounts around organs such as the heart and 

kidneys to serve as protection (Martini, 2001).  

 

Figure 1.1: Adipose tissue anatomical locations. Subcutaneous adipose tissue lies 

beneath the skin and visceral adipose tissue lies in the abdominal cavity (National 

Heart Lung and Blood Institute, 2009). 

 

There are two major types of adipose tissue in mammals, white adipose tissue and 

brown adipose tissue, each representing opposing roles in energy metabolism 

through storage in white and use in brown adipose tissue (Martini, 2001). White 

constitutes the majority of adipose tissue in mammals and is the site of lipid storage 

within a cellular vacuole of the white adipocyte (Martini, 2001; Tilg & Moschen, 

2006). The vacuole within the white adipocyte forces the nucleus near the cell 

                                                

1
 Lies between the dermis of the skin and the underlying fascia 

2 Lies intra-abdominally 
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membrane creating a thin layer of cytoplasm giving the histological appearance of a 

ring with a seal (Martini, 2001). By contrast, the brown adipose tissue is important in 

the regulation of non-shivering thermogenesis through the high concentration of 

mitochondria within its cellular component. This also gives the brown adipocyte its 

histological appearance and name (Sell et al., 2004; Tilg & Moschen, 2006). The 

most abundant cell in adipose tissue is the adipocyte but it additionally contains: 

 Pre-adipocytes – Adipocytes that have not yet been loaded with lipids 

 Endothelial cells – Involved in the transport of fluids and the production of 

secretions that provide physical protection or act as chemical messengers 

 Fibroblasts – Produce protein subunits that form large extracellular fibres 

involved in tissue support 

 Leukocytes – An important component of the immune system consisting of 

neutrophils, eosinophils, basophils, lymphocytes and monocytes. 

 Macrophages – A cellular component of the immune system that are 

scattered throughout the tissues of the body and engulf pathogens or 

damaged cells while also releasing chemicals that activate the immune 

system. 

(Martini, 2001; Ahima, 2006; Tilg & Moschen, 2006) 

1.1.2 Gender and Ethnic Differences in Adipose Tissue Distribution 

Differences between fat distribution in adult males and females have long been 

recognised (Vague, 1956; Abernathy & Black, 1996; Kyle et al., 2003; Sweeting, 

2008). Male fat distribution is recognised to represent greater amounts of adipose 

tissue in the upper body (apple shape), whereas female fat distribution is 

represented by greater amounts of adipose tissue in the hip and thigh areas (pear 

shape) (Vague, 1956; Sweeting, 2008) (Figure 1.2). Furthermore, it is known that 

differences in the percentage of body fat denote good health in both genders where 

males range from 12 to 20% and females range from 20 to 30% (Figure 1.2) 

(Abernathy & Black, 1996; Kyle et al., 2003).  

As well as gender, ethnicity has also been observed in multiple studies to relate to 

differences in adipose tissue mass (Wang et al., 1994; Malina et al., 1995; Thomas 

et al., 1997; Wagner & Heyward, 2000; He et al., 2002). In a comparative review 

between African and Caucasian Americans it was noted that the distribution of fat 

varied in multiple depots, where African Americans had less fat accumulation in the 

extremities and more in the trunk of the body in relation to Caucasian Americans 



4 
 

(Wagner & Heyward, 2000). Furthermore, trunk adipose tissue distribution varied 

between African and Caucasian Americans, where greater amounts of adipose 

tissue was observed in the sub-scapular (back) and upper trunk areas in African 

Americans (Wagner & Heyward, 2000).  

In another investigation that compared Native, Mexican, African, and Caucasian 

Americans, it was recognised that Native Americans deposit less fat on the 

extremities in relation to the other groups (Thomas et al., 1997). However, Mexican 

Americans deposited the same levels of fat on the extremities as African or 

Caucasian Americans (Thomas et al., 1997). This study also observed the 

previously mentioned difference between African and Caucasian Americans 

(Thomas et al., 1997).  

 
Figure 1. 2 The difference in fat percentage of each BMI defined risk category between 

males and females. Adapted from (Kyle et al., 2003). 

 

As well as the differences between the previously discussed ethnicities, variation in 

adiposity has also been recognised for individuals of Asian descent, where they 

have been observed to have higher percentage levels of body fat but greater trunk 

adiposity than Caucasians (Wang et al., 1994; Malina et al., 1995; He et al., 2002). 

Reasons for these differences are thought to relate to genetic influences which have 

led to the understanding that one standard measure to assess obesity, such as BMI 

score, does not relate to all individuals. Consequently there should be re-evaluation 

of scoring systems to include differences between ethnic groups (Thomas et al., 

1997; Wagner & Heyward, 2000; Lear et al., 2003). 

1.2 Obesity 

Obesity can be defined as a pathological excess of body fat (Sweeting, 2008). The 

World Health Organisation (WHO) and the National Health Service (NHS) define 

Normal (BMI = 18.5 – 24.9)

Overweight (BMI = 25 – 29.9)

Obese (BMI = 30≤)

12- 20%

21 – 29%

30% ≤

22- 32%

33 – 40%

41% ≤

Male Female
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obesity using a measure of body mass index (BMI), which is calculated by taking 

the weight in kilograms (kg) of an individual and dividing it by their height in meters2 

(m2) (Puska et al., 2003; NHS Direct, 2008). The value calculated for an individual is 

compared against percentiles that have been tabulated from surveys conducted by 

the National Centre for Health Statistics (Bray et al., 1998). Both the NHS and the 

WHO recognise that a BMI of 25-29.9 denotes an individual that is overweight and a 

BMI above 30 as obese (Puska et al., 2003; James, 2008; NHS Direct, 2008). 

However, BMI is not the most accurate method for assessment of obesity 

(Baumgartner et al., 1995). High levels of lean body mass in athletes can influence 

weight resulting in BMI readings that would classify the them as overweight/obese 

(Jonnalagadda et al., 2004). Therefore, alternative methods can be used for weight 

assessment such as skin fold thickness, waist to hip ratio, ultrasound; however, 

these methods require greater levels of understanding and training that are not 

always available (Bray et al., 1998). All the aforementioned methods of 

measurement have their own limitations. For example, the main limitation of BMI as 

a standard measurement is the imperfect nature of weight/stature2 as index of body 

mass (Bray et al., 1998). Even though there is a limitation to BMI it is adopted 

worldwide for its ease of comparison between populations. 

 
Figure 1.3 Current analysis of escalating obesity rates in different countries (James, 

2008). 

In 2003 the global figures for obesity were 356 million people categorised as obese 

and 1.4 billion people as overweight (James, 2008). By 2007 these figures had 

increased to 523 million obese and another 1,539 billion overweight and by 2015 it 

is predicted that there will be 704 million people obese and 2.3 billion people 
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overweight (James, 2008) (Figure 1.3). Due to the increasing global levels of 

obesity and continued increase in future predictions, obesity is identified as a world 

epidemic that is the concern of most if not all governments who readily accept its 

complexity and major public health impact (Puska et al., 2003; James, 2008). The 

previous figures highlighting the continual increase in the levels of global obesity 

demonstrate the need for some form of global intervention aiming for a reduction in 

these levels. The WHO recognise that the obesity epidemic reflects the profound 

changes in society and behavioural patterns of communities over recent decades 

(Puska et al., 2003). Additionally the Food Advertising Unit (FAU) recognise that the 

obesity epidemic is an important public health issue that includes increases in the 

younger population (Food Advertising Unit, 2004). Even though there is recognition 

of the increases in obesity and greater understanding of the reasons why, there are 

still greater amounts of individuals whose calorie consumption is higher than their 

calorie expenditure (NHS Direct, 2008). Increases in calorie intake is thought to be 

due to the increased consumption of energy dense food that is often nutrient poor 

(Puska et al., 2003). 

1.3 Obesity Related Diseases 

1.3.1 Cardiovascular Disease 

Cardiovascular disease (CVD) is a group of conditions and events that include high 

blood pressure, coronary heart disease, heart failure, coronary death and stroke 

(Lloyd-Jones et al., 2009). Many studies have documented that obesity is an 

independent predictor of CVD and that central adiposity is a greater predictor 

(Hubert et al., 1983; Kannel et al., 1991; Rimm et al., 1995; Kannel et al., 1996; 

Diehr et al., 1998; Rexrode et al., 1998; Kenchaiah et al., 2002; Kurth et al., 2002; 

Wilson et al., 2002). The American heart association recently published an update 

on American heart disease and stroke statistics. The report observed that 1 in 3 

Americans have one or more types of CVD and suggests that every 25 seconds an 

American will suffer a coronary event and every one minute an individual will die 

from one (Lloyd-Jones et al., 2009). Although this is documented, the overall death 

rate from CVD complications has declined by 26.4% and the actual number of CVD 

deaths declined 9.6% (Lloyd-Jones et al., 2009). Even so, CVD was still recognised 

to account for one third (34.2%) of all deaths in the USA (Lloyd-Jones et al., 2009).  

Atherosclerosis is a systemic disease process underlying a majority of 

cardiovascular events where it involves multiple cell types, fatty deposits, 
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inflammation and scar tissue build up within the walls of the artery (Ross, 1999; 

Lloyd-Jones et al., 2009). It is assumed that the disease involves a compensatory 

inflammatory response in reaction to a complex endothelial dysfunction that is 

induced by elevated and modified low density lipoproteins, free radicals, infectious 

microorganisms, sheer stress, hypertension or toxins from smoking (Ross, 1999). 

This inflammatory response is integral to the progression of atherosclerosis 

resulting in the formation of lipid plaques (Ross, 1999). 

1.3.2 Atherosclerotic Plaque Formation 

Cholesterol is a lipid like substance which comes in many forms and is essential to 

health. Two forms of cholesterol are observed to play a major role in CVD, low 

density lipoprotein cholesterol (LDL-C) and high density lipoprotein cholesterol 

(HDL-C). Low density lipoprotein cholesterol (LDL-C) is implicated in the formation 

of atherosclerotic plaques and HDL-C is involved in the reduction of plaque 

formation through its transport of LDL-C to the liver for processing (Glass & 

Witztum, 2001). The exact cause of atherosclerosis is unknown; however, during 

endothelial dysfunction arterial walls become damaged allowing the movement of 

LDL-C into the sub-endothelial layers (Figure 1.4). 

 
Figure 1.4: Atherosclerotic Plaque formation. 

(1) Accumulation of lipoprotein particles in the intima. (2) Oxidative stress can induce local 
cytokine production. (3) The cytokines increase expression of adhesion molecules for 
leukocytes that cause their attachment and chemoattractant molecules that direct their 
migration into the intima. (4) Blood monocytes enter the artery wall (5) Scavenger receptors 
mediate the development of foam cells. 6: Smooth muscle cells in the intima divide, other 
smooth muscle cells migrate into the intima from the media. (7) Smooth muscle cells can 
then divide and elaborate extracellular matrix. In this manner, the fatty streak can evolve into 
a fibrofatty lesion. (8) In later stages, fibrosis continues, sometimes accompanied by smooth 
muscle cell death yielding a relatively acellular fibrous capsule surrounding a lipid-rich core 
(Zipes, 2005). 
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The movement of LDL-C in conjunction with the inflammation induced by endothelial 

dysfunction activates macrophages and results in their transmigration into the sub-

endothelial layers (Steinberg et al., 1989; Ross, 1999; Ouchi et al., 2001). Here the 

activated macrophages engulf and uptake the LDL-C via scavenger receptors in an 

attempt to clear it and reduce inflammation (Ross, 1999; Glass & Witztum, 2001; 

Bobryshev, 2006). Excess consumption of the LDL-C causes the macrophages to 

become enlarged cholesterol filled foam cells that form fatty streaks in vessel walls 

(Steinberg et al., 1989; Ross, 1999; Glass & Witztum, 2001; Bobryshev, 2006). 

Continued accumulation of LDL-C and the recruitment of greater numbers of 

activated macrophages into the vessel wall increases the size of the fatty streak 

(Bobryshev, 2006).  

As the fatty streak continues growing in size it forms an atherosclerotic plaque 

through the development of a fibrous capsule from the migration and proliferation of 

smooth muscle cells and inflammatory cells such as mast cells, T cells and 

macrophages (Ross, 1999; Glass & Witztum, 2001). Plaque size, like the fatty 

streak, continues to increase through further accumulation of LDL-C. This does not 

lead to occlusion of the vessel lumen, as remodelling takes place through expansion 

of the plaque into the elastic layer of the vessel (Ross, 1999). When all elasticity is 

exhausted, expansion of the plaque eventually begins to intrude on the vessel 

lumen, reducing blood flow through the vessel, which can cause physical 

manifestations such as angina, chest pain caused by reduced blood flow to the 

heart (Ross, 1999; Glass & Witztum, 2001). As the plaque expands further, 

reduction in the stability of its cap occurs through increased pressure created by 

blood flowing through the decreased vessel lumen (Ross, 1999). 

Throughout plaque formation smooth muscle cell death occurs due to progressive 

fibrosis of the capsule that results in a relatively acellular fibrous capsule 

surrounding a lipid rich core (Glass & Witztum, 2001; Bobryshev, 2006; Halvorsen 

et al., 2008). Eventually rupture or erosion of the plaque leads to a rapid 

intravascular thrombosis through the interaction of plaque lipids and tissue factors 

with blood components that initiate the coagulation cascade (Glass & Witztum, 

2001). This thrombosis can completely block the artery and cause a coronary event 

depending on its location e.g. myocardial infarction in a vessel supplying blood to 

the heart or stroke in a vessel supplying blood to the brain (Halvorsen et al., 2008). 
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1.3.3 Cardiovascular Risk Factors 

Certain factors relate to an increased prevalence of CVD through their induction of 

endothelial dysfunction and inflammation that leads to atherosclerosis of 

cardiovascular vessels (Ross, 1999; Lloyd-Jones et al., 2009). The risk factors of 

greatest concern are smoking/tobacco use, high blood cholesterol/lipids, physical 

inactivity, overweight/obesity, diabetes mellitus and high blood pressure (Figure 1.5) 

(Dzau et al., 2006; Lloyd-Jones et al., 2009). Consequently, health benefits such as 

greater longevity, substantially reduced short and long term lifetime risks of CVD 

events and lower risks of both CVD and non CVD death have been acknowledged 

with reduced presence of these factors within individuals (Lloyd-Jones et al., 2009).  

 

Figure 1.5: Cardiovascular disease risk factors 

 

1.3.4 Cardiovascular Disease Medications 

Lifestyle changes such as improved diet, cessation of smoking and increased 

physical exercise have been vital in the prevention of CVD. However, there are also 

a number of pharmacological interventions that can aid in this prevention (Ross, 

1999; Dzau et al., 2006; Lloyd-Jones et al., 2009). 

Beta-Adrenoreceptor Blockers 

Beta-adrenoreceptor blocking drugs (beta-blockers) block the beta-adrenoreceptors 

in the heart, peripheral vasculature, bronchi, pancreas and liver. They act by 

slowing heart rate and can depress the myocardium but are also known to depress 

plasma renin and could have a central effect (Rang et al., 2001; bnf.org, 2007). 

Beta-blockers are often prescribed for hypertension, however, their mode of action 

in lowering blood pressure is not understood (bnf.org, 2007). During treatment beta-
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blockers can lead to a small deterioration of glucose tolerance and interfere with 

metabolic and autonomic responses to hypoglycaemia. It is a recommendation that 

beta-blocker treatment along with thiazide diuretic treatment should be avoided in 

patients at high risk of or already presenting with diabetes (bnf.org, 2007). The use 

of beta-blockers in hypertension has previously been shown to affect insulin 

resistance and increase the risk of type 2 diabetes by 28 percent (Gress et al., 

2000; Hjelmesaeth et al., 2001). Beta-blockers are known to decrease energy 

expenditure, induce weight gain, inhibit lipolysis and promote the accumulation of 

abdominal fat (Pischon & Sharma, 2001).  

Angiotensin-Converting Enzyme Inhibitors 

The renin-angiotensin-aldosterone system acts to increase blood pressure in 

response to hypotension, decreased sodium concentration in the distal tubule, 

decreased blood volume and renal sympathetic nerve stimulation (Martini, 2001; 

bnf.org, 2007). This system acts by cleaving angiotensinogen into angiotensin I via 

the enzyme renin and then angiotensin I is converted into angiotensin II via 

angiotensin-converting enzyme (ACE) (Martini, 2001). By blocking this system blood 

pressure control is gained making ACE inhibitors effective antihypertensives 

(bnf.org, 2007).  

Diuretics 

Diuretic therapy is known to be added to antihypertensive treatment to achieve 

better control of blood pressure, but can lead to low plasma potassium 

(hypokalaemia), metabolic alkalosis and the depletion of magnesium and calcium 

(Rang et al., 2001; bnf.org, 2007). 

Loop diuretics inhibit re-absorption from the ascending limb of the loop of Henle in 

the renal tubule and are powerful diuretics causing 15-20% of the sodium in filtrate 

to be excreted. Unlike loop diuretics, thiazides are moderately potent diuretics that 

inhibit sodium re-absorption at the beginning of the distal convoluted tubule (bnf.org, 

2007). The incidence of diabetes with thiazide diuretic therapy is common 

knowledge in states of CVD but the underlying cause is not. Interestingly, no effect 

of loop diuretics on the incidence of diabetes has been documented (Salvetti & 

Ghiadoni, 2006; Zillich et al., 2006; Piecha et al., 2007).  
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1.3.5 Insulin Resistance 

Insulin is secreted by the pancreatic beta cells mainly in response to increased 

blood glucose and amino acid levels postprandial (Gastaldelli et al., 2001; Sesti, 

2006; Montecucco et al., 2008). Its action is at multiple tissues where it controls the 

expression of over 150 mammalian genes, reduces hepatic glucose production and 

increases glucose uptake into skeletal muscle and adipose tissue (Figure 1.6) 

(Sesti, 2006; Weickert & Pfeiffer, 2006). Lipid metabolism is also effected by insulin 

action by increasing lipid synthesis in liver and adipose cells and decreasing fatty 

acid release from adipose tissue (Sesti, 2006). 
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Figure 1.6: The progression of insulin resistance. 

(A) Insulin secreted from the beta cells of the pancreas controls glucose and free fatty acid 
metabolism. (B) Excess free fatty acid and the production of inflammatory cytokines in 
obesity induce insulin resistance. However, glucose and free fatty acid metabolism are kept 
stable by hyperinsulinaemia. (C) Insulin resistance continues in the presence of excess 
adipose tissue in obese state; however, beta cell death leads to reduced insulin production 
and diabetes. 
 

Insulin resistance is defined as a decreased response in target tissues to normal 

circulating levels of insulin and is a feature of a number of health disorders including 

obesity and related type 2 diabetes (O'Doherty et al., 1997; Sesti, 2006; Weickert & 

Pfeiffer, 2006; Montecucco et al., 2008). Increases in body weight, even moderate 

degrees of overweight, have long been associated in insulin resistance and are 

suggested to be strongly predictive of its development particularly when associated 

with increases in central adipose distribution (Rabinowitz & Zierler, 1962; O'Doherty 



12 
 

et al., 1997). The mechanisms by which insulin resistance is induced during 

increased adiposity are discussed later (Section 1.4). Although the insulin sensitive 

tissues become more resistant, glucose homeostasis is maintained through 

hyperinsulinaemia. This is where pancreatic beta cells produce greater levels of 

insulin compensating for the insulin resistance in tissues (Figure 1.6) (DeFronzo & 

Ferrannini, 1982; Reaven et al., 1989; Brunton, 2008). Beta cells cannot maintain 

an increased demand in the secretion of insulin and eventually beta cell dysfunction 

results, leading to a state of impaired glucose tolerance (Bogardus et al., 1984; 

Pimenta et al., 1996; Kahn, 2003). As more beta cells fail and insulin secretion 

continues to decrease impaired glucose tolerance progresses to type 2 diabetes 

(Figure 1.6) (Misra & Chakrabarti, 2007; Brunton, 2008).  

1.3.6 Type 2 Diabetes 

Diabetes Mellitus is a group of conditions characterised by chronically raised 

plasma glucose concentrations either caused by the lack of insulin (type 1 

diabetes), or the resistance of tissues normally sensitive to insulin (type 2 diabetes) 

(Drury & Gatling, 2005; Prokopenko et al., 2008). The latter of these types is 

typically associated with obesity (Brunton, 2008; Prokopenko et al., 2008). 

In 2006 the findings of a 1999-2002 United States (US) National Health and 

Nutrition Examination Survey were published identifying 9.3% (19.3 million people) 

of the US population as having diabetes and an additional 26.0% (73.3 million 

people) with impaired fasting glucose (Sheehy et al., 2009). By 2050 it has been 

predicted that 48.3 million people in the US will have diabetes, demonstrating the 

extent of a growing epidemic (Brunton, 2008; Sheehy et al., 2009). Individuals with 

diabetes have a severely reduced life expectancy due to the development of 

debilitating microvascular and macrovascular complications such as retinopathy, 

nephropathy, neuropathy, heart disease and stroke (Brunton, 2008; Sheehy et al., 

2009). 

Type 2 diabetes is mainly a disease of the middle aged and elderly that is often able 

to be controlled through lifestyle changes such as increased exercise and improved 

diet (Brunton, 2008). However, there are greater levels observed in younger 

generations as a result of increases in adipose tissue mass from the increase in 

sedentary lifestyles and poorer diets (Brunton, 2008). Adipose tissues are 

metabolically active controlling body energy balance through the production of free 

fatty acid (FFA) and adipocytokines (Ahima, 2006; Scherer, 2006; Brunton, 2008). 
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In an obese individual excess accumulation of FFA produces abnormalities in 

adipocytokine production that results in dysfunction of cellular metabolic and 

inflammatory pathways that ultimately effect normal insulin action and glucose 

metabolism (Yuan et al., 2001; Hirosumi et al., 2002; Wellen & Hotamisligil, 2003; 

Arkan et al., 2005; Ahima, 2006; Tuncman et al., 2006). 

Impaired secretion of insulin and insulin resistance are the two primary mechanisms 

by which glycaemic control is lost in type 2 diabetes, although the relative 

importance of each mechanism is still ongoing (Weyer et al., 1999; Kahn, 2003; 

Ferrannini & Mari, 2004; Brunton, 2008). Insulin resistance is a condition of the early 

stage of type 2 diabetes. It is where levels of circulating insulin are able to bind the 

insulin receptor on insulin sensitive tissues, but defects in intracellular signalling 

results in impaired glucose uptake (Berg & Scherer, 2005; Tilg & Moschen, 2006; 

Montecucco et al., 2008). The dysfunction of insulin sensitive tissues in the uptake 

of glucose leads to beta cells producing greater amounts of insulin to compensate 

for the increased circulating glucose. This results in the deterioration of beta cell 

function and the ability of the pancreas to produce insulin, resulting in type 2 

diabetes (Misra & Chakrabarti, 2007; Brunton, 2008). 

1.3.7 Polycystic Ovary Syndrome 

Polycystic ovary syndrome (PCOS), the most common endocrine disorder that 

affects 5-10% of premenopausal women, is characterised by hyperandrogenism, 

chronic anovulation, polycystic ovaries and sometimes hyperinsulinaemia and 

dislipidaemia (Dunaif, 1997; Knochenhauer et al., 1998; Lobo & Carmina, 2000; The 

Rotterdam ESHRE/ASRM-sponsored PCOS consensus workshop group, 2004; 

Franks, 2006; Diamanti-Kandarakis, 2007). The clinical features of PCOS include 

androgenic symptoms such as hirsutism, seborrhoea, acne, alopecia, menstrual 

dysfunction (oliomenorrhea [menses every 6 weeks to 6 months], amenorrhea, 

dysfunctional uterine bleeding), infertility, endothelial dysfunction and obesity 

(Dunaif, 1997; Lobo & Carmina, 2000; The Rotterdam ESHRE/ASRM-sponsored 

PCOS consensus workshop group, 2004; Kravariti et al., 2005; Franks, 2006; 

Sorensen et al., 2006; Diamanti-Kandarakis, 2007). 

It has been suggested that PCOS constitutes a range of disorders. However, 

several studies have recognised evidence to an underlying genetic contribution to 

its aetiology (Franks et al., 1997; Urbanek, 2007). Furthermore, due to the genetic 

and phenotypic heterogeneity of PCOS, recognition of a specific susceptibility gene 
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or genetic region underlying the syndrome remains to be elucidated (Franks et al., 

1997; Urbanek, 2007).  

Obesity is present in 30 – 70% of women with PCOS and 50 – 60% have central 

body adipose distribution regardless of their BMI (Ehrmann, 2005; Diamanti-

Kandarakis, 2007; Escobar-Morreale & San Millan, 2007). Much like obese 

individuals without PCOS, the distribution of adipose tissue in obese individuals with 

PCOS is related to the onset of insulin resistance and hyperinsulinaemia (Section 

1.3.5) (Diamanti-Kandarakis, 2007). However, the hyperinsulinaemia in PCOS has 

an important impact on key components of the pathophysiology of the syndrome 

through amplification of ovarian androgen production, alterations in the regulation of 

the metabolism of excess androgens and consequently influence on follicular 

development (Diamanti-Kandarakis, 2007; Escobar-Morreale & San Millan, 2007). 

Centrally located adipocytes are implicated in the progression of PCOS beyond their 

involvement in hyperinsulinaemic states through the conversion of weak androgens 

into strong androgens. These androgens are responsible for the previously 

mentioned clinical features, but are also produced in excess by theca cells of the 

ovaries (Diamanti-Kandarakis, 2007; Escobar-Morreale & San Millan, 2007). As 

well, the levels of strong androgens increase central adiposity and consequently 

feedback into the progression of the insulin resistance and hyperinsulinaemia states 

experienced in PCOS (Ahima, 2006; Diamanti-Kandarakis, 2007). 

1.4 Aetiology of Obesity-Related Insulin Resistance 

It is understood that insulin resistance is associated with the complex abnormal 

metabolic profiles of obese individuals (Wellen & Hotamisligil, 2003; Ahima, 2006). It 

is also understood that the increased concentrations of circulating FFAs in obese 

states and their accumulation in a range of adipose tissue depots have a pivotal role 

in the progression of insulin resistance (Randle et al., 1963; Montague & O'Rahilly, 

2000; Ryysy et al., 2000; Wajchenberg, 2000; Misra & Vikram, 2003; Unger, 2003). 

Even so, the actual aetiology of obesity related insulin resistance is not fully 

understood, and has led to the proposition of a number of models utilising these 

known factors in explanation. 
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1.4.1 Relative importance of Adipose Tissue Depots in the Development 

of Insulin Resistance 

Even though visceral adipose tissue accounts for only 20% of total body fat, an 

excess of this depot, known as central obesity, has been implicated more than 

subcutaneous tissue in the progression of obesity related disorders such as type 2 

diabetes and insulin resistance (Barzilai et al., 1999; Gabriely et al., 2002; Shibasaki 

et al., 2002). This has been demonstrated though the reversal of hepatic insulin 

resistance and the prevention of age related peripheral and hepatic insulin action 

after the surgical removal of visceral adipose tissue in experimental animals 

(Barzilai et al., 1999; Gabriely et al., 2002). Also insulin resistance and increased 

production of TNF-alpha, a cytokine implicated in obesity related insulin resistance, 

was observed with the implantation of adipose cells into nude mice at visceral but 

not subcutaneous regions (Shibasaki et al., 2002). Consequently visceral adipose 

tissue is viewed as the more metabolically active depot. Even so, subcutaneous 

adipose tissue is also suggested to make a significant contribution but at a more 

intermediate metabolic level (Arner, 1995; Jensen, 1997; Smith et al., 2001). It has 

been suggested that the difference between visceral and subcutaneous adipose 

tissue involvement in obesity mediated conditions is due to the expression 

differences of several genes involved in glucose homeostasis/insulin action and also 

its anatomical relationship with portal vein circulation (Hofmann et al., 1994; Jensen, 

1997; Montague & O'Rahilly, 2000; Wajchenberg, 2000; Gabriely et al., 2002). 

1.4.2 The Portal Vein Hypothesis  

In 1963 Randle presented the glucose fatty-acid cycle where it was observed that 

excess availability of FFA resulted in impaired glucose transport/phosphorylation 

and glucose oxidation (Randle et al., 1963). The portal vein hypothesis utilises the 

Randle effect to explain how increased central obesity is related to conditions such 

as insulin resistance through the anatomical relationship of visceral fat depots with 

portal vein circulation (Jensen, 1997; Montague & O'Rahilly, 2000; Wajchenberg, 

2000). Increased central adiposity increases lipolysis in adipocytes generating an 

excess of FFA into the portal vein that drains into the liver (Montague & O'Rahilly, 

2000; Wajchenberg, 2000; Misra & Vikram, 2003). Consequently this increase of 

FFA levels has a negative role on hepatic function including the clearance of insulin 

and insulin mediated suppression of glucose production resulting in increased 

plasma glucose and insulin levels that lead to insulin resistance (Montague & 

O'Rahilly, 2000; Wajchenberg, 2000). 
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1.4.3 Alternatives to the Portal Vein Hypothesis 

As well as visceral adipose tissue many studies have suggested that subcutaneous 

adipose tissue depots, abdominal and others, have some part to play in the 

development of obesity mediated conditions (Ravussin & Smith, 2002). As these 

adipose tissue depots do not drain into the portal vein, then the previous hypothesis 

for such an association does not apply. Consequently, this has led to the 

development of theories such as ectopic fat storage syndrome and adipose tissue 

as an endocrine organ (Ravussin & Smith, 2002; Unger, 2003). 

1.4.4 Ectopic Fat Storage 

The majority of tissues have a reserve of intracellular lipids that serve as a source 

for energy and housekeeping functions (Rasouli et al., 2007). Within progressive 

obesity failure of adipocytes to hold excess FFA results in its deposition ectopically 

into other non-adipose tissues such as the liver, muscle, pancreas, heart and 

kidneys (Ryysy et al., 2000; McGarry, 2002; Rasouli et al., 2007). The ectopic FFA 

storage in non adipose tissues interferes with normal cellular function and leads to 

obesity mediated conditions e.g. ectopic storage in the liver leads to hepatic 

steatosis (fatty liver) (Ryysy et al., 2000; Rasouli et al., 2007). This in turn leads to 

the previously discussed interference in the clearance of insulin and insulin 

mediated suppression of glucose production that will eventually lead to increased 

plasma glucose/insulin levels and hepatic insulin resistance (Section 1.4.3) (Ryysy 

et al., 2000; Unger, 2003). It is interesting to note here that individuals who have 

lipodystrophy, (essentially no subcutaneous fat) still suffer from ectopic fat storage 

and the associated interference with normal cellular function that leads to obesity 

mediated conditions (McGarry, 2002; Ravussin & Smith, 2002). 

1.4.5 Adipose Tissue as an Endocrine Organ 

For many years the sole function of adipose tissue was believed to be the storage of 

lipids. It has more recently been observed that adipose tissue is an important 

endocrine organ that influences many processes including energy metabolism, 

inflammation and pathophysiological changes such as cancer and infectious 

disease (Ahima, 2006; Scherer, 2006). Many of the signalling molecules termed 

adipocytokines released from adipose tissue are involved in energy homeostasis 

through the regulation of metabolic processes such as satiety, insulin signalling, 

FFA and glucose metabolism (Ahima, 2006). During the onset of obesity profound 

histological changes occur within adipose tissue leading to biochemical 
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abnormalities in its endocrine behaviour that are more characteristic of inflammation 

(Wellen & Hotamisligil, 2003; Ahima, 2006). An example of this is the elevated 

production of tumour necrosis factor – alpha (TNF-alpha), an inflammatory cytokine, 

produced by adipose tissue cell types (Uysal et al., 1997; Scheja et al., 1999). It has 

been proposed that abnormalities such as these are the cause of obesity mediated 

conditions such as insulin resistance, type 2 diabetes and obesity related 

inflammatory disorders (McGarry, 1992; Scheja et al., 1999; Wellen & Hotamisligil, 

2003; Tilg & Moschen, 2006). 

1.4.6 Cross Talk of Metabolic and Inflammatory Systems  

Adipocytokines are not exclusively produced by adipocytes but are also produced 

and utilised by macrophages during inflammatory response (Tilg & Moschen, 2006). 

An overlap in function between adipocytes and macrophages is demonstrated by 

the phagocytic capacity of adipocyte precursors and their ability to transform into 

macrophage-like cells in response to appropriate stimuli (Wellen & Hotamisligil, 

2003). This “cross talk” between adipocytes and macrophages is thought to be a 

major component of the low grade chronic inflammatory state characterised in 

obesity (Engstrom et al., 2003; Wellen & Hotamisligil, 2003; Yudkin, 2003; Trayhurn 

& Wood, 2004; Pond, 2005). The fat body, an organ in insects such as Drosophila, 

contains homologues of the mammalian liver that serves as an integrator for nutrient 

and pathogen sensing pathways, suggests that adipocyte/macrophage “cross talk” 

is a result from conserved evolutionary mechanisms (Tzou et al., 2002; Wellen & 

Hotamisligil, 2003).  

As the obese state in an individual develops, progressive infiltration of greater 

numbers of macrophages into adipose tissue occurs. This causes a greater 

production of pro-inflammatory cytokines and a vicious cycle of macrophage 

recruitment/pro-inflammatory cytokine production (Wellen & Hotamisligil, 2003; Tilg 

& Moschen, 2006). The state of low grade inflammation and macrophage 

recruitment can result in modifications of the paracrine function of the adipocyte 

during the onset of obesity e.g. the induction of monocyte chemoattractant protein 1 

(MCP-1) from pre-adipocytes by the increased production of TNF-alpha from mature 

adipocytes during obesity (Figure 1.7) (Wellen & Hotamisligil, 2003). MCP-1 is an 

important pro-inflammatory/atherogenic factor that regulates macrophage 

recruitment, which has been suggested to initiate the accompanying low grade 

inflammatory state of obesity through its early expression during the onset of 
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excessive fat accumulation (Sartipy & Loskutoff, 2003; Xu et al., 2003; Wang et al., 

2007; Tian et al., 2008).  

 

Figure 1.7: Progressive infiltration of greater numbers of macrophages into adipose 

tissue during increasing adiposity.  

Changes in adipocyte paracrine function because of increases in adipocyte size increases 
the production of pro-inflammatory cytokines such as TNF-alpha, leading to the production 
of MCP-1 from pre-adipocytes and endothelial cells. This causes activation and infiltration of 
macrophages into the adipose tissue. Also, increases in adipocyte size, induces states of 
oxidative and endothelial stress by the production of ROS resulting from increases in the 
lipolytic environment and hypoxic conditions. This also leads to the activation and infiltration 
of macrophages into the adipose tissue via the production of pro-inflammatory cytokines. 
The infiltration of activated macrophages into the adipose tissue induces a pro-inflammatory 
feedback cycle where activated macrophages induce greater pro-inflammatory cytokine 
production, which results in greater activation and infiltration of macrophages into the 
adipose tissue (taken from (Wellen & Hotamisligil, 2003)). 
 

Alterations in the paracrine activity of adipocytes as a consequence of adipose 

tissue expansion in obesity and insufficient vasculature supply leads to the 

recruitment of macrophages through oxidative and endoplasmic reticulae (ER) 

stress within adipose tissue (Trayhurn & Wood, 2004; Hotamisligil, 2005; Chen et 

al., 2006). Oxidative and ER stress can also result from an increasingly lipolytic 

environment or excess extracellular glucose concentration (Wellen & Hotamisligil, 

2003; Scherer, 2006). Increases in the level of nutrients or decrease in vascular 

supply results in the production of reactive oxygen species (ROS) from the 

mitochondria as a bi-product of mitochondrial respiration (Scherer, 2006). Oxidative 

stress is defined as an imbalance between the production of ROS and antioxidant 

defences (Lamb & Goldstein, 2008). Excess levels of ROS leads to a change in 

cellular glutathione levels, a critical chaperone that enables proper folding of 

secretory proteins in the endoplasmic reticulum (ER) and Golgi body, that causes 
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the activation of intracellular inflammatory pathways (Scherer, 2006). Transduction 

of such pathways increases the production and release of pro-inflammatory 

cytokines and the infiltration of macrophages into the adipose tissue (Scherer, 2006; 

Lamb & Goldstein, 2008). In extreme cases the increased level of ROS can 

feedback via prolonged activation of intracellular pro-inflammatory pathways leading 

to greater production of ROS and the ER-unfolded protein response (Scherer, 

2006). 

1.4.7 Inflammatory Pathways to Insulin Resistance 

It has been argued that the “cross talk” recognised between macrophages and 

adipocytes is linked to conserved evolutionary mechanisms from an integrated 

organ that was responsible for nutrient and pathogen sensing (Section 1.4.6). 

Organisms that still rely on this primitive organ defend themselves via innate 

immune responses often through the activation of the nuclear factor κB (NF- κB) 

signalling cascade (Berg & Scherer, 2005). Activation of intracellular signalling 

molecules associated with the pro-inflammatory NF- κB signalling cascade, e.g. 

inhibitor of NF-κB kinase-β (IKKβ), within adipocytes during obesity related insulin 

resistance further demonstrates an overlap between metabolic processes and the 

immune system (Berg & Scherer, 2005; Tilg & Moschen, 2006; Montecucco et al., 

2008).  

The insulin resistant state of obesity is induced by the increase in TNF-alpha 

signalling and the exposure of excess FFA that result in the activation of stress 

sensitive kinases - IKKβ, protein kinase C (PKC) and jun N-terminal kinase (JNK). 

Activation leads to suppression of insulin receptor signalling through serine 

phosphorylation of insulin receptor substrate (IRS) -1 and consequently a reduction 

in its association with phosphoinositide (PI)-3 kinase (Hotamisligil et al., 1996; 

Montecucco et al., 2008). PI-3 kinase is a crucial intracellular signalling molecule in 

insulin related intracellular signal transduction leading to glucose uptake via 

translocation of glucose transporter, GLUT4, to the cell plasma membrane (Misra & 

Chakrabarti, 2007; Montecucco et al., 2008). The reduced association of PI-3 

kinase with the insulin receptor leads to a lack of downstream signalling events that 

impairs glucose uptake resulting in an insulin resistant state (Gao et al., 2004; 

Montecucco et al., 2008). Such “cross talk” between intracellular inflammatory and 

metabolic pathways that induce obesity related insulin resistance have been 

explored through culture of human cells and genetic and dietary investigations in 
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mice (Yuan et al., 2001; Hirosumi et al., 2002; Arkan et al., 2005; Tuncman et al., 

2006).  

Investigation of mouse models over expressing IKKβ, which inhibits NF-κB 

signalling, demonstrated a reduction in insulin signalling, whereas mice expressing 

only one copy of the gene encoding IKKβ were observed to be protected against the 

development of insulin resistance (Yuan et al., 2001). It has also been 

demonstrated that mice lacking IKKβ in selected tissues and challenged with a high 

fat diet only develop insulin resistance in tissues where IKKβ was present (Arkan et 

al., 2005). Knockout mouse models of JNK, a family of serine/threonine protein 

kinases activated by inflammatory stimuli, have been demonstrated to have a 

protective effect against insulin resistance during obese states (Hirosumi et al., 

2002; Tuncman et al., 2006). The investigation of PKC, another family of 

serine/threonine protein kinases, in human obese and type 2 diabetic patients have 

found alterations in its insulin induced activation that leads to the insulin resistance 

observed in these states (Kim et al., 2003; Sajan et al., 2004). Further to these 

studies, activation of the discussed intracellular signalling molecules have been 

implicated in the regulation and activation of membrane associated nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase (Lamb & Goldstein, 2008). This 

molecule is a major source of ROS that have been discussed to induce insulin 

resistance through oxidative/endoplasmic reticulae stress (section 1.4.6) (Lamb & 

Goldstein, 2008).  

The previously discussed intracellular signalling molecules are involved in cascades 

that are related to insulin dependent uptake of glucose. 5' adenosine 

monophosphate-activated protein kinase (AMPK) belongs to a family of energy 

sensing enzymes that are activated by stresses such as prolonged exercise, 

electrical stimulation of skeletal muscle and ischaemia of the heart (Kudo et al., 

1995; Winder & Hardie, 1996; Hardie & Carling, 1997; Hutber et al., 1997). 

Activation of AMPK from ATP depletion leads to activation of intracellular signal 

pathways that result in translocation of GLUT4 to the cellular membrane for glucose 

uptake via a non insulin dependent mechanism (Misra & Chakrabarti, 2007; Towler 

& Hardie, 2007). Interestingly, this has been observed in diabetic patients and also 

under blockade of insulin signalling pathways, making it a target for therapies of 

insulin resistance (Misra & Chakrabarti, 2007). As well as the involvement AMPK in 

non insulin dependent uptake of glucose, activation has been observed to increase 

the level of muscle FFA metabolism (Misra & Chakrabarti, 2007; Kraegen et al., 

2009).  
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Within this section it has been discussed that insulin resistance is caused by the 

inability of insulin when bound to its receptor to activate a downstream intracellular 

signalling cascade which would trigger GLUT4 uptake of glucose. The dysfunction 

of insulin signalling results from excess accumulation of FFA within adipocytes 

resulting in cross talk of intracellular signalling pathways involved in glucose uptake 

and inflammation (Section 1.4.6). Consequently, AMPK activation is suggested to 

be beneficial in reducing the onset of insulin resistance through reducing 

dislipidaemia and its associated inflammation by increasing FFA metabolism in 

muscle cells but also through non insulin mediated uptake of glucose from the 

periphery (Misra & Chakrabarti, 2007; Kraegen et al., 2009). However, this also 

suggests that any form of dysregulation in the AMPK pathway could contribute to 

insulin resistance (Kraegen et al., 2009). 

1.5 Lymphatic System 

Obesity is characterised by a state of chronic low grade inflammation distinct from 

the short term adaptive mechanism that causes swelling, redness, pain and fever in 

response to injuries and is essential to tissue repair. A major component of obesity 

related inflammation is the presence of macrophages within adipose tissue, which 

are activated by a wide range of hormonal factors produced by adipocytes 

(Engstrom et al., 2003; Yudkin, 2003; Trayhurn & Wood, 2004; Pond, 2005). It has 

long been recognised that adipose tissue is associated with the lymphatic system 

through the anatomical position of lymph nodes within adipose tissue depots 

(Martini, 2001; Pond, 2005). The lymph system consists of a network of vessels that 

connects lymph nodes, follicles and the spleen (Pond, 2005). This system is crucial 

in inflammatory response to foreign bodies where lymph nodes act as a “trap” for 

foreign bodies so T and B cells can be activated allowing for antibody mediated 

responses to take place (Lydyard et al., 2000; Martini, 2001) (Section 3.1.1). The 

cardiovascular system transports nutrients around the body in blood through 

pressure created by the heart, whereas, lymph fluid circulates via pressure created 

by skeletal muscle contraction (Martini, 2001). Blood constituents are not 

transferred to tissues through direct contact but move into interstitial/extracellular 

fluid that surrounds tissues by direct transport or simple diffusion from the 

vasculature (Martini, 2001). Interstitial/extracellular fluid forms lymph fluid through 

drainage from tissue compartments into the lymphatic system. Here it contains 

immunity related cell types such as leukocytes and macrophages but also various 
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molecules secreted from the tissue types that it drains (Nanjee et al., 2000; Martini, 

2001). 

1.6 Adipocytokines 

The number of different adipocytokines produced from adipocytes is recognised to 

be well over fifty (Trayhurn & Wood, 2004). Documented below are a range of 

adipocytokines relevant to this thesis. 

1.6.1 TNF-Alpha 

Tumour necrosis factor-alpha is a pro-inflammatory cytokine that regulates cellular 

and biological processes in the immune system (Cawthorn & Sethi, 2008). It is 

produced by a variety of cell types as a membrane bound protein that is cleaved 

and released by TNF-alpha converting enzyme, but, membrane bound and soluble 

TNF-alpha can affect biological and metabolic responses. Adipose tissue has been 

observed to endogenously express TNF-alpha where its mRNA levels are increased 

in states of obesity (Hotamisligil et al., 1993; Trayhurn & Wood, 2004; Cawthorn & 

Sethi, 2008). From investigation in rodents, TNF-alpha is thought to play a major 

role in the pathophysiology of insulin resistance through the activation of 

intracellular inflammatory pathways that lead to dysregulation in insulin signalling 

(Hotamisligil et al., 1993). The induction of insulin resistance by TNF-alpha is also 

supported by studies in mice lacking TNF-alpha or its receptors because obesity 

induced insulin resistance does not occur (Uysal et al., 1997; Uysal et al., 1998)  

1.6.2 Leptin 

Leptin, discovered in 1994 as the ob gene product, was hypothesised to regulate 

body weight through appetite by hypothalamic signalling (Zhang et al., 1994). It is 

produced primarily by white adipose tissue and signals in various tissues. When 

signalling at the hypothalamus, leptin utilises a transport system to pass across the 

blood brain barrier (Banks et al., 1996). Caro et al. (1996) recognised that obese 

individuals had increased levels of leptin in the blood, but lacked leptin in the 

cerebrospinal fluid. It was suggested from this finding that defects in the transport 

system for leptin across the blood brain barrier was in part responsible for the 

patient‟s condition (Caro et al., 1996). Although increases in leptin are linked to 

appetite suppression, it was later recognised that a more dominant role for this 

hormone was (through decreases in its concentration) the regulation of starvation 

responses (Ahima et al., 1996). The conservation of energy through reductions in 
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leptin levels in states of starvation occurs through a diminished reproductive 

capacity, decreased thyroid thermogenesis and increased stress steroid secretion 

(Ahima et al., 1996). Reductions in leptin have also been linked to the immune 

system through studies in knockout mouse models that demonstrated deficiency in 

immunity through the direct actions of the immune response and thymus atrophy 

(Lago et al., 2008). 

1.6.3 Monocyte Chemoattractant Protein-1 

Monocyte chemoattractant protein-1 is an important pro-inflammatory/atherogenic 

factor secreted from a variety of cell types, including adipocytes, that regulates 

macrophage recruitment and transformation into foam cells (Sartipy & Loskutoff, 

2003; Wang et al., 2007; Tian et al., 2008). Elevated levels of MCP-1 have been 

demonstrated in obesity where they been implicated in the development of obesity-

associated insulin resistance (Sartipy & Loskutoff, 2003; Bruun et al., 2005; Kim et 

al., 2006; Wang et al., 2007). Sartipy & Loskutoff (2003) demonstrated that adipose 

tissue expressed MCP-1 mRNA at 10-100 fold more than other tissues in obese 

mouse models and Kim et al. (2006) noted that MCP-1 levels were more relevant to 

fat mass/or visceral fat mass in obesity. Consequently it has been suggested that 

adipose tissue may be a major source of increased plasma levels of MCP-1; 

however, its presence is also attributable to adipose tissues resident macrophages 

(Sartipy & Loskutoff, 2003; Bruun et al., 2005). The effect of MCP-1 in obesity-

associated insulin resistance has been demonstrated in cultured adipocytes where 

pre-incubation with MCP-1 was shown to have a significant reduction in insulin 

stimulated glucose uptake (Sartipy & Loskutoff, 2003). Interestingly, it has been 

suggested that as well as influences on insulin resistance, MCP-1 can lead to 

dedifferentiation of adipocytes through loss of their lipid storing capabilities (Sartipy 

& Loskutoff, 2003). 

1.6.4 Interleukin 6 

Interleukin 6 (IL-6) is expressed and released by adipose tissue and it has been 

hypothesised that different adipose tissue depots release different levels of IL-6 

(Mohamed-Ali et al., 1997). This was demonstrated in culture medium of omental 

and subcutaneous fat depot tissue samples where IL-6 release was 3-fold higher in 

omental fat samples (Fried et al., 1998). IL-6 is a classic factor of the inflammatory 

cascade that is increased in the obese and is regulated by TNF-alpha (Mohamed-Ali 

et al., 1997; Trayhurn & Wood, 2004; Wang et al., 2007). The onset of obesity and 
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its related disorders have been linked to IL-6 through investigations using IL-6 

deficient mice (Wallenius et al., 2002b). Mohamed-Ali et al. (1997) hypothesised 

that IL-6 could have a housekeeping role as well as its effects in the inflammatory 

cascade. This was demonstrated by the prolonged intra-cerebroventricular injection 

of IL-6 in mice resulting in decreased body weight and food intake in relation to 

controls (Wallenius et al., 2002a). The role of IL-6 in relation to weight regulation 

was further demonstrated by inhibition of its actions with anti-IL-6 monoclonal 

antibodies in mice (Strassmann et al., 1993). 

1.6.5 Interleukin 1 Beta 

Interleukin 1 beta (IL-1beta) is produced by many cell types including macrophages 

and adipocytes and is known to have pro-inflammatory actions that are regulated by 

IL-1 receptor antagonist (Maedler et al., 2004; Osborn et al., 2008). Increased levels 

of IL-1beta are believed to be involved in glucose induced pancreatic beta cell 

apoptosis and dysfunction (Maedler et al., 2002). Leptin induces IL-1beta release 

from human islet cells and IL-1beta levels are up-regulated upon intra-

cerebralventricular injection of leptin in mouse models (Luheshi et al., 1999; 

Maedler et al., 2004). IL-1beta release through the destruction of pancreatic beta 

cells has been implemented in the onset of diabetes (Maedler et al., 2004). Osborn 

et al. (2008) investigated the role of IL-1beta in a mouse model of obesity by 

treatment with an anti-IL-1beta antibody. The investigation added strength to the 

role of IL-1beta in the onset of reduced glycaemic control by pro-inflammatory 

cytotoxic action on pancreatic beta cells (Osborn et al., 2008). 

1.6.6 Interleukin 8 

Interleukin 8 (IL-8) is produced mainly by macrophages but it has also been shown 

to be produced by adipose tissue in vitro (Bruun et al., 2000; Bruun et al., 2001). 

Elevated levels of IL-8, although smaller than reported in inflammation, have been 

related to fat mass in obese individuals where it has been linked to atherosclerosis 

and other obesity related inflammatory states (Bruun et al., 2001; Straczkowski et 

al., 2002). IL-8 is believed to be regulated by TNF-alpha and IL-1beta whose 

elevated levels in obesity have previously been discussed (Bruun et al., 2001; 

Straczkowski et al., 2002). 
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1.7 Adiponectin: The Discovery 

The identification of adiponectin was accomplished using different experimental 

approaches by four independent groups (Scherer et al., 1995; Hu et al., 1996; 

Maeda et al., 1996; Nakano et al., 1996). Scherer et al. (1995) identified adiponectin 

as a protein secreted by murine 3T3-L1 adipocytes that was present at high 

concentrations in mouse sera and named it adipocyte complement related protein 

30kDa (ACRP30). Adiponectin was also cloned by Hu et al. (1996), but was named 

AdipoQ, and was recognised to be expressed at lower concentrations in obese 

subjects. Around the same time Maeda et al. (1996) found adiponectin to be the 

most frequent transcript detected during sequencing of an adipose tissue library and 

was aptly named adipose most abundant gene transcript 1 (apM1). Finally, 

adiponectin was also purified by Nakano et al. (1996) from human plasma using a 

gelatine affinity column and consequently was named gelatine binding protein 

28kDa (GBP28). By the year 2000 more research groups had focused on ACRP30, 

AdipoQ, apM1 and GBP28. Consequently, it was realised that these proteins were 

the same and as a result it was named adiponectin (Vasseur, 2006). Since its 

identification adiponectin has been recognised to be important to whole body 

metabolism through its actions that increase insulin sensitivity and FFA metabolism, 

consequently, making it an important adipocytokine in the development of insulin 

resistance and diabetes (Hotta et al., 2001; Weyer et al., 2001; Lindsay et al., 2002; 

Spranger et al., 2003). 

1.8 Adiponectin Structure 

1.8.1 Adiponectin Monomer 

Adiponectin is translated as a monomer that consists of four domains; a cleaved 

amino-terminal signal sequence, a domain non-homologous to any other known 

protein, a collagen domain that shares homology with type VIII and X collagens and 

a C-terminal globular segment homologous to complement factor 1q (Figure 1.8) 

(Scherer et al., 1995; Berg et al., 2001; Fruebis et al., 2001; Pajvani et al., 2003; 

Tsao et al., 2003). 



26 
 

 
Figure 1.8: The four different regions that make up the adiponectin monomer. 

The monomer is made up of a cleaved amino-terminal signal sequence, a region non-
homologous to any other known protein, a collagen region that shares homology with type 
VIII and X collagens and a C-terminal globular segment 
 

1.8.2 Adiponectin Trimer 

Adiponectin monomers assemble into homotrimeric structures via the formation of a 

disulphide bond at a cysteine in the non homologous region of two adiponectin 

monomers and the incorporation of a third monomer forming a helical structure 

through non-covalent forces in the three monomeric collagen domains (Figure 1.9) 

(Pajvani et al., 2003; Tsao et al., 2003; Nakano et al., 2006). It is this adiponectin 

multimer that is the building block for higher level bouquet-like structures 
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Figure 1.9: The homotrimeric structure of adiponectin.  

A basic overview of the formation of the disulphide bond between two adiponectin 
monomers and the non covalent coil that forms between monomers to give the homotrimeric 
adiponectin bouquet structure. 
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1.8.3 Hexameric Adiponectin Multimer 

Within the adiponectin homotrimer there is a free thiol group which forms a 

disulphide bond with a free thiol group on an adjacent homotrimer (Figure 1.10). 

Such assembly allows the two adiponectin trimers to coil forming the adiponectin 

hexamer (Pajvani et al., 2003; Waki et al., 2003; Hada et al., 2007). An adiponectin 

homotrimer has also been shown to associate with albumin, but the importance of 

this is not yet understood (Hada et al., 2007).  
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Figure 1.10: The hexameric structure of adiponectin. 

The formation of the disulphide bond and non-covalent coil between two adiponectin 
homotrimers resulting in hexameric adiponectin bouquet structure. 
 

1.8.4 High Molecular Weight Adiponectin Multimers 

High molecular weight adiponectin in man is represented as a 12‟mer, 15‟mer and 

18‟mer (Figure 1.11) whereas bovine and mouse HMW adiponectin has been 

identified as an octadecamer (Scherer et al., 1995; Pajvani et al., 2003; Hada et al., 

2007; Suzuki et al., 2007). Trimeric and hexameric adiponectin multimers further 

assemble into HMW adiponectin multimers via non-covalent interactions of post-

translational modifications in the collagen domains of their monomeric subunits 

(Pajvani et al., 2003; Tsao et al., 2003; Nakano et al., 2006; Suzuki et al., 2007; 

Schraw et al., 2008).  
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Figure 1.11: The three HMW superstructures of adiponectin.  

The 12, 15 and 18‟mers form through non-covalent interactions in the collagen domains of 
lower structures. 
 

By the use of site directed mutagenesis and pharmacological approaches in 

combination with biochemical analysis, the role of the post-translational 

modifications in HMW adiponectin multimer formation have been investigated 

(Wang et al., 2002; Wang et al., 2004; Richards et al., 2006; Wang et al., 2006). 

Bacteria are unable to make the same post-translational modification of proteins as 

mammalian cells (Berg et al., 2001; Richards et al., 2006; Wang et al., 2006). 

Consequently recombinant adiponectin produced in bacteria results in two bands 

(trimeric and hexameric multimers) in non-reducing, non-heat treated 

polyacrylamide gel electrophoresis (PAGE) analysis, where as recombinant 

mammalian produced adiponectin results in three bands (trimeric, hexameric and 

HMW adiponectin multimers) (Richards et al., 2006; Wang et al., 2006). Adiponectin 

contains five lysine residues, four in the collagenous domain and one in the variable 

domain of the monomer (Figure 1.12) (Richards et al., 2006). Post-translational 

modification of the lysine residues within the collagenous domain of the adiponectin 

monomers contribute to the formation of the HMW superstructures (Richards et al., 

2006; Wang et al., 2006). Substitution of either the first or last two lysine residues in 

the collagenous domain of the adiponectin monomer has been observed to result in 

impaired HMW formation. This was more severe in the substitution of the first two 

lysine residues and caused an increase in the formation of the trimeric adiponectin 

multimer (Richards et al., 2006). Further to this, an additional effect was observed 

with each lysine mutated in the collagen domain where upon mutation of all four 

lysine residues there was a complete loss of assembly of the HMW adiponectin 

multimer (Richards et al., 2006). 

12’mer 15’mer 18’mer
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Figure 1.12: Post-translational modifications of adiponectin. 

The figure depicts the positions of amino acids believed to be involved in adiponectin 
multimer construction (adapted from Richards et al., 2006). 
 

1.8.5 Multimer Stability and Manipulation 

Adiponectin multimers do not interconvert once extracellular (Pajvani et al., 2003; 

Schraw et al., 2008). Pajvani et al. (2003) demonstrated this by the incubation of 

nanogram amounts of iodinated adiponectin with mouse serum in vitro and then 

qualifying the results by assessment of the mice serum for redistribution of injected 

iodinated adiponectin multimers up to eight hours post injection. Also Schraw et al. 

(2008) injected fluorescent labelled adiponectin size forms and found no conversion 

over two hours.  

Although there is no redistribution of the adiponectin multimers after cellular release 

the multimeric structure of adiponectin can be manipulated using different 

treatments and visualised using sodium dodecyl sulphate (SDS) PAGE (Figure 

1.13). When the sample containing a mixture of adiponectin multimers was boiled in 

Laemmli loading buffer under reducing conditions (Laemmli, 1970), a single 28kDa 

band resulted representing the adiponectin monomer; whereas, boiling in non-

reducing conditions resulted in a 56kDa band representing dimeric adiponectin 

(Pajvani et al., 2003; Tsao et al., 2003; Waki et al., 2003; Nakano et al., 2006). 

Further to this, treatment under reducing conditions, but without boiling, resulted in a 

band of 65kDa representing the adiponectin trimer (Pajvani et al., 2003; Tsao et al., 

2003; Waki et al., 2003; Nakano et al., 2006). It should be noted that after reduction 
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treatment and removal of the reducing agent, reassembly of multimers has been 

observed; albeit incompletely (Peake et al., 2005; Peake et al., 2007).  

 

Figure 1.13: Multimer manipulation through heating and reduction. 

Treatment pathway A - When adiponectin multimers undergo reduction treatment they 
breakdown into trimers. Heat treatment following reduction causes trimers to breakdown into 
monomers. Treatment pathway B - Heat treatment of adiponectin multimers causes their 
breakdown into dimers and monomers. Reduction treatment following heat treatment causes 
dimers to breakdown into monomers. Adapted from (Waki et al., 2003). 
 

As well as previously discussed treatments effecting adiponectin multimer 

distribution, destabilisation of the HMW multimer from humans has been observed 

at pH 6 whereas all other multimers have been observed to destabilise at pH 4 

treatment and below (Pajvani et al., 2003; Hada et al., 2007; Schraw et al., 2008). 

Experimentation with mice has shown that adiponectin multimer stability is reliant on 

calcium binding because HMW adiponectin multimers are still present down to pH 4, 

unless a critical residue involved in the chelation of calcium (Asp288) is mutated 

(Schraw et al., 2008).  

1.9 Adiponectin Bioactivity – Adiponectin Oligomers in 

Hepatic Glucose Metabolism and Skeletal Muscle Lipid 

Oxidation. 

It has long been accepted that the main bioactivity of adiponectin occurs through 

signalling events in skeletal muscle and hepatocytes that results with increased fatty 
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acid oxidation in muscle, reductions in hepatic glucose production and increases in 

muscle and hepatic insulin sensitivity (Berg et al., 2001; Combs et al., 2001; Fruebis 

et al., 2001; Yamauchi et al., 2001). The effects of adiponectin on fatty acid 

oxidation were demonstrated by Fruebis et al. (2001), where a reduction in the 

increase of serum FFA resulted from administering globular head fragments of 

adiponectin after a high fat meal to mice. This result was supported by Yamauchi et 

al. (2001) who observed enhanced lipid catabolism in muscle, consequential 

reductions in tissue triglyceride (TG) levels and also enhanced insulin sensitivity in 

mice treated with adiponectin. As well as the effects in muscle, reductions in hepatic 

glucose production were observed by Berg et al. (2001) and Combs et al. (2001) in 

response to adiponectin administration in mice. 

The tissue specific bioactivities of adiponectin are believed to occur through the two 

structurally related receptors adipo R1 and R2, which have different abundances in 

liver and muscle and are present in various other tissues (Figure 1.14) (Yamauchi et 

al., 2003; Civitarese et al., 2004). It was hypothesised that the architecture of each 

adiponectin multimer in combination with varying tissue abundance and different 

specificities of adipo R1 and R2 for the adiponectin multimers was important in the 

activation of tissue specific adiponectin bioactivities (Tsao et al., 2002; Yamauchi et 

al., 2003; Hada et al., 2007; Suzuki et al., 2007). This was observed by Yamauchi et 

al. (2003) who recognised adipo R1 to have high affinity for globular adiponectin but 

low affinity for full length adiponectin, whereas, R2 was shown to have intermediate 

affinity for both. Additionally, Hada et al. (2007) observed HMW adiponectin to have 

higher binding activities and potency of signal transduction in myocytes, which were 

recognised by Hada et al. (2007) to have a greater abundance of adipo R1.  

Once adiponectin has bound to its receptor, intracellular signal transduction results 

in the activation of AMPK (Figure 1.14), a signalling molecule involved in cellular 

energy sensing, that leads to glucose uptake, reduction in glucose production and 

increased FFA metabolism in muscle cells and hepatocytes (Section 1.4.7) (Winder, 

2001; Tomas et al., 2002; Yamauchi et al., 2002; Wu et al., 2003; Yamauchi et al., 

2003; Andreelli et al., 2006). Tomas et al. (2002), Yamauchi et al. (2002) and Wu et 

al. (2003) observed the activation of AMPK through the incubation of rat tissue 

biopsies and adipocytes in medium containing a globular form of adiponectin and 

through treatment of mice with globular and full length adiponectin. Additionally, 

Andreelli et al. (2006) did not observe a reduction in hepatic glucose production 

following administering adiponectin to a mouse model of AMPK deficiency and 

Yamauchi et al. (2003) demonstrated that increased AMPK activity, fatty acid 
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oxidation and glucose uptake occurred in cells expressing adiponectin receptors, 

adipo R1 and R2. 

 
Figure 1.14: Adiponectin size form receptor associations. 

Globular adiponectin has a greater affinity for adipo R1 than R2. All adiponectin size forms 
have affinity for adiponectin receptors R1 and R2, but different distribution of adipo R1 and 
R2 and specificities of the receptors for each multimer results in tissue specific bioactivity of 
adiponectin. Adapted from Kadowaki et al. (2006). 
 

Further support for the role of the multimeric architecture of adiponectin in its tissue 

specific bioactivity was presented by Waki et al. (2003) through the investigation of 

AMPK pathway signal transduction by different multimeric forms of adiponectin in 

myocytes and hepatocytes. An adiponectin mutant (cys39) and a globular fragment, 

both recognised to only form the adiponectin trimer, caused the activation of AMPK 

in myocytes alone, whereas, un-mutated, full length adiponectin consisting of all 

adiponectin multimers was able to activate AMPK in both myocytes and 

hepatocytes (Waki et al., 2003). Additionally, studies investigating mutations in the 

gene encoding adiponectin resulted with clinical manifestations such as insulin 

resistance and diabetes. This adds weight to the hypothesis that different 

adiponectin multimers activate its tissue specific bioactivities, as, the various clinical 

manifestations result from the mutations causing disruption in the formation or 

secretion of specific adiponectin multimers (Takahashi et al., 2000; Hara et al., 

2002; Kondo et al., 2002; Waki et al., 2003). 
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1.10 Tissue Distribution of Adiponectin 

During the early stages of the identification of adiponectin it was recognised that it 

was the most abundantly expressed protein in adipocytes through northern blot 

analysis of its mRNA (Scherer et al., 1995; Hu et al., 1996). Scherer et al. (1995) 

stated that adiponectin was exclusively expressed in adipocytes and Hu et al. 

(1996) observed an abundance of adiponectin expression in adipose tissue, but 

additionally, low amounts of mRNA encoding adiponectin were observed in other 

tissue types. This demonstrated that the distribution of adiponectin varied between 

tissues types and has been supported by later studies (Fisher et al., 2002; Phillips 

et al., 2003; Yang et al., 2003; Lihn et al., 2004). During an investigation of anti-

diabetic therapies Phillips et al. (2003) demonstrated differences in adiponectin 

tissue distribution where greater levels of adiponectin were present in adipose 

tissue to skeletal muscle tissue. Phillips et al. (2003) also demonstrated that the 

presence of adiponectin was likely to be from resident adipocytes of muscle tissue 

as cultured muscle cells did not express adiponectin. 

As well as differences between muscle and adipose tissue, adiponectin expression 

has also been observed to vary between different adipose tissue depots in humans; 

however, this finding has been recognised to be controversial (Fisher et al., 2002; 

Yang et al., 2003; Lihn et al., 2004; Drolet et al., 2009). During investigation in non-

diabetic women, Yang et al. (2003) observed no difference in adiponectin 

expression between visceral and subcutaneous adipose tissue whereas Fisher et al. 

(2002) and Lihn et al. (2004) observed lower levels in visceral adipose tissue. It is 

thought that these inconsistencies arise from the low number of samples available 

in each study but could have also arisen from differences in adiposity of subjects in 

the studies conducted by Fisher et al. (2002) and Lihn et al. (2004) in relation to 

Yang et al. (2003). This is hypothesised as, like Yang et al. (2003), more recent 

study conducted by Drolet et al. (2009) observed no difference in adiponectin 

expression between visceral and subcutaneous adipose tissue in lean individuals, 

although, differences were present in individuals who were obese.  

1.11 Identity of Human and Rodent Adiponectin 

Rodent models have been valuable tools for the investigation of the structure of 

adiponectin during which similarities have been recognised with humans (Takahashi 

et al., 2000; Das et al., 2001; Schraw et al., 2008). Das et al. (2001) recognised 

similarities in the genetic location of the adiponectin where in mice its gene mapped 
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to chromosome 16 at a region that was recognised to be syntenic to the human 

adiponectin gene locus at 3q27. Additionally, Takahashi et al. (2000) observed that 

human adiponectin had identity to rodent adiponectin with 85% at the genetic level 

and 83% at the amino acid level. Consequently, structural similarities are noted in 

the expression of adiponectin in both human and rodents as both species secrete 

adiponectin in trimeric, hexameric and HMW multimeric forms; but, rodent 

adiponectin has been observed to be smaller than human multimers (Pajvani et al., 

2003; Waki et al., 2003; Schraw et al., 2008).  

1.12 The Metabolic Functions of Adiponectin in Insulin 

Resistance and Type 2 Diabetes 

The metabolic function of adiponectin is to increase fatty acid oxidation in muscle 

and aid in glucose homeostasis through increases in muscle and hepatic insulin 

sensitivity (Section 1.9). Within states of obesity increases in FFA circulation and 

ectopic FFA storage result in a low grade inflammatory state that is accompanied by 

abnormal expression of adipocytokines (Section 1.4.2, 1.4.3, 1.4.4 and 1.4.5). This 

includes the adipocytokine adiponectin where abnormal down regulation in 

expression causes dysfunction in its metabolic role and contributes to obesity 

related conditions such as insulin resistance and diabetes (Hu et al., 1996; Hotta et 

al., 2001; Weyer et al., 2001). The metabolic dysfunction for adiponectin in insulin 

resistance and diabetes was observed during the investigation of mutations in the 

gene encoding adiponectin (Kondo et al., 2002; Kishida et al., 2003; Waki et al., 

2003). These mutations reduced adiponectin serum concentration as a 

consequence of the impaired formation and secretion of adiponectin multimers and 

induced diabetic phenotypes (Kondo et al., 2002; Kishida et al., 2003; Waki et al., 

2003). Additionally, deletion of the adiponectin gene in mice resulted in diabetic 

phenotypes and supplementation of adiponectin causes a reduction of insulin 

resistant states in insulin resistant mouse models of obesity (Berg et al., 2001; 

Yamauchi et al., 2001; Kubota et al., 2002; Maeda et al., 2002). 

1.13 Adiponectin Regulation in Models of Insulin Resistance 

and Glucose Intolerance 

Investigations using knockout mouse models has resulted in conflicting views about 

adiponectin regulation in states of insulin resistance and glucose intolerance 

(Kubota et al., 2002; Ma et al., 2002; Maeda et al., 2002; Nawrocki et al., 2006). 
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Maeda et al. (2002) demonstrated that the loss of adiponectin alone was not 

enough to induce the development of insulin resistance and that a high fat diet was 

needed to induce this state. However, Kubota et al. (2002) found insulin resistance 

without the presence of a high fat diet and Ma et al. (2002) saw no glucose 

intolerance or insulin resistance in knockout animals even after feeding with a high 

fat diet. More recently, Nawrocki et al. (2006), demonstrated that insulin dependent 

hepatic glucose production was decreased by adiponectin, but not the uptake and 

disposal of glucose in muscle, an effect also aggravated by high fat diet. 

Suggestions for such conflicting results were an up-regulation of other 

compensatory pathways or molecules in adiponectin knockout mice that reverse the 

insulin resistance or that the injection of recombinant adiponectin used might not 

reflect the native protein (Ma et al., 2002).  

Although there is controversy in the regulation of adiponectin in insulin resistance 

and glucose intolerance as a consequence of knockout mouse models, adiponectin 

has been observed in animal and human investigation to be expressed and circulate 

at lower levels with insulin resistance and glucose intolerance. In addition, 

adiponectin has been strongly and independently associated with an increased risk 

of type 2 diabetes in human and rodents (Statnick et al., 2000; Weyer et al., 2001; 

Spranger et al., 2003; Schraw et al., 2008). Furthermore, a decrease in adiponectin 

levels as well as insulin sensitivity have been noted before the onset of type 2 

diabetes in rhesus monkeys, and in Pima Indians higher concentrations of 

adiponectin have been noted to protect against development of type 2 diabetes 

(Hotta et al., 2001; Lindsay et al., 2002).  

The reduction in adiponectin concentration in relation to insulin resistance and type 

2 diabetes is mainly due to a decrease in the proportion of the HMW multimer, 

although, it is controversial if there is also a decrease in the level of the low 

molecular weight multimer (Lara-Castro et al., 2006; Basu et al., 2007; Schraw et 

al., 2008). Consequently, more research is needed into the low molecular weight 

adiponectin multimer concentration in diabetes. However, to further support the 

hypothesis that adiponectin regulation is important to insulin resistance and glucose 

intolerance when the native molecule purified from foetal bovine serum was 

administered to mice that had insulin resistance as a result of a high fat diet, 

enhanced glucose tolerance and insulin sensitivity was observed (Wang et al., 

2004). 
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1.14 The Effects of Adiponectin on Glucose Homeostasis 

It has already been mentioned that the bioactivity of adiponectin results in cellular 

insulin sensitisation and reductions in hepatic glucose production (Section 1.9). 

These effects and the importance of adiponectin on glucose homeostasis were 

observed in experiments with mice (Berg et al., 2001; Combs et al., 2001; Kubota et 

al., 2002; Wang et al., 2002; Nawrocki et al., 2006).  

Berg et al. (2001) and Combs et al. (2001) demonstrated that administering 

adiponectin to mice resulted in an insulin sensitising effect that reduced hepatic 

glucose production without increasing insulin levels. The action was recognised to 

be a consequence of adiponectin signalling on hepatocytes as insulin was 

measured near basal conditions and considered too low to have any impact on 

peripheral glucose uptake (Berg et al., 2001). In addition to the direct effects of 

adiponectin on glucose homeostasis Kubota et al. (2002) observed significantly 

greater levels of insulin resistance in mice that had a 60% reduction in adiponectin 

levels and Nawrocki et al. (2006) observed higher rates of endogenous glucose 

production in adiponectin deficient mice in relation to wild type mice during 

euglycaemic-insulin clamp. Furthermore, Wang et al. observed the effect of 

adiponectin on glucose homeostasis during the investigation of the post-

translational modifications on four lysine residues present in the collagenous 

domain of the adiponectin monomer, as when they were substituted for arginine 

residues the insulin sensitising effect of adiponectin was dramatically reduced. It is 

known that the substitution of the lysines with arginine effects the formation of HMW 

adiponectin, this combined with the insulin sensitising results of Wang et al. (2002) 

suggests that the HMW adiponectin multimer is responsible for the effect of 

adiponectin on glucose homeostasis through the sensitisation of hepatocytes to 

insulin (Richards et al., 2006; Wang et al., 2006). 

1.15 Regulation of Adiponectin by Insulin Sensitizers 

One of the main treatments for type 2 diabetes is the use of the powerful insulin 

sensitising drugs, thiazolidinediones (TZDs), a class of peroxisome proliferator 

activated receptor γ (PPARγ) agonists that leads to transcription of genes important 

in whole body metabolism (Berg et al., 2001; Maeda et al., 2001; Fisher et al., 

2005). The site of TZD action was shown to be white adipose tissue as no 

improvement in hyperglycaemia and hyperinsulinemia was observed in a „fatless‟ 

mouse model (Chao et al., 2000). Upon TZD treatment in lean and obese 
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humans/mice, adiponectin concentration has been observed to increase (Combs et 

al., 2002; Yu et al., 2002). Mouse models confirmed that it was an increase in 

adiponectin production from white adipose tissue rather than just a decrease in 

adiponectin clearance that accounted for the change in levels (Maeda et al., 2001; 

Combs et al., 2002). 

In conjunction with the increased serum concentration of adiponectin, a correction in 

glucose levels was observed along with a decrease in insulin serum concentration 

(Combs et al., 2002; Yu et al., 2002). Consequently, It has been suggested that 

increased insulin sensitivity by TZD treatment is due to a PPARγ mediated increase 

in adiponectin levels and percentage HMW adiponectin in relation to total (Berg et 

al., 2001; Maeda et al., 2001; Yu et al., 2002; Pajvani et al., 2004; Tonelli et al., 

2004). This is supported by experimentation on adiponectin knockout mice and also 

in patients who have a dominant negative PPARγ mutation, as both models 

demonstrated a lack of insulin sensitisation following TZD treatment (Combs et al., 

2002; Nawrocki et al., 2006). Interestingly, some studies have shown an increase in 

adiponectin with TZD treatment but no link with insulin sensitivity, possibly because 

there are other reasons for the insulin resistance other than a decrease in 

adiponectin (Yu et al., 2002; Hammarstedt et al., 2005). 

1.16 Gender, Hormone and Cytokine Modulators of 

Adiponectin Expression 

1.16.1 Gender 

Adiponectin concentration and multimer distribution differs between males and 

females (Kern et al., 2003; Pajvani et al., 2003; Waki et al., 2003; Peake et al., 

2005; Xu et al., 2005; Aso et al., 2006; Andersen et al., 2007; Schraw et al., 2008). 

Adiponectin serum concentration in males averages 15µg/ml whereas the serum 

concentration in females averages 30µg/ml (Nishimura & Sawai, 2006). There is a 

sexual dimorphism in the ratio of high molecular weight adiponectin multimers in 

relation to other forms (Pajvani et al., 2003; Waki et al., 2003; Xu et al., 2005; Aso et 

al., 2006; Andersen et al., 2007; Schraw et al., 2008). In women HMW adiponectin 

is the most abundant, hexamer is the second most abundant and trimer is the least 

abundant adiponectin multimer (Peake et al., 2005; Aso et al., 2006; Nakano et al., 

2006; Schraw et al., 2008). In males varying ratios of the size forms have been 

observed, although, higher levels of HMW adiponectin in relation to the other forms 
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in males showed similar multimer profiles to sera from females (Nakano et al., 2006; 

Schraw et al., 2008).  

In addition to the gender variation of adiponectin multimer distribution recognised in 

humans, it has been observed that adiponectin concentrations increase in male 

mice that had undergone neonatal castration in relation to non castrated controls 

(Nishizawa et al., 2002; Combs et al., 2003; Page et al., 2005; Xu et al., 2005). 

Interestingly, castration of adult animals had no effect on adiponectin concentration, 

suggesting the testes may have an irreversible effect in the sexual dimorphism of 

adiponectin expression during neonatal life (Combs et al., 2003).  

1.16.2 Hormones 

Testosterone 

The gender variation in adiponectin expression has been observed to result from 

levels of the predominantly male hormone testosterone (Nishizawa et al., 2002; 

Combs et al., 2003; Bottner et al., 2004; Page et al., 2005; Xu et al., 2005; 

Andersen et al., 2007). This was demonstrated by a decrease in adiponectin levels 

after the administration of testosterone alone or accompanied with the 

gonadatrophin releasing hormone antagonist acyline in men (Page et al., 2005). 

The effect of testosterone on adiponectin concentration has also been 

demonstrated in hypogonadal patients where a reduction in total adiponectin 

concentration after 12 weeks of testosterone treatment was observed (Xu et al., 

2005). Reductions in adiponectin concentration in both studies were predominantly 

through the effect of testosterone on the secretion of the HMW adiponectin 

multimers.  

Testosterone has further been related to adiponectin expression, more greatly the 

HMW multimer, through a negative correlation with pubertal stage in males but not 

females (Bottner et al., 2004; Andersen et al., 2007). Although there is recognised 

to be a decrease in the concentration of HMW adiponectin measured in serum with 

higher levels of testosterone, it has been observed that testosterone did not have an 

effect on the intracellular concentration of adiponectin (Xu et al., 2005). This 

suggests that it was the secretion rates of the multimers that were affected by 

testosterone and not assembly of adiponectin multimers (Xu et al., 2005). 
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Oestrogen 

Much as testosterone is suggested to have a limiting effect on adiponectin; 

oestrogen was hypothesised to stimulate increased adiponectin expression in 

women. This hypothesis was demonstrated to be incorrect when there was no 

significant difference in adiponectin plasma concentrations observed between 

ovariectomised mice and non-ovariectomised controls, and also between mice pre 

and post menopause (Nishizawa et al., 2002; Combs et al., 2003). In addition to the 

experiments conducted in mice, HMW adiponectin secretion from rat adipocytes 

was not affected by oestrogen treatment (Xu et al., 2005). Interestingly, it has been 

demonstrated that oestrogen can have a negative impact on adiponectin 

concentration, but this was displayed at supraphysiological levels (Combs et al., 

2003). Consequently, it has been suggested that a suppressive effect of oestrogen 

might reduce with age leading to an increase of adiponectin expression in older 

women (Combs et al., 2003).  

Dehydroepiandrosterone sulphate 

As well as testosterone exerting an effect on adiponectin expression it was 

suggested in the literature that adrenal androgens such as dehydroepiandrosterone 

sulphate (DHEA-S) could also play a role in its regulation (Bottner et al., 2004). This 

hypothesis resulted from the recognition of reductions in DHEA-S with the 

development of obesity related conditions such as insulin resistance and diabetes 

(Karbowska & Kochan, 2005; Hernandez-Morante et al., 2006). During further 

investigation Hernandez-Morante et al. (2006) observed an increase in adiponectin 

expression with DHEA-S in primary human adipocyte culture, as did Karboska et al. 

(2005) in rats. Unlike the androgen testosterone, results from these investigations 

have suggested that DHEA-S acts to increase adiponectin expression.  

Insulin 

Adiponectin has previously been suggested to enhance the effect of insulin on 

glucose uptake. Further interactions between insulin and adiponectin have been 

observed, although the results have been conflicting for changes in adiponectin 

expression in relation to increases in insulin concentration (Scherer et al., 1995; 

Takahashi et al., 2000; Fasshauer et al., 2002; Hernandez-Morante et al., 2008). 

Scherer et al. (1995) observed a 4 fold increase in adiponectin secretion from 3T3-

L1 adipocytes during the first 60 minutes of insulin stimulation, after this time 

adiponectin matched those of cells not stimulated with insulin. Also, recent 
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investigation of visceral and subcutaneous adipose tissue biopsies by Hernandez-

Morante et al. (2008) observed an increase in adiponectin expression after the 

administration of insulin. However, Takahashi et al. (2000) did not observe a 

significant correlation in humans between adiponectin and insulin concentrations. 

Also in contradiction of these results Fasshauer et al. (2002) saw an 85% decrease 

in adiponectin expression with the administration of 100nM insulin in relation to 

untreated controls and that the down regulation of adiponectin expression was 

partially reversed through inhibition of intracellular signalling molecules critical to 

insulin signalling. 

1.16.3 Cytokines/Adipocytokines 

As well as gender and related hormones, cytokines/adipocytokines have been 

observed to modulate adiponectin expression (Maeda et al., 2001; Fasshauer et al., 

2002; Bruun et al., 2003; Fasshauer et al., 2003; Kern et al., 2003).  

Tumour Necrosis Factor-Alpha 

Bruun et al. (2003) investigated the relationship of changes in adiponectin 

expression to the changes of IL-6 and TNF-alpha expression during weight loss in 

human subjects and the in-vitro direct effects of IL-6 and TNF-alpha on adiponectin 

expression in adipose tissue culture. Both the in-vivo and in-vitro investigations 

observed adiponectin levels to have an inverse correlation with TNF-alpha (Bruun et 

al., 2003). Maeda et al. (2001) and Fasshauer et al. (2002) also observed the 

relationship of TNF-alpha with adiponectin expression where a time and dose 

dependent decrease in adiponectin expression resulted from TNF-alpha 

administration to 3T3-L1 adipocytes. In addition to this, Kern et al. (2003) found a 

strong inverse relationship between adiponectin expression and TNF alpha 

secretion from adipose tissue. 

Interleukin-6 

Another cytokine observed to effect adiponectin expression is IL-6; However, there 

are conflicting reports concerning its effect (Fasshauer et al., 2002; Fasshauer et 

al., 2003; Kern et al., 2003). The in-vivo investigation conducted by Bruun et al. 

(2003) observed an inverse correlation of adiponectin expression with IL-6, but, the 

in-vitro investigation only resulted in a decrease in adiponectin expression in the 

presence of its soluble receptor (Bruun et al., 2003). Kern et al. (2003) also 

suggests that IL-6 does not affect adiponectin expression as no significant trend 
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with IL-6 expression was noted in human subjects. However, unlike Bruun et al. 

(2003) and Kern et al. (2003), Fasshauer et al. (2003) observed a decrease in 

adiponectin expression up to a maximum of 53% upon IL-6 treatment of 3T3-L1 

adipocytes without the addition of the IL-6 soluble receptor. Bruun et al. (2003) 

suggests that the difference in results occurred because 3T3-L1 cells have different 

characteristics compared with human adipose tissue or because the tissue 

incubations with IL-6 performed differed to the incubations with 3T3-L.  

1.17 Adiponectin and Inflammation 

The low grade inflammatory characteristics of obesity include activation of 

intracellular inflammatory pathways, abnormal cytokine production and infiltration of 

macrophages into adipose tissue (Sections 1.4.5, 1.4.6 and 1.4.7). These 

characteristics have been argued to have a causal relationship with obesity related 

conditions such as insulin resistance and type 2 diabetes (Sections 1.4.7, 1.4.6 and 

1.4.7). Reductions in adiponectin concentration as a result of obesity has also been 

argued to have a causal relationship with these conditions and has led to the 

suggestion that adiponectin plays an anti-inflammatory role in an association that 

exists between adiponectin concentration and obesity related inflammatory states 

(Ouchi et al., 1999; Okamoto et al., 2000; Ouchi et al., 2001; Arita et al., 2002; 

Kumada et al., 2003; Wu et al., 2007).  

Atherosclerosis, an inflammatory disease of the vascular endothelium, is a condition 

where the anti-inflammatory relationship of adiponectin and inflammation is 

recognised through the modulation of a range of the inflammatory processes 

involved in the progression of the disease by adiponectin (Ouchi et al., 1999; 

Okamoto et al., 2000; Ouchi et al., 2001; Arita et al., 2002; Kumada et al., 2003; 

Neumeier et al., 2006). Ouchi et al. (1999) observed that physiological 

concentrations of adiponectin reduced TNF-alpha induced endothelial cell surface 

expression of pro-inflammatory adhesion molecules involved in macrophage 

transmigration. In addition Ouchi et al. (2001), Okamoto et al. (2002) and Neumeier 

et al. (2006) observed that physiological concentrations of adiponectin reduced 

expression of scavenger receptors on macrophages, the accumulation of lipids in 

macrophages and consequently the transformation of macrophages into foam cells. 

Additionally, Arita et al. (2002) observed that physiological concentrations of 

adiponectin suppressed vascular smooth muscle cell proliferation and migration. 
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The interactions of adiponectin reducing states of inflammation have also been 

recognised through its modulation of TNF–alpha induced inflammatory response 

(Ouchi et al., 1999; Ouchi et al., 2001; Wu et al., 2007). Tumour necrosis factor–

alpha, a major pro-inflammatory cytokine, and the anti-inflammatory adipocytokine 

adiponectin have already been described to play key, but, opposing roles in obesity 

and its inflammatory related conditions (Section 1.4.5, 1.4.7, 1.7 and 1.9). This has 

already been presented through adiponectin modulating TNF–alpha induced 

expression of pro-inflammatory adhesion molecules (Ouchi et al., 1999). In addition, 

adiponectin has also been observed to elicit anti-inflammatory effects through the 

inhibition of TNF–alpha activation of the previously discussed pro-inflammatory 

related NFκB intracellular signalling pathway, and prevent inflammatory feedback 

systems in macrophages through the reduction of TNF–alpha secretion from 

macrophages (Section 1.4.7) (Ouchi et al., 2001; Wu et al., 2007). 

1.18 Genetics of Adiponectin 

Adiponectin is coded at the gene locus 3q27, which was recognised as a diabetes 

susceptibility locus in genome wide searches (Kissebah et al., 2000; Takahashi et 

al., 2000; Vionnet et al., 2000). It has been suggested that mutations in the 

adiponectin gene affect the concentration and formation of some adiponectin 

multimers creating states of hypoadiponectinemia and diabetes (Takahashi et al., 

2000; Hara et al., 2002; Kondo et al., 2002; Waki et al., 2003).  

Adiponectin missense mutations Gly84Arg, Gly90Ser, Arg112Cys and the Ile164Thr 

have been investigated to determine their effect on adiponectin serum concentration 

and superstructure formation in states of hypoadiponectinemia and diabetes 

(Takahashi et al., 2000; Kondo et al., 2002; Vasseur et al., 2002; Waki et al., 2003). 

It has been commented that several variants in the gene encoding adiponectin 

modulate its levels within individuals (Vasseur et al., 2002). Takahashi et al. (2000) 

demonstrated a reduction in adiponectin concentration with the Arg112Cys 

missense mutation, but showed a greater link with CVD than diabetes. HMW 

adiponectin superstructure formation was demonstrated to be specifically deficient 

in the Gly84Arg and Gly90Ser mutations and was linked to states of diabetes (Waki 

et al., 2003). Also, diabetes was linked to an Ile164Thr mutation that saw normal 

assembly of adiponectin multimers but disturbed secretion from adipocytes (Kondo 

et al., 2002; Kishida et al., 2003). 
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1.19 Aims of Thesis 

The aims of the project were to: 

 

1. Produce highly specific monoclonal antibodies that recognise adiponectin 

 

2. Use the antibodies produced to develop, optimise and validate sensitive and 

specific 2 site assays that measure total and HMW adiponectin. 

 

3. Use the assay developed to: 

 

a. Investigate adiponectin (total and HMW) as a routine measurement for 

the detection of overt vascular disease (OVD) by its comparison with 

routine hospital anthropometric and biochemical measurements in 

primary OVD patients and secondary OVD patients. 

 

b. (I) Investigate the presence of adiponectin and its HMW multimer in 

lymph and if present to relate levels to those in paired plasma samples.  

(II) Investigate the relationship of HMW levels in relation to total 

adiponectin levels in lymph. 

(III) Investigate adiponectin in lymph in relation to other lymphatic 

molecules/inflammatory markers and further relate this information to 

paired plasma samples. 

 

c. Investigate the role of adiponectin in PCOS by its comparison with insulin 

resistance status and testosterone levels in normal healthy individuals 

and individuals with PCOS.  
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Chapter 2: Materials and Methods 
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2.1 Introduction 

The following Chapter describes the methods used in the production of highly 

specific monoclonal antibodies that recognised adiponectin. It also describes the 

methods used in the production, optimisation and validation of enzyme linked 

immunosorbent assays (ELISA) that measure total and HMW adiponectin in human 

bodily fluids. Finally it describes all other methods used in the generation of results 

documented in this thesis. 

2.2 Antibody Production Methods 

2.2.1 Immunisation Method 

Balb/c mice were used for the immunisation procedure and were treated with one 

human dose of BCG vaccine (Statens Serum Institute, Copenhagen, Denmark) 

before immunisation. Three days after BCG vaccination immunisation commenced 

with the subcutaneous injection of 0.1ml of a 1:1 mixture of immunogen in Freunds 

complete adjuvant (FCA) (Sigma, St Louis, USA). The second immunisation was 

carried out 1 month later with 0.1ml of a 1:1 mixture of immunogen in Freunds 

incomplete adjuvant (FIA) (Sigma, St Louis, USA) subcutaneously. Ten days later a 

tail bleed from each animal was taken to screen for antibody production, 10l of 

blood was taken from each host and diluted in 2ml of phosphate buffered saline 

(PBS, pH 7.4 ) (Sigma, St Louis, USA) containing 1% (w/v) bovine serum albumin 

(BSA) (Sigma, St Louis, USA) and 0.1% (w/v) sodium azide. A third and final 

immunisation occurred 1 month after the second immunisation with 0.1ml of a 1:1 

mixture of immunogen: FIA subcutaneously. It is important to note here that 

immunisations two and three used FIA and not FCA. Also immunisation was 

conducted subcutaneously because at this stage FCA or intravenous administration 

could lead to death of the mice. A final tail bleed was conducted ten days after the 

final boost; 10l of blood was taken from each mouse and diluted as previously 

described. 

2.2.2 Coupling of Peptides 

Coupling began with 8mg of the heterobifunctional crosslinker mal-sac-HNSA 

(Bachem, Merseyside, UK) dissolved in 1ml of purified protein derivative (PPD) of 

tuberculin in PBS, pH 7.5 in a glass vial, sealed and left on a shaker platform for 30 

minutes. Tuberculin was obtained as a lyophilised powder from the Central 
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Veterinary Laboratory (Weybridge, UK) During the time the mal-sac-HNSA/PPD 

mixture was on the shaker platform, the N-hydroxysuccinimide grouping on the mal-

sac-HNSA reacted with amine groups on the PPD, coupling it to the cross linker. 

Peptides for coupling had an additional amino acid residue of cysteine to allow 

coupling through the thiol group to the hetero bi-functional agent. 10mg of peptide 

(lyophilised) to be coupled to the cross linker-PPD complex was dissolved in 0.01M 

HCl. Phase extraction was conducted on the peptide HCl solution by mixing it with 

40mls of ether and shaking the tube. This step removes extra thiols remaining from 

the peptide synthesis cleavage solution. Next the cross linker-PPD complex mixture 

was run down a PD10 column (GE-Healthcare, Amersham, UK) (equilibrated with 

PBS) to separate excess mal-sac-HNSA from the cross linker-PPD complex. One 

ml of 0.5M phosphate buffer pH 7.5 was mixed with the peptide solution which was 

immediately mixed with the cross-linker protein complex solution. The tube was 

capped, covered and mixed overnight at room temperature with agitation. During 

this time the peptide coupled to the PPD. The next day the peptide/PPD complex 

solution was diluted to 10ml with sterile PBS and then stored at -40oC until use. The 

coupling process is depicted in Figure 2.1. 

 
Figure 2.1: Antigen (Peptide) PPD (Protein) coupling reaction. 

N-hydroxysuccinimide reacts with amine groups on the PPD coupling it to the cross linker at 
pH7.5. Peptide coupled to the cross linker through the formation of a thio-ether linkage at pH 
5-7(modified from (Aldwin & Nitecki, 1987). 
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2.2.3 Plate Coating with Screening Protein 

Screening plates were coated with 50l per well of 0.1ug/ml recombinant human 

adiponectin (R&D systems) in 0.2M carbonate-bicarbonate buffer pH 9.4 (Perbio, 

Illinois, USA). Adsorption took place over overnight with shaking. The plates were 

then washed with wash buffer ((0.05M Tris-HCl buffer containing 0.15M NaCl and 

0.05% (w/v) Tween-20 (Sigma, St Louis, UK)), lightly banged dry onto tissue paper 

and then blocked with 100l per well of 1% BSA in PBS for 1 hour. Before use the 

contents of the plate were aspirated and the plate was washed three times in wash 

buffer then the plate was banged dry. 

The same method was used to coat plates with recombinant globular adiponectin 

(Peprotech, New Jersey, USA) (native and acid treated), trimeric adiponectin 

(Biovendor, Heidelberg, Germany) and acid treated recombinant human adiponectin 

(R&D Systems). Acid treatment was conducted by mixing the recombinant material 

with an equal volume of 0.1M glycine pH2.5 containing 2.5% (w/v) SDS. 

2.2.4 Test Bleed 

All test bleeds were conducted at Harlan Sera-Lab, Dodgeford Lane, Belton, 

Loughborough, Leicester, LE12 9TE by Harlan Sera-Lab staff. 

2.2.5 Screening of Tail Bleeds 

The sera of the animals were titrated across the plate in a series of 1/2, 1/20 and 

1/200 dilutions in Tris Conjugate buffer (1% (w/v) BSA in 25mM Tris-HCl, pH 7.5 

containing 0.15M NaCl and 0.5% (w/v) Tween 20), 50µl of each mixture was added 

to a well on a 96 well plate coated with a screening material of interest and blocked 

with BSA. Samples were left on the plate with agitation for 30 minutes at room 

temperature. During incubation, polyclonal goat anti-mouse IgG horseradish 

peroxidase (HRP) conjugated antibody solution (Dako, Cambridgshire, UK) was 

diluted 1:1000 in Tris Conjugate buffer. After incubation samples were aspirated 

from wells and the plate was washed three times in wash solution (0.05M Tris-HCl 

buffer containing 0.15 M NaCl and 0.05% (w/v) Tween-20) and banged dry. 100µl of 

polyclonal goat anti-mouse IgG HRP conjugated antibody solution was added per 

well and the plate was incubated at room temperature with agitation for 1 hour. 

During incubation the substrate solution was made by a 1:1 mixture of 

tetramethylbenzidine (TMB) peroxidase substrate solution A (KPL, Maryland, USA) 

to peroxidase substrate solution B (KPL, Maryland, USA). Plate contents were 
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aspirated and the plate was washed three times in wash solution then rinsed three 

times in distilled water. 50µl of substrate solution was added per well and the results 

were left to develop for 10 minutes. 50µl of 6% (v/v) orthophosphoric acid (BDH, 

Dorset, UK) was added to each well to stop the reaction. Results were read by UV 

spectrophotometer at wavelength 450nm, reference filter 655nm, using a 

Benchmark microplate reader (Biorad). 

2.2.6 Final Boost Immunisations Prior to Fusions 

Total adiponectin immunogen hyper-stimulation was conducted over four days. The 

following table shows the method employed. 

Table 2.1: Total adiponectin immunogen hyper-stimulation method. 

Day Action 

1 9:30 am Boost 1, 1/50 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 10:00 am Boost 2, 1/50 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 10:30 am Boost 3, 1/10 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 11:00 am Boost 4, 1/10 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 11:30 am Boost 5, 1/2 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 12:00 am Boost 6, 1/2 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 12:30 am Boost 7, Neat immunogen, No adjuvant, 0.2ml intravenous 

2 Boost 8, Neat immunogen, No adjuvant, 0.2ml intravenous 

3 Boost 9 Neat immunogen, No adjuvant, 0.2ml intraperitoneal 

4 Boost 10 Neat immunogen, No adjuvant, 0.2ml intraperitoneal 
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Adiponectin peptide immunogen hyper-stimulation was conducted over four days. 

The following table shows the method employed. 

Table 2.2: Adiponectin peptide 3 immunogen hyper-stimulation method. 

Day Action 

1 9:30 am Boost 1, 1/50 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 10:00 am Boost 2, 1/50 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 10:30 am Boost 3, 1/10 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 11:00 am Boost 4, 1/10 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 11:30 am Boost 5, 1/2 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 12:00 am Boost 6, 1/2 (immunogen/PBS), No adjuvant, 0.1ml intraperitoneal 

 12:30 am Boost 7, Neat immunogen, No adjuvant, 0.2ml intravenous 

2 Boost 8, Neat immunogen, No adjuvant, 0.2ml intravenous 

3 Boost 9 Neat immunogen, No adjuvant, 0.2ml intravenous 

4 Boost 10 Neat immunogen, No adjuvant, 0.2ml intravenous 

 

It can be seen in Table 1.1 and 1.2 that the immunogen was reintroduced during 

day 1 by a gradual increase in dose intraperitoneally. This was to desensitise the 

mice to the immunogen, decreasing the chance of anaphylaxis. 

2.2.7 Spleen Processing 

The day after the final boost, the mouse was killed by cervical rupture and the 

spleen was removed aseptically. The spleen was isolated and moved through three 

90mm Petri dishes (Sarstedt, Leicester, UK) containing 10ml Iscoves‟ modified  

Dulbeccos‟ medium (IMDM, Gibco, Auckland, New Zealand), washing the spleen in 

each dish. The spleen was moved to a final dish containing 10ml of IMDM where 

the spleen was gently teased apart using sterile forceps. The entire medium was 

then aspirated avoiding any large lumps of remaining tissue and transferred to a 

50ml centrifuge tube (Sarstedt, Leicester, UK). Any smaller lumps transferred to the 

tube were further broken up by aspirating the medium and then expelling it against 

the edge of the centrifuge tube 8 – 12 times. The tube was centrifuged at 1000g 
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(Centaur2, MSE, S/N1764) for 10 minutes to pellet the cellular fraction. The 

supernatant was then discarded and the pellet was resuspended in 6ml of freezing 

medium (Foetal calf serum (FCS, Gibco, Auckland, New Zealand) containing 10% 

(v/v) dimethyl sulfoxide (DMSO) (Sigma, St Louis, USA)) and divided into 1ml 

aliquots prior to slow freezing in cell freezing pods (Nalgene, Hereford, UK) at -80oC 

ready for long term liquid nitrogen storage (Forma Scientific, S/N 20595-14). 

2.2.8 Preparation of Myeloma Cells (Sp2/0 cells) for Fusion 

Before fusion could take place, myeloma cells were cultured. To do this, 1 ampoule 

of myeloma cells was rapidly thawed at 37oC and cultured in IMDM supplemented 

with 20% (v/v) FCS and 0.1% (w/v) gentamycin (Gibco, Auckland, New Zealand) in 

a humidified incubator at 37oC (5% CO2). Myeloma cells were cultured until 

approximately 108 myeloma cells in peak condition were available. Viable myeloma 

cells for fusion were resuspended in their flasks with gentle tapping and pooled 

together in sterile centrifuge tubes where they were pelleted by centrifugation at 

1,000g (Centaur2, MSE, 1764) ready for fusion to splenocytes. 

2.2.9 Fusion Method 

One ampoule of splenocytes was removed from liquid nitrogen storage and rapidly 

thawed in a 37oC water bath. The ampoule contents were then transferred to a 

sterile 50ml centrifuge tube where 10ml of IMDM was added and mixed into 

suspension. The suspension was then centrifuged at 1000g (Centaur2, MSE, 1764) 

for 10 minutes. At this stage the supernatant from the myeloma cells was also 

decanted and both myeloma/splenocytes were resuspended in 20ml of fresh warm 

IMDM (37oC). Once resuspended the myeloma cell and splenocyte suspensions 

were mixed together and then centrifuged again at 1000g for 10 minutes. The 

supernatant was then decanted and the pellet was resuspended in 20ml of warm 

IMDM before the centrifugation was repeated. This process was completed a further 

2 times to allow adequate washing of the cells. 

The next stage of the fusion was conducted with incubation at 37oC. 

After the supernatant had been discarded from the fourth wash the pellet was 

resuspended with gentle agitation by adding 1.5ml of polyethylene glycol (PEG, 

Mannheim, Germany) drop-wise over 1 minute to the centrifuge tube. PEG fuses 

the plasma membranes of adjacent myeloma and/or antibody secreting cells, 

forming a single cell with two or more nuclei. Next 1ml of IMDM was added in the 
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same manner as the PEG, followed by 5ml and then a further 10ml of IMDM. The 

cell suspension was then topped up to 50ml with IMDM and transferred to a 75cm2 

flask which was placed in an humidified incubator for 30 minutes at 37oC (5% CO2). 

This marked the end of the fusion process and the work to be conducted at 

37oC 

The culture flask containing the fusion product was removed from the incubator, the 

cells were resuspended with gentle tapping and flask contents was transferred to a 

sterile 50ml centrifuge tube and centrifuged at 600g for 15 minutes. After 

centrifugation the supernatant was decanted and the pellet was resuspended in 2ml 

of IMDM and transferred to 90ml of ClonaCell HY (Immune systems, Torquay, UK). 

Cells were mixed into suspension by inversion for 10 minutes and then the cell 

suspension was plated out into 60mm Petri dishes (4ml per dish), the medium was 

spread out to form an even layer. Two dishes that were plated were chosen as 

sentinel dishes and stored separately from other plates so that cell colony growth 

could be monitored. This also allowed all other dishes to remain undisturbed during 

growth. All dishes were stored in a humidified incubator at 37oC (5% CO2) until 

picking. 

2.2.10 Hybridoma Colony Picking 

Colony picking was conducted after 7-10 days of colony growth using a 2µl pipette 

under a light microscope at X100 magnification. Picking was conducted carefully not 

to mix two colonies together so that the monoclonal nature would remain intact. 

After a colony had been aspirated from a Petri dish it was transferred to an „empty‟ 

well containing filtered HAT Doma Drive media (HATDD) (IMDM (Gibco, cat 21980-

032) containing 10% (v/v) low IgG foetal calf serum (Low IgG FCS, Gibco, cat 

16250-078) and 0.1%(w/v) gentamicin (Gibco, cat 15750-037)) containing 2% (v/v) 

hypoxanthine, aminopterin, thymidine (HAT, GIBCO, cat 21060-017) and 14% (v/v) 

Doma Drive (Immune Systems, cat T31-1003)) on a separate 96 well plate. Once a 

plate was full it was incubated at 37oC (5% CO2) until hybridoma screening.  

2.2.11 Hybridoma Screening 

Total adiponectin immunogen 

Hybridomas were maintained in 96 well plates until colony growth was sufficient for 

screening in the majority of the plates wells (a growth of 60-80% confluence in well). 

Screening was conducted on plates coated with different forms of recombinant 
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human adiponectin (Section 2.2.3). 50µl of Tris Conjugate buffer was added per 

well on all screening plates. 20µl of clone supernatant was aspirated from the upper 

part of the well so as to not disturb the growing clones; the medium was transferred 

aseptically from clone growth plate to the corresponding well on the screening plate. 

Screening plates were incubated at room temperature with agitation for 2 hours. 

The contents of the plate were aspirated and the plate was washed three times in 

wash buffer. Then 50l of 1/10,000 dilution of HRP conjugated goat anti-mouse IgG 

in Tris Conjugate buffer was added to each well. The plate was left to incubate at 

room temperature for 30 minutes with gentle agitation. The contents of the plate 

was aspirated and the plate washed three times in wash buffer and banged dry 

before 50l TMB peroxidase substrate was added per well. When a suitable colour 

development had occurred (10-15 minutes), 50l of 6% (v/v) orthophosphoric acid 

was added to each well to stop the reaction. Absorbance was recorded at 450nm, 

reference filter 655nm, using a Benchmark microplate reader. 

Adiponectin peptide immunogen 

The same method used for the total adiponectin immunogen fusion hybridoma 

screening was used for clones produced from the adiponectin immunogen fusion. 

However, these cells were picked into a HyQ serum free medium (Perbio, 

Northumberland, UK) containing HAT3. 

2.2.12 Hybridoma Scale Up and Storage Method 

All hybridomas that gave positive results at the screening stage were aspirated and 

transferred at 60-80% confluence to 1ml of medium in a 24 well tissue culture plate4 

(Sarstedt, Leicester, UK). Once 50% confluence had been reached, hybridoma cells 

were gently removed from the surface of the well by ejecting and aspirating 1ml of 

fresh medium into the well. Finally the contents of the well was aspirated and split 

into 3 new wells on a 24 well plate. When 60-80% confluence had been achieved 

again, all wells were moved up to 2 X 25cm2 tissue culture flasks (Sarstedt, 

Leicester, UK) containing 5ml of medium. Again when cells had reached 50% 

confluence in the flasks both flasks were split equally to make two new 25cm2 tissue 

culture flasks. Once a pair of the 25cm2 tissue culture flasks had reached 60-80% 

confluence hybridoma cells in both flasks were resuspended, pooled and moved up 

                                                

3
 Cells were also picked into HATDD medium as a backup if cells did not grow in HyQ serum free. 

4
 Cells were grown in HATDD for the total adiponectin immunogen fusion and HyQ serum free 

medium for the peptide immunogen fusion. 
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to a 75cm2 tissue culture flask (Sarstedt, Leicester, UK) The other pair of 25cm2 

flasks were left to reach maximum growth to obtain the maximum titre of antibody 

for further screening. Hybridoma supernatants that were left to reach maximum titre 

were harvested in labelled centrifuge tubes and azide was added to a final amount 

of 0.1% (w/v) ready for storage at +4oC. 

2.2.13 Hybridoma Freezing and Storage Method 

When the cells reached 50-70% confluence (log phase growth) in the 75cm2 culture 

flask they were resuspended and transferred to centrifuge tubes then centrifuged at 

1,000g for 10 minutes. The supernatant was discarded and the pellets were 

resuspended in 5ml of freezing medium (FCS containing 10% (v/v) 

dimethylsulphoxide). The hybridoma cell suspension was then divided into 1ml 

aliquots in cryovials (Greiner Bio-One, Frickenhausen, Germany) and stored at -

80oC overnight in freezing pods ready for liquid nitrogen storage the next day. 

2.2.14 Titration Method 

All positive clone supernatants were screened by ELISA on plates coated with 

natured and acid treated recombinant human adiponectin (R&D Systems). In order 

to identify the clones secreting the highest affinity antibodies 1/100, 1/1000 and 

1/10,000 dilutions of the supernatants were made before addition of each in 

duplicate to the plates. The previous screening method was used to conduct the 

screening assay (Section 2.2.11). 

2.2.15 Recloning Method 

Hybridoma cell lines were grown to 50-70% confluence in a 25cm2 cell culture flask. 

Four 15ml sterile centrifuge tubes were labelled -1, -2, -3 and -4. Eleven ml of 

methyl-cellulose was dispensed aseptically into tube -1 and 7ml was dispensed into 

each of the other tubes. Hybridoma cells were gently resuspended and 0.5ml of the 

cell suspension was aspirated and dispensed into tube -1. The tube contents was 

then mixed thoroughly and 1ml of its contents was aspirated and dispensed into 

tube -2. Mixing and aspiration was repeated for tube -2; however, the aspirated cell 

suspension was dispensed into tube -3. Again mixing and aspiration was repeated 

for tube -3 but the cell suspension was dispensed into tube -4. Cell suspensions 

were plated out into labelled 60mm Petri dishes. After colony growth, 24 clones 

were picked and screened as previously described (Sections 2.2.10 and 2.2.11). 
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2.2.16 Reclone Scale-Up Method 

All positive recloned hybridomas were expanded at 60-80% confluence to 1ml of 

medium in 24 well tissue culture plates5. Once 50% confluence had been reached 

hybridoma cells were gently removed from the surface of the well by ejecting and 

aspirating 1ml of fresh medium into the well, all contents of the well were aspirated 

and split into 3 new 24 well plate wells. When 60-80% confluence had been met, all 

wells were moved up to 2 X 25cm2 tissue culture flasks containing 5ml of medium. 

Again when cells had reached 50% confluence in the flasks both flasks were split 

equally into two new 25cm2 tissue culture flasks. Once a pair of the 25cm2 tissue 

culture flasks had reached 60-80% confluence, hybridoma cells in both flasks were 

resuspended, pooled and moved up to a 75cm2 tissue culture flask. After the cells 

reached 50-70% confluence (log phase growth) in the 75cm2 culture flask they were 

resuspended and transferred to centrifuge tubes for freezing. Additional flasks were 

taken forward to triple layer flasks (Nunc, Rosklide, Denmark) for mass antibody 

production. 

2.2.17 Protein G Monoclonal Antibody Purification Method 

Before purification the supernatant containing the monoclonal antibody was 

centrifuged at 3000g (Mistral 3000i, Sanyo, S/N S693/07/639) for 10 minutes to 

remove any debris left over during cell culture. After centrifugation the supernatant 

was filtered through a 10µm and then a 0.2µm filter (Sarsted). A wash of the protein 

G (GE Healthcare, Amersham, UK) column was conducted by passage of 6X 

column volume of 6M guanidine hydrochloride followed by 5X column volume of 

PBS. Next, regeneration of the protein G column was conducted by the passage of 

6X column volume of 0.1M glycine pH 1.5 followed by a further 5X column volume 

of PBS pH 7.4 to equilibrate the protein G column; the pH was checked to be 7.4 

using pH strips (BDH, Dorset, UK). The filtered supernatant was passed down the 

column at a flow rate of 3ml/minute. The column was then washed with 5X the 

column volume of PBS pH 7.4 followed by 5X column volume of 0.1M phosphate 

buffer pH6. Elution of the antibody from the protein G column was conducted by the 

passage of 0.1M glycine pH 2.5 where 3ml fractions were collected into 

polypropylene tubes. On collection of each fraction the presence of antibody was 

measured by absorbance at 280nm (Cecil Instruments, S/N 13939). Fractions 

                                                

5
 Cells were grown in HATDD for the total adiponectin immunogen fusion and HyQ serum free 

medium for the peptide immunogen fusion. 
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containing antibody were then pooled and 2ml of 1M Tris buffer pH 7.5 was added 

to stop the exposure of the antibodies to potentially denaturing conditions. The total 

concentration of antibody in the pooled fraction was calculated6. The pooled 

fractions were dialysed in snakeskin pleated dialysis tubing (Perbio, 

Northumberland, UK) against PBS pH 7.4 overnight. After this the absorbance 

reading was retaken to check that the purified antibody had not been lost during 

dialysis and to also calculate a final antibody concentration. For storage sodium 

azide was added to the pooled fraction to a final quantity of 0.1% (w/v) and the 

pooled fraction was stored in 2ml aliquots at -80oC. 

2.2.18 Isotyping Method 

Antibody isotyping was conducted using a commercially available kit. (Serotec, 

Kidlington, UK). 

2.2.19 Biotinylation Method 

The antibodies for biotinylation were dialysed overnight against 0.1M sodium 

bicarbonate. An antibody solution with a concentration of 1mg/ml was needed for 

biotinylation. This concentration was met either by dilution of the solution with fresh 

0.1M sodium bicarbonate or by concentration using a Millipore minicon concentrator 

(Millipore, Livingstone, UK). A 2mg/ml solution of sulpho-N-hydroxysuccinimidyl-

long chain biotin ester (sulpho-NHS-LC biotin, Perbio, Northumberland, UK) was 

made in water. This ester is amine reactive and reacts with any primary amine 

containing molecule to attach the biotin label via a stable amide bond and because 

it is water soluble it does not need solvents such as DMF or DMSO to enable 

reactions. Also the ester has a long chain of carbon atoms that act as a spacer arm 

to decrease the possibility of steric hindrance that can occur due to biotinylation. 

Biotin solution (50µl per mg of antibody) was added to the antibody solution 

immediately after dissolving in water7, and then the solution was covered and stirred 

for 3 hours at room temperature. The reaction was stopped by adding 0.1ml of 1M 

ammonium chloride per 1ml of antibody solution and the reaction was left for 10 

minutes to stop. The antibody solution was then dialysed against PBS pH 7.4 

overnight for the next 3 nights. Each day the PBS solution was changed for fresh. 

After dialysis, antibody concentrations were calculated and then sodium azide was 

                                                

6
 Antibody concentration = absorbance reading at 280nm wavelength / 1.4 (constant, the amount of 

protein in 1cm
2
 of the fraction). 

7 This was because the sulpho-NHS-LC biotin rapidly hydrolyses in water. 
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added to a final amount of 0.1% (w/v) and the biotinylated antibody solutions were 

stored at +4oC. 

2.3 Total and High Molecular Weight Adiponectin Enzyme 

Linked Immunosorbent Assay Development and Validation 

Methods 

2.3.1 Plate Coating with Antibody 

The micro-titre plates were coated with 100l per well of 2ug/ml antibody solution in 

0.05M carbonate-bicarbonate buffer pH 9.4 (Pierce, Illinois). Adsorption took place 

overnight in a sealed humidified container. The plates were then washed with PBS 

pH7.4, lightly banged dry onto tissue paper and then blocked with 150l per well of 

0.5% (w/v) casein buffer (Mast Systems, Merseyside, UK) in PBS containing 6% 

sucrose for 3 hours. The contents of the plate were aspirated and the plate was 

banged dry then placed into a dehumidifying chamber (enclosed space through 

which dry air is passed from an industrial dehumidifier (Munters)) overnight. Next 

day the plates were sealed in a foil pouch with a desiccant sack until required. 

2.3.2 Production of Adiponectin Human Serum Standards for the Total 

and High Molecular Weight Adiponectin Enzyme Linked 

Immunosorbent Assay 

Phase extraction was carried out by mixing 10ml of human male pool serum with 

10ml of 1,1,2 trichloro-triflouro ethane to remove lipids from the serum. 7ml of serum 

was retrieved after phase extraction and this was mixed with 31.5ml of 50mM Tris 

HCl pH8 (equivalent to 20µl of serum sample [double the amount of serum used in 

assay] and 90µl of 50mM Tris HCl pH 8) to give the human serum standard 1 (top 

standard). All other standards were made from a 1:1 dilution of the standard above 

mixed with 50mM Tris HCl pH 8 e.g. Human serum standard 2 was made by mixing 

15ml of human serum standard 1 with 15ml of 50mM Tris HCl pH 8. The only 

exception was human serum standard 7 (bottom standard), this was made from 

50mM Tris HCl pH 8 and contained no human serum despite its name. 
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2.3.3 Calibration of the Adiponectin Enzyme Linked Immunosorbent 

Assay Human Serum Standards 

A stock of recombinant human adiponectin, 100µg/ml, (R&D Systems) was diluted 

1/5 to give a 20µg/ml solution. From this a further 3 dilutions were made as follows. 

Dilution Recombinant 

human 

adiponectin 

volume (µl) 

50mM Tris 

HCL (µl) pH 8 

Citrate buffer 

volume (µl) 

Total volume 

(µl) 

1 10 100 400 510 

2 10 100 910 1020 

3 10 100 1930 2040 

 

Also, the human serum used to make the human serum standards was diluted as 

follows: 

Dilution Male pool 

serum volume 

(µl) 

50mM Tris 

HCL (µl) pH 8 

Citrate buffer 

volume (µl) 

Total volume 

(µl) 

1 10 100 400 510 

2 10 100 910 1020 

3 10 100 1930 2040 

 

All dilutions of the recombinant and human serum preparation were run in triplicate 

in the 399R/32F8 assay format using the total adiponectin assay method (section 

2.3.9). The human serum standard curve was run in triplicate giving 3 separate 

experiments on one plate. As the purpose of this experiment was to calculate the 

concentration of adiponectin in the human serum, the values for each standard were 

unknown. Therefore, the top standard was assigned a nominal value of 100 and the 

lower standards values were calculated in relation to this. This allowed results to be 

obtained for the constructed unknowns. Using the nominal values results obtained 
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for the recombinant dilution and human serum dilution were calculated. This allowed 

the adiponectin concentration in the human serum used to create the assay 

standards to be calculated by the following formula, and consequently the 

concentration of each adiponectin standard.  

 

Where: 
A = Starting concentration of recombinant adiponectin 
B = The ratio of average nominal value obtained for recombinant adiponectin 
concentration to the average nominal value obtained for serum adiponectin 
concentration 
C = Adiponectin concentration in undiluted sample 
 

2.3.4 Adiponectin Antibody Pairing Studies 

All of the developed antibodies of interest were coated onto plates at 0.5µg/ml and 

run in a sandwich assay format using the assay method described (Section 2.3.9). 

Each antibody was also used as the secondary (detection) antibody in the ELISA 

pair at a 1:1000 dilution in 0.5mM casein buffer. 

2.3.5 Proteinase K Experiment 1: The Length of Treatment Needed to 

Entirely Degrade Trimeric and Hexameric Adiponectin in a Sample. 

A sample of human male pool serum was treated with proteinase K at 7.5U/ml for 2 

hours. Every 5 minutes a sample was removed and immediately acidified to stop 

proteinase K activity. Following acidification the rest of the adiponectin assay 

procedure was followed (Section 2.3.9). 

2.3.6 Proteinase K Experiment 2: The Concentration Needed to Entirely 

Degrade Trimeric and Hexameric Adiponectin in a Sample. 

Pooled human serum was treated with a range of proteinase K concentrations 

(2.5U/ml – 15U/ml) to investigate the optimum concentration of proteinase K for 

measurement of HMW adiponectin in the assay developed in this project. A sample 

of human serum was treated with each concentration of proteinase K for 20 

minutes. Following treatment of the sample with proteinase K the rest of the 

adiponectin assay procedure was followed (Section 2.3.9). 

A

B
= C
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2.3.7 Proteinase K Experiment 3: The Capability to Stop Activity in the 

Sample after the Treatment Time had elapsed. 

Male pool serum samples were acidified with 0.5mM citrate buffer pH3 containing 

2.5%(w/v) SDS before addition of proteinase K, and after 20 minutes of treatment 

with proteinase K. The activity was then compared against the result of a sample 

that was not treated with proteinase K by quantifying adiponectin concentration in all 

the samples following the adiponectin assay method (Section 2.3.9). 

2.3.8 Sample Neutralisation Treatment before Addition to Adiponectin 

Assay Plate 

Male pool serum samples were acidified in 0.5mM citrate buffer pH 3 containing 

2.5%(w/v) SDS. 20µl samples were removed and neutralised with 580µl of HPE 

buffer at set time points up to 240 minutes. All neutralised samples were run 

simultaneously by the adiponectin assay procedure after the neutralisation stage 

(Section 2.3.9). 

2.3.9 Final Assay Method 

Total and HMW adiponectin, in different clinical conditions was investigated using 

two assay formats. The different treatment of samples in each assay format is what 

gives accurate measurement of total and HMW adiponectin. Stage 1 describes the 

different treatments used in the measurement of total and HMW adiponectin. It also 

describes the treatment of the adiponectin human serum standards. After stage 1 all 

samples (HMW and total) and standards were treated in the same way, this is 

described in stage 2. 

Stage 1: Sample pre-treatment for total/HMW measurement 

Total adiponectin measurement 

For the measurement of total adiponectin concentration, a 10l of sample was 

mixed with 100l of protease buffer (0.5mM Tris HCl pH8) in a 96 well MasterBlock 

(Greiner Bio-One, Frickenhausen, Germany). Then 400l of acid buffer (0.1M citrate 

buffer pH 3 containing, 2.5% (w/v) SDS pH3) was added to the sample. Following 

this, samples were incubated at room temperature with gentle agitation for 1 hour to 

assure that the acidification treatment had converted all adiponectin size forms in 

the sample to dimers for accurate measurement. 
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High molecular weight adiponectin measurement 

For the measurement of HMW adiponectin concentration, 10l of sample was mixed 

with 100l of protease buffer containing 7.5U/ml proteinase K (Roche, Indianapolis, 

USA) in a dilution plate. Samples were immediately incubated in a +37oC water bath 

for 20 minutes. Following this samples were removed from incubation at +37oC and 

400l of acid buffer was added immediately to each sample. Samples were then 

incubated at room temperature with gentle agitation for 1 hour for the reason 

previously described. 

Human serum standards 

Since the human serum standards are made in protease buffer, 110l of each 

standard solution was used. Acid buffer (400µl) was mixed in a dilution plate with 

each standard solution and all standard solutions were incubated at room 

temperature with gentle agitation for 1 hour for the reason previously described. 

Stage 2: Sample neutralisation and ELISA plate run. 

Before stage 2 began, 25µl of high performance ELISA buffer (HPE buffer, Mast 

Systems, Merseyside, UK) was added to all wells on the assay capture plate except 

those to contain standard solutions. 

Sample neutralisation 

After acidification was complete 20l of each sample/standard was mixed with 580l 

of HPE buffer to neutralise the sample. This was done by pipette action on a 

separate 96 well MasterBlock (Greiner Bio One, Stonehouse, UK). Then 25µl of 

neutralised sample was immediately loaded in duplicate onto the assay capture 

plate. Standard was also loaded onto the assay capture plate (50µl per well) into the 

wells that did not contain HPE buffer. All standards and samples were loaded in 

duplicate (Figure 2.2). 
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 1 2 3 4 5 6 7 8 9 10 11 12 

A HS1 + Total 

Control 

Samples, 

total 

adiponectin 

measurement 

 

Samples, 

HMW 

measurement 

 

B HS2  

C HS3 

D HS4 + Total 

Control 

E HS5 + HMW 

Control 

F HS6  

G HS7 

H Blank + HMW 

Control 

Figure 2.2: Plate plan of a typical layout of an adiponectin ELISA. 

Assay made up of human serum standards [HS], Positive total [+total control] and HMW 
controls [+HMW control] and serum samples. 
 

After sample loading the plate was incubated at room temperature for two hours 

with gentle agitation. The sample/standard solutions were then aspirated from the 

plate and the plate was washed 3 times in wash buffer (PBS pH 7.4, 0.05% (v/v) 

Tween 20) and plates were then banged dry. 50µl of detection antibody solution 

(0.5µg/ml 32F8 antibody in 0.5% (w/v) casein buffer (Mast)) was added to all wells. 

Again the plates were left to incubate for 1 hour with gentle agitation, then plate 

contents were aspirated, the plate was washed 3 times in wash buffer and banged 

dry. Next 50µl of a 1:4000 dilution of Streptavidin-conjugated HRP (Mast Systems, 

Merseyside, UK) in 0.5% (w/v) casein buffer was added to all wells. Plates were 

incubated for 30 minutes at room temperature with gentle agitation, then the plate 

contents was aspirated and the plate was washed 3 times in wash buffer then 

banged dry. The plate was then rinsed 3 times in distilled water and banged dry. 

TMB substrate solution (100µl) was added to all wells and the plate was left for 15-

25 minutes to allow the result to develop. The reaction was stopped by the addition 

of 6% (v/v) phosphoric acid (100µl) to all wells. Measurement of the result was 
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taken by absorbance at 450nm, reference filter 655nm, using a Benchmark 

microplate reader. 

2.3.10 Sample Testing for Degradation during Repeated Storage Cycles 

A freeze thaw cycle consisted of thawing the serum sample from -80oC in a 37oC 

water bath then aspirating 100l of serum and transferring it to a fresh Eppendorf 

tube. The rest of the serum was then frozen at -80oC for 10mins. Male pool serum 

was put through 7 freeze/thaw cycles. After each cycle a fraction of the sample was 

removed to be tested for total adiponectin concentration using the method 

previously described in (Section 2.3.9).  

2.3.11 Measurement of Adiponectin Concentration in Serum and 

Plasma 

Blood samples were collected in 4 different collection vessels, Vessel 1 = Serum 

separation via centrifugation; Vessel 2 = Plasma collection in the presence of 

heparin; Vessel 3 = plasma collection in the presence of citrate buffer; Vessel 4 = 

CPT plasma collection. All samples were run in the adiponectin total and HMW 

ELISAs by the previously described method (Section 2.3.9). Results were compared 

with each other by two tailed student t-test. 

2.3.12 Test for Quantitative Recovery of Adiponectin in Spiked Samples 

(Total and High Molecular Weight) 

Samples whose adiponectin concentrations were known were spiked with a set 

amount of standard analyte (R&D Systems adiponectin) and compared to a spiked 

control serum. The control serum used in this experiment was cat serum. All spiked 

samples were run in the adiponectin total and HMW ELISAs by the previously 

described method (Section 2.3.9). The concentration of spiked material in the 

sample was calculated by subtracting the known amount of adiponectin in the 

sample from the sample containing the spiked concentration of adiponectin. These 

results were then compared to the concentration of spiked material quantified in the 

control serum to ascertain if the assay was correctly calibrated and resistant to 

interference. 

 

 



63 
 

2.3.13 Parallelism: Performance of the Assay when Tested on Serially 

Diluted Samples under Sample Dilution 

Samples underwent a 2 fold dilution series. At each dilution the total adiponectin 

concentration was quantified by the previously described method (Section 2.3.9). 

Dilution factors were removed after quantification by multiplication of results by 

dilution factor e.g. if diluted ½ then dilution factor is 2, therefore, concentration 

multiplied by a factor of 2 to give starting concentration in sample. Pearsons‟ 

correlation and linear regression was conducted to ascertain whether the slope of 

each dilution series was significantly different from zero. 

2.3.14 Specificity of Capture/Detection Antibodies for Adiponectin 

A standard curve for the detection of adiponectin using the previously described 

method was constructed (Section 2.3.9). The standard curve generated was 

compared against assay runs where either the capture or detection antibodies had 

been replaced with antibodies of the same class but with specificity for another 

analyte. The capture antibody 399R was replaced with the antibody 46A/F (Ludlow 

et al., 2008), known to recognise inhibin/activin B and the detection antibody 32F8 

was replaced with F2B/12H, known to recognise anti- mϋllerian hormone (AMH) (Al-

Qahtani et al., 2005). 

2.3.15 Inter-Plate Assay Precision 

Results for the concentration of total and HMW adiponectin in a male pool control 

serum over the first 11 experimental plates were recorded. The inter-plate 

coefficient of variance (C.V) represents the level of imprecision between assay runs 

and was calculated from the results (Figure 2.26). The higher the C.V calculated, 

the higher the level of imprecision in the assay. For an assay to be identified to give 

consistent and precise results a C.V of 10% or less is needed. 

2.3.16 Intra-Plate Assay Precision 

Within each plate run there are 4 control measurements, two controls for total 

adiponectin and 2 controls for HMW adiponectin. One control lies at the beginning 

of a sample run and one at the end, from these control measurements intra-plate 

C.V was calculated to detect any imprecision within assay measurements. This was 

done as an average of the all 11 intra-plate C.Vs. 
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2.3.17 Calculation of Acceptable Control Ranges in Total and High 

Molecular Weight Adiponectin Assay Formats 

From the 11 plate runs conducted in the first experimental adiponectin plates a 

range was calculated for the acceptance of the adiponectin controls used in an 

assay run. This range was set up as two standard deviations either side of the 

mean; this would encompass 95% of all results assuming all data is normally 

distributed.  

2.3.18 Sensitivity: Lower Limit of Detection of Adiponectin 

Concentration in Total and High Molecular Weight Adiponectin Assay 

Formats 

The adiponectin ELISA standard curve (in triplicate) and 16 samples of standard 7 

were run in the total adiponectin ELISA developed in this project according to the 

method previously described (Section 2.3.9). From the results the standard curve 

was plotted as an average of the 3 curves assayed. This allowed the average 

concentration of the 16 adiponectin standard 7‟s to be calculated (B0) along with 

their standard deviation (SDB0). Using this data the lower limit of detection (LLD) 

was calculated by the following formula: 

LLD = B0 – (3xSDB0) 

2.3.19 Comparison of Commercial Enzyme Linked Immunosorbent 

Assays/Radio Immunosorbent Assay and Fast Protein Liquid 

Chromatography with the Assays Developed in this PhD 

Currently there are a number of different techniques used to measure adiponectin 

that are available commercially (Appendix 1). Further assay validation was 

conducted by comparing these techniques with the assays developed in this PhD. 

This was carried out by running samples in more than one measurement method 

and calculating the Pearson‟s correlation coefficient between both methods. 

Although two assays/techniques may correlation it is difficult to see the difference in 

values obtained between each assay/technique by this representation. Therefore, 

for each comparison Bland-Altman plots were constructed to visualise a difference 

in results obtained in the Brookes ELISAs and other assays/techniques. Samples 

were run in the assays developed during the PhD by the previously described 

method (Section 2.3.9). All commercial assays were run according to 
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manufacturers‟ methods (Appendix 2). Gel filtration chromatography was conducted 

according to Schraw et al. (2008). 

2.4 Subjects and Methods for Clinical Study 1: Evaluation of 

Adiponectin as a Routine Marker for Cardiovascular Disease. 

2.4.1 Subjects 

Patients were attendees of the cardiovascular prevention clinic at the Royal 

Liverpool University Hospital that were separated into primary and secondary stage 

prevention groups based on OVD status. Primary stage prevention group patients 

were defined as having no OVD and secondary stage prevention group patients 

were defined as having OVD by previous myocardial infarction, angina, angioplasty, 

coronary artery bypass grafting (CABG), cerebrovascular accident (CVA) or 

peripheral vascular disease (PVD). All study participants were British 

Caucasian/white. Patients with diabetes mellitus were also grouped with the 

secondary stage prevention group as it was considered to be a coronary heart 

disease equivalent. As this was an investigation into current clinic attendees a 

majority were taking prescribed medications/treatments in both primary and 

secondary stage prevention groups. To reduce the possibility of artefacts in the 

results medications that were used by less than 10% of the study population (Limit > 

16; Total population = 159) were ignored in statistical analysis even if a statistically 

significant effect was observed during stepwise regression analysis. 

2.4.2 Anthropometric and Biochemical Evaluation 

All measurements conducted were carried out as routine management for patients 

attending the cardiovascular prevention clinic at the Royal Liverpool University 

Hospital. Body mass index was calculated as weight (kg)/[height (meters)]2 and 

blood pressure was measured by mercury sphygmomanometer. Biochemical tests 

for TG (within batch CV = 1.5%, between batch CV = 1.8%; reference range fasting 

<2.3mmol/l), high density lipoprotein cholesterol (HDLC) (within batch CV = 0.9%, 

between batch CV = 1.85%; reference range >1mmol/l), total cholesterol (within 

batch CV = 0.8%, between batch CV = 1.7%; reference range <5mmol/l), alanine 

aminotransferase (within batch CV = 1.6%, between batch CV = 4.4%; reference 

range <35iu/l) and gamma glutamyl transferase (within batch CV = 1.5%, between 

batch CV = 1.4%; reference range, male <50iu/l, female <35iu/l) were analysed on 

the Roche modular system D (Roche Diagnostics Ltd, Burgess Hill, UK) and 
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creatine kinase levels (within batch CV = 0.6%, between batch CV = 1.4%; 

reference range, male = 33-194iu/l, female = 35-143iu/l) were analysed on Roche 

modular system P (Roche, Burgess Hill, UK). Low density lipoprotein cholesterol 

(LDLC) was calculated using Friedewalds formula (total cholesterol – HDLC– (total 

TG levels / 2.2) (Friedewald et al., 1972). 

Serum levels of adiponectin (total and HMW) were not measured as routine practice 

but at Oxford Brookes University with the immunoassay developed in the early 

stage of the PhD project (Chapter 2). Intra-assay CV was 8% and inter-assay CV 

was 10%. The assay has also been shown to correlate highly with other 

commercially available assays for adiponectin (B-Bridge total adiponectin r=0.97 

and Alpco Diagnostics total adiponectin r=0.98 and HMW adiponectin r=0.98; see 

Chapter 3). 

2.4.3 Statistical Analysis 

All analytes measured were skewed and underwent logarithmic transformation prior 

to statistical analysis, then all variables were shown to be normally distributed by 

Kolmogorov-Smirnov testing; a p-value <0.05 was considered a significant 

difference from normal. For descriptive purposes, mean values are presented in 

untransformed values and expressed as geometric mean (SEM range); data that 

had not been transformed for analysis is expressed as mean ±SEM. Analysis of 

covariance was used for between group comparisons of data to adjust for age, a P-

value<0.05 was considered significant. Post hoc analysis was conducted by testing 

for homogeneity of the regression lines for each data set obtained for primary and 

secondary prevention groups. Stepwise linear regression models were generated to 

investigate which medications/treatments were affecting adiponectin levels in the 

total population so that they could be adjusted for by an analysis of covariance 

when examining the variation in adiponectin levels between primary and secondary 

OVD prevention groups. Any medications/treatments under prescription to less than 

10 percent of the total study population were ignored when adjusting adiponectin 

levels between group comparisons. Pearson‟s correlation coefficient was calculated 

to examine the relation of adiponectin concentrations (total and HMW) and 

percentage of size forms (low/middle molecular weight and HMW) with 

anthropometric and biochemical factors in the primary and secondary OVD 

prevention groups. All statistical analyses were conducted in SPSS (version 16.0 for 

Windows; SPSS Inc., Chicago, IL) 



67 
 

2.5 Subjects and Methods for Clinical Study 2: The Detection 

of Adiponectin Multimers in Lymph.  

2.5.1 Subjects 

Plasma and lymph samples were provided by the Oxford Centre for Diabetes, 

Endocrinology and Metabolism from 12 healthy, non obese, non diabetic British 

Caucasian/white males. Lymph from the lower leg, thought to represent drainage 

from subcutaneous adipose tissue, was collected by cannulation of local lymph 

vessels in the an area above the ankle over the anteromedial aspect of the tibia 

(Nanjee et al., 2000). Throughout the collections the subjects were ambulant, and 

were encouraged to walk every 10–15 min to ensure an adequate flow of lymph 

(Nanjee et al., 2000). Blood samples were drawn from an antecubital vein into 

Na2EDTA (final concentration, 1 mg/mL) during the collection of lymph (Nanjee et 

al., 2000). 

2.5.2 Biochemical Evaluation 

Serum levels of adiponectin (total and HMW) were measured with the immunoassay 

developed in the early stage of the PhD project (see Chapter 2). Intra-assay CV was 

8% and inter-assay CV was 10%. The assay has also been shown to correlate 

highly with other commercially available assays for adiponectin (B-Bridge total 

adiponectin r=0.97 and Alpco Diagnostics total adiponectin r=0.98 and HMW 

adiponectin r=0.98; see Chapter 3). Plasma and lymph levels of IL-1beta, IL-6, IL-8, 

Insulin, Leptin, MCP-1 and TNF-alpha were measured by profiling services 

(cytokine profilerTM, Millipore; Dundee). Triacylglycerol (TAG), glucose, total protein 

and albumin were measured by the Oxford Centre for Diabetes, Endocrinology and 

Metabolism using an ILab 650 clinical chemistry analyser. Two levels of controls 

were used in the analysis. Total protein was measured using colourimetric modified 

biuret assay (inter assay CV 1=1.2%, CV 2=1.1%; Intra assay CV=0.5%). Albumin 

was measured using a colourimetric bromocresol green assay (inter assay CV 

1=1.8%, CV 2=1.1%; Intra assay CV=0.4%). Glucose was measured by an 

enzymatic colourimetric assay (inter assay CV 1=2.3%, CV 2=1.6%; Intra assay 

CV=0.5%). Triacylglycerol was measured by an enzymatic colourimetric assay (inter 

assay CV 1=1.9%, CV 2=1.6%; Intra assay CV=1.6%). Free glycerol was measured 

by an enzymatic colourimetric assay (Randox, Crumlin, Northern Ireland) (inter 

assay CV 1=4.0%, CV 2=4.0%; Intra assay CV=0.9%). Non-esterified fatty acids 
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(NEFA) were measured by an enzymatic colourimetric assay (Wako, Hampshire, 

UK) (inter assay CV 1=2.5%, CV 2=2.0%; Intra assay CV=0.73%). 

2.5.3 Statistical Analysis 

Concentration distributions of all analytes measured were skewed and underwent 

logarithmic transformation prior to statistical analysis, then all variables were shown 

to be normally distributed by Kolmogorov-Smirnov testing; a p-value <0.05 was 

considered a significant difference from normal. Paired T-tests were conducted for 

the determination of plasma/lymph sample variations; a p-value<0.05 was 

considered a significant difference in analyte levels between plasma and lymph 

samples. Pearson‟s correlation coefficient was calculated to examine the relation of 

adiponectin concentrations (total and HMW and percentage of HMW) with 

biochemical factors in the plasma and lymph samples; a p-value<0.05 was 

considered a significant correlation. All statistical analyses were conducted in SPSS 

(version 16.0 for Windows; SPSS Inc., Chicago, IL) 

2.6 Subjects and Methods for Clinical Study 3: Evaluation of 

Adiponectin as a Routine Marker for Polycystic Ovary 

Syndrome. 

2.6.1 Subjects 

PCOS patients were attendees of the PCOS clinics at the Churchill and John 

Radcliffe Hospitals Oxford. All PCOS patients matched the diagnosis of PCOS 

based upon Rotterdam diagnosis criteria and all cases had polycystic ovary (PCO) 

morphology on MRI scan (The Rotterdam ESHRE/ASRM-sponsored PCOS 

consensus workshop group, 2004). Controls were regularly cycling healthy women 

who were recruited from the OBB that had been previously recruited from the UK 

National Health Service population register. None of the control women met any of 

the Rotterdam diagnosis criteria for PCOS and did not exhibit any PCO morphology 

on MRI scan (The Rotterdam ESHRE/ASRM-sponsored PCOS consensus 

workshop group, 2004). All study participants were British Caucasian/white. None of 

the subjects were taking any confounding medications (including hormonal 

preparations) within three months of the study. A fraction of the PCOS study 

population had stopped taking metformin one week prior to blood tests and MRI 

scans. Metformin improves insulin sensitivity, aids in weight reduction, may help 

improve hirsutism and helps to normalise menstrual cycle in PCOS sufferers 
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(bnf.org, 2007). It is the only available biguanide and exerts its effect mainly by 

decreasing gluconeogenesis and increasing peripheral utilisation of glucose. Its 

mode of action only takes place in the presence of insulin, so some residual 

functioning pancreatic islets cells are required for its use (bnf.org, 2007). Metformin 

has previously been shown not to affect adiponectin levels (Spranger et al., 2003) 

and in this study the comparison of the metformin sub-group with the rest of the 

PCOS study group saw no statistically significant difference for total (p=0.36), HMW 

(p=0.34) and percentage HMW adiponectin levels (p=0.40) (results not shown). 

Consequently metformin use was not adjusted for in the study. All individuals that 

formed this study were pre-menopausal, post-menarchal, non-diabetic and non-

pregnant.  

2.6.2 Anthropometric and Biochemical Evaluation 

Blood samples were taken at 9am following an overnight fast and MRI scans were 

performed within two weeks of the blood samples being taken. Serum levels of 

adiponectin (total and HMW) were measured at Oxford Brookes University with the 

immunoassay developed in the early stage of the project (Chapter 2). Intra-assay 

CV was 8% and inter-assay CV was 10%. The assay has also been shown to 

correlate highly with other commercially available assays for adiponectin (B-Bridge 

total adiponectin r=0.97 and Alpco Diagnostics total adiponectin r=0.98 and HMW 

adiponectin r=0.98; Chapter 3). Serum RBP4 levels were measured using an 

automated immunonephelometric assay performed on a Dade Behring 

Nephelometer II (intra-assay CV = 2.2%). Serum insulin and glucose were analysed 

with automated immunometric and hexokinase assays (intra-assay CV <6%). NEFA 

was measured using an enzymatic colorimetric method (NEFA C kit from Wako 

Chemicals, Eastleigh, Hampshire). Homeostasis Model Assessment of insulin 

resistance (HOMA2 IR) values were calculated using the Oxford Diabetes Trials 

Unit calculator (Diabetes Trial Unit OCDEM, 2008) (Matthews et al., 1985; Levy et 

al., 1998; Wallace et al., 2004). Serum testosterone levels were analysed using 

direct (competitive) chemiluminescent assay (CV<7%). Total cholesterol and TG 

measurement was performed on an ADVIA 2400 analyser (CV<1%). HDLC was 

also performed on an ADVIA 2400 analyser (CV<3%). LDLC was calculated using 

Friedewalds formula (total cholesterol – HDLC – (total TG levels / 2.2) (Friedewald 

et al., 1972). Axial T1-weighed spin echo MRI images of specific fat depots were 

obtained using a Signa 1.5 Tesla Twin Speed super conducting MRI system (GE 

Medical Systems, Milwaukee Ill). From these images, cross sectional area 
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measurements of specific fat depots were taken at anatomically pre-defined levels, 

including the mid-4th lumbar vertebra (L4 visceral and abdominal subcutaneous fat 

depot measurements). 

2.6.3 Statistical Analysis 

All analytes underwent Kolmogorov-Smirnov testing to show normal distribution to 

allow for parametric testing to be conducted. Consequently logarithmic 

transformation of testosterone, TG, total adiponectin, HMW adiponectin, HOMA2 IR, 

fasting NEFA and LDLC was conducted prior to statistical analysis. After the 

transformation all variables were shown to be normally distributed by Kolmogorov-

Smirnov testing; a p-value <0.05 was considered a significant difference from 

normal. For descriptive purposes, mean values are presented in untransformed 

values and expressed as geometric mean (SEM range); data that had not been 

transformed for analysis is expressed as mean ±SEM. Analysis of covariance was 

used for between group comparisons of data to adjust for age and BMI, a p-value 

<0.05 was considered significant. Pearson‟s correlation coefficient was calculated to 

examine the relation of adiponectin concentrations (total and HMW) and percentage 

HMW with anthropometric and biochemical factors in the PCOS and control groups. 

Also, Pearson‟s correlation coefficient was calculated to examine the relationship of 

HOMA2 IR with anthropometric and biochemical factors in the PCOS and control 

groups. All statistical analyses were conducted in SPSS (version 16.0 for Windows; 

SPSS Inc., Chicago, IL) 



71 
 

Chapter 3: Production of Monoclonal 

Antibodies and the Development of a 

Sensitive Two site Immunoassay for 

Human Adiponectin (Total and High 

Molecular Weight). 

Aims: 

1. To produce highly specific monoclonal antibodies that recognise adiponectin 

 

2. To use the antibodies produced to develop, optimise and validate sensitive 

and specific 2 site assays that measure total and HMW adiponectin. 
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3.1 Introduction 

Monoclonal antibody production was first conducted in 1975 by Kohler and Milstein 

(Kohler & Milstein, 1975). It allows for the generation of an antibody of single 

specificity from an immortalised cell line and is made up of several stages (Nelson 

et al., 2000).  

3.1.1 Stage 1: Immunisation 

B-cells that produce antibodies that recognise an analyte of interest are selected by 

inducing a primary immune response against the analyte after injection into a host 

e.g. a mouse. At this stage the analyte is termed the antigen and once inside the 

host it provokes a primary immune response. Inactive B-cells express antibody on 

their surface, some of the B-cells in the host will be expressing antibodies on their 

surface that recognise epitopes on the antigen and bind it, a process termed clonal 

selection (Lydyard et al., 2000; Wood, 2001). At this stage the B-cells that have 

bound to the antigen through the antibodies expressed on their cell surface are 

activated to undergo a period of extensive cell division, a process termed clonal 

expansion (Lydyard et al., 2000; Wood, 2001).  

During the clonal expansion of the activated B-cells some undergo differentiation 

into plasma cells, a type of B-cell that as well as expressing the antibody on their 

surface they also secrete antibody into the surrounding fluid (Wood, 2001). These 

antibody secreting B-cells are the cells used in monoclonal antibody production; 

however, the class of antibody that is being produced by the B-cell is important to 

the later use in ELISA development. There are five classes of antibody, IgA, IgD, 

IgE, IgG and IgM, all with different roles in the body (Lydyard et al., 2000; Wood, 

2001) (Figure 3.1). In the primary immune response the antibody secreting B-cells 

mostly secrete class M whose pentameric structure make it ideal in dealing with 

new antigenic epitopes (Wood, 2001). The reason for this is that the affinity of the 

antibodies produced in the primary response might not be optimum for their 

antigenic epitope, but, as they are made up of five antibody subunits they have 

improved avidity and can stay bound.  
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Figure 3.1: Antibody structure. 

Basic antibody structure is made up of 2 light chains (depicted as blue) and 2 heavy chains 
(Depicted as red). The heavy chain denotes which class an antibody belongs. There are 5 
antibody classes, IgM (pentameric structure), IgA (dimeric structure), IgG, IgD and IGE 
(monomeric structure). 

 

During the immune response other cells in the immune system and cytokines, 

chemical signals released from cells, induce a genetic change in the antibody 

secreting B-cell that causes a process termed class switching (Lydyard et al., 2000). 

This process causes some of the antibody secreting B-cells to produce a different 

class of antibody e.g. IgM to IgG (Lydyard et al., 2000; Wood, 2001). The new class 

of antibody retains the affinity for the antigen as the previously produced antibodies 

but is a structurally different molecule (Figure 3.1).  

During the immunisation stage further injections (boosts) of the antigen are 

administered to the host. This is to invoke further responses in the host to the 

antigen and select for and increase the level of B-cells that produce the antibodies 

of highest affinity to the antigen. The selection and increase of the B-cell lines that 

produce the antibodies of highest affinity to the antigen occurs through a process 

termed affinity maturation (Lydyard et al., 2000; Wood, 2001). As B-cell numbers 

increase during an immune response the level of antigen present becomes limiting 

causing competition to occur between the B-cells for the remaining antigen (Lydyard 

et al., 2000). Consequently, the B-cells expressing the higher affinity antibodies 

successfully out compete others with lower affinity for the antigen and are able to 
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clonally expand contributing a higher proportion of antibody to the pool (Lydyard et 

al., 2000; Wood, 2001). Therefore, after a series of boosts the B-cells present in the 

host will be producing antibodies of greater affinity of the class needed for 

downstream process e.g. ELISA development. 

The process of B-cell stimulation to some antigens can be difficult as sometimes the 

antigens being used are too small to elicit a strong immune response or they are the 

same or similar to molecules found in the host and are considered to be self 

(Lydyard et al., 2000; Gosling, 2005). In these circumstances conjugation to a 

carrier protein e.g. tuberculin, and injection with an adjuvant increases the antigen 

immunogenicity heightening the immune response in the host (Gosling, 2005). 

An adjuvant is a non-specific stimulator of the immune response and is essential to 

induce a strong antibody response to soluble antigens (Harlow & Lane, 1988). An 

adjuvant incorporates two important factors. The first is that it is designed to form a 

deposit protecting the antigen from rapid catabolism e.g. the oils that make up an 

adjuvant. The second is the ability of the adjuvant to stimulate the immune response 

e.g. the presence of Mycobacterium tuberculosis in the adjuvant. Freunds adjuvant 

is a commonly used adjuvant and is a water in oil emulsion prepared with non-

metabolisable oils. If the mixture contains killed M. tuberculosis it is referred to as 

Freunds‟ complete adjuvant (FCA) and without the bacteria it is known as Freunds‟ 

incomplete adjuvant (FIA). 

3.1.2 Stage 2: Screening 

The presence of an antibody in a solution e.g. tail bleeds, that recognises an analyte 

of interest can be screened for by ELISA (Harlow & Lane, 1988; Hudson & Hay, 

1989; Lydyard et al., 2000; Gosling, 2005). The sample that is hypothesised to 

contain antibodies of interest is incubated in a plate well coated with a 

peptide/protein of interest. If any antibodies have specificity for the peptide they bind 

and remain bound after the plate has been washed (Harlow & Lane, 1988; Hudson 

& Hay, 1989; Lydyard et al., 2000). A secondary antibody/enzyme conjugated 

solution that is known to have affinity for the type of antibodies that are being 

screened is added to the well e.g. anti-mouse IgG for mouse antibody production. 

The enzyme conjugate attached to the secondary antibody cleaves a substrate on 

administration of the substrate to the well (Gosling, 2005). Cleavage of the substrate 

gives a colour change in the well that can be measured with a spectrophotometer. 
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The absorbance value reflects the presence of antibody in the screened samples 

bound to the peptide/protein of interest (Figure 3.2). 

 

A B 

C D 

Adiponectin

Sample antibody

Secondary antibody

Enzyme conjugate
 

Figure 3.2 An antibody capture assay. 

Solution containing antibody suspected to recognise screening material added to well [A]. 
Antibody recognises epitope on screening material [B]. Secondary antibody specific for 
antibody being screened administered to well [C]. Secondary antibody binds and cleaves 
substrate on administration resulting in colour change [D]. 
 

When this process is used to screen tail bleeds from immunised animals any 

positive results highlight the host as producing antibodies that recognise the analyte 

of interest. B-cells that produce antibodies congregate in the spleen of the mouse 

which is removed after mouse termination ready for the next stage of monoclonal 

antibody production. 

3.1.3 Stage 3: Fusion 

At this stage the B-cells are a mixture that collectively produces a range of 

antibodies which recognise epitopes at different regions on the analyte of interest 

and on other markers that are not of interest. To produce cell lines that are 

monoclonal and consequently produce monoclonal antibodies involves high dilution 

of the mixture of antibody producing B-cells into a thick medium that allows colony 

formation from a single cell distant from other colonies (Harlow & Lane, 1988; 

Gosling, 2005). Clear separation of colonies formed from high dilution allows 
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monoclonal cell lines to be harvested and grown separately. However, this cannot 

be conducted with the B-cells harvested from the mouse spleen as they fail to grow 

into colonies of cells and die. Consequently, generation of monoclonal cell lines 

involves a process termed fusion; this is where an immortal myeloma cell (SP2/0 

cell) is fused with B cells secreting antibodies of interest (Harlow & Lane, 1988; 

Lydyard et al., 2000; Gosling, 2005). The fused cells are called hybridomas, they 

are able to produce antibodies in the same way as the B cells but have the growth 

capabilities of the myeloma cells (Lydyard et al., 2000; Nelson et al., 2000). The 

hybridomas are able to grow sufficiently after high dilution in methylcellulose. 

However, after the fusion all hybridomas and unfused splenocytes/myeloma cells 

are alive in a mixture, therefore, it is essential to select for the fused hybrid cells 

over the unfused spleen/myeloma cells (Lydyard et al., 2000).  

There are two pathways a cell can use for biosynthesis; de-novo synthesis and the 

salvage pathway. The salvage pathway in a cell relies upon the enzyme 

hypoxanthine guanine phosphoribosyltransferase (HGPRT). Myeloma cell lines 

have been genetically engineered so that they cannot use their salvage pathway 

and are therefore reliant on de-novo synthesis (Nelson et al., 2000), whereas the 

splenocytes are able to use both pathways. When aminopterin, a de-novo synthesis 

pathway blocker, is included in the growth medium termed HATDD any unfused 

myeloma cells die (Nelson et al., 2000). Eventually the splenocytes will die, not 

because their de-novo synthesis pathway is blocked, as they can rely on their 

salvage pathway, but because they do not possess the growth capabilities of the 

myeloma cells. This leaves hybridoma cells that survive because it acquires the 

salvage pathway from the splenocyte and the growth capabilities of the myeloma 

cell.  

Once the hybridoma cell lines have grown as colonies at high dilution they are 

harvested, grown separately and their supernatants are screened for the presence 

of antibodies that recognise the analyte of interest. The monoclonal hybridoma cell 

lines that are expressing antibodies that produce the strongest result to the analyte 

of interest at the screening stage are grown to full confluence8 and exhaustion of all 

sources of nutrition in the growth media. At this point the majority of the cells should 

have undergone apoptosis and the exhausted media is harvested and taken forward 

to the next stage as it contains the secreted antibodies. During this growth stages 

                                                

8 Before this stage some backup ampoules of each cell line are stored for later use. 
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some backup ampoules of each cell line are stored frozen in liquid nitrogen for later 

use. 

 

 
Figure 3.3: Mouse monoclonal antibody production. 

[Phase 1] Primary and secondary immunisation causes primary immune response that is 
screened for by tail bleeds. Positive results lead to hyper stimulation and splenectomy. 
[Phase 2] Fusion of splenocytes and myeloma cells is conducted generating hybridoma cell 
lines. Hybridoma monoclonal colonies are picked and plated separately in culture dishes and 
screened for the production of antibodies that recognise antigen of interest. Positive 
hybridoma lines are scaled up and antibody is harvested for downstream processing. 
 

3.1.4 Stage 4: Purification 

At the beginning of this stage the antibodies which have been produced are mixed 

in the cell culture media with many other proteins, waste products and cell debris 

and therefore need to be separated. Protein G is a 30,000 – 35,000 Dalton protein 

that is isolated from the cell wall of β-haemolytic streptococci and has affinity for IgG 

antibodies; for this reason it is used for the purification of IgG antibodies from 

culture medium (Gosling, 2005). Purification takes place on a protein G affinity 

chromatography column that the media is run down allowing the IgG antibodies to 

bind non-covalently to the protein G. After a wash of the column to remove any 

unwanted contaminants the IgG antibody can be eluted, undamaged, from the 

column by lowering the pH or by increasing the ionic strength of the eluting buffer. 

At this stage the antibody is collected and can be used in later downstream 

processes. 
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3.1.5 ELISA Development and Validation 

The purpose of producing monoclonal antibodies in the early stages of this PhD was 

to generate ELISAs that could be used for the quantification of adiponectin in 

human serum. The generation of such assays relies on two monoclonal antibodies 

to form a sandwich around the analyte of interest. The sandwich can be constructed 

from the same or two different monoclonal antibodies that recognise the analyte of 

interest. Once a suitable pairing has been recognised the ELISA must undergo a 

number of optimisation and validation experiments to ensure that it is accurate in 

the quantification of the desired analyte (Gosling, 2005). 

Optimisation experiments 

Antibody pairing – More than two monoclonal antibodies will often be produced in 

the antibody production stages, consequently this is carried out to ensure the 

monoclonal antibodies used can form a sandwich with the analyte of interest and 

that the superior antibodies are taken forward to the final assay format. 

Buffer optimisation – Throughout an ELISA procedure many different buffers can be 

used e.g. sample dilution. Therefore, all buffers are tested in the ELISA with a 

control sample to ensure that any buffers used during assay procedure are not 

interfering with the generated results. 

Sample type – Samples used in the medical field can vary e.g. blood plasma or 

serum. Therefore, a range of different samples are tested to ensure accurate 

quantification of the analyte of interest. 

Sample storage – Samples are tested in different storage conditions e.g. 

refrigerated or frozen, to ensure no interference in the quantification of the analyte 

of interest. Samples are also tested before and after storage conditions. 

Validation experiments 

Recovery – This ensures that the assay is correctly calibrated and is resistant to 

interference. 

Parallelism – Samples can be diluted before addition to the assay plate to assure 

that analyte measurements fall in a linear phase of the standard curve. This 

validates that the assay quantifies the correct concentration of analyte independent 

of volume. 
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Specificity – This ensures that the quantification of the analyte of interest is due to 

the specificity of the antibodies used to construct the assay for the analyte and not 

for some other unknown factor e.g. non-specific binding. 

Inter and intra assay plate precision – This assesses the capability of the assay to 

obtain the same results within and between experimental runs. 

Sensitivity – Within experiments background noise can give false results. In an 

ELISA this noise is determined as the lower limit of detection or the sensitivity of the 

assay as this is the lowest concentration that the analyte can be quantified in a 

sample. 

3.2 Results: Production of Antibodies that Recognise Total 

Adiponectin (Trimer, Hexamer and High Molecular Weight). 

In order to produce a range of antibodies that recognised total adiponectin various 

immunogens were produced. 

3.2.1 Immunogen: Total Adiponectin 

The total adiponectin immunogen used was a commercial recombinant mixture 

(Biovendor, Heidelberg, Germany) of all the adiponectin size forms and was 

produced in human embryonic kidney 293 cells (HEK293).  

3.2.2 Immunogen: Adiponectin Peptides 1,2,3,4, 5 and 6 

Six peptide immunogens ranging from 11 to 16 amino acids in length were selected 

for immunisation via a hydrophobicity plot of the adiponectin amino acid sequence 

(Bowen, 1998). Depicted below are the positions of the adiponectin peptides in the 

adiponectin protein sequence (Swiss Prot Group [Expasy], 2008).  

^^ denotes 10 amino acids, Peptide 1, Peptide 2, Peptide 3, Peptide 4, Peptide 5, 

Peptide 6 

MLLLGAVLLL^^LALPGHDQET^^TTQGPGVLLP^^LPKGACTGWM^^AGIPGHPGH

N^^GAPGRDGRDG^^TPGEKGEKGD^^PGLIGPKGDI^^GETGVPGAEG^^PRGFPG

IQGR^^KGEPGEGAYV^^YRSAFSVGLE^^TYVTIPNMPI^^RFTKIFYNQQ^^NHYDG

STGKF^^HCNIPGLYYF^^AYHITVYMKD^^VKVSLFKKDK^^AMLFTYDQYQ^^ENNV
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DQASGS^^VLLHLEVGDQ^^VWLQVYGEGE^^RNGLYADNDN^^DSTFTGFLLY^^H

DTN 

Copy of adiponectin from amino acid 181 – 244 so that peptide 3 could be shown. 

AMLFTYDQYQ^^ENNVDQASGS^^VLLHLEVGDQ^^VWLQVYGEGE^^RNGLYADN

DN^^DSTFTGFLLY^^HDTN 

Copy of adiponectin amino acid sequence 181 – 244 so that peptide 6 could be 

shown. 

AMLFTYDQYQ^^ENNVDQASGS^^VLLHLEVGDQ^^VWLQVYGEGE^^RNGLYADN

DN^^DSTFTGFLLY^^HDTN 

3.2.3 Tail Bleed Screen of Mice Immunised with Total Adiponectin 

Immunogen. 

Following immunisation of mice using the adiponectin immunogen tail bleed screens 

were used to select animals that had strong responses to adiponectin (Figure 3.4). 

All animals had strong results and the two animals presenting the strongest results 

were chosen (black boxed results in Figure 3.4), boosted and then had their spleens 

harvested. 

 
Figure 3.4: Titration of tail bleeds from mice immunised with adiponectin multimer 

mixture. 

Screening for antibodies that recognise recombinant human adiponectin [blue colouration] 
so best responding mice could be selected for hyper stimulation and spleen harvesting 
[black boxed result].  
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3.2.4 Tail Bleed Screen of Mice Immunised with Synthetic Adiponectin 

Peptides 1, 2, 3, 4, 5 and 6 

As with the immunisation of the mice with the total adiponectin immunogen, tail 

bleed screens were conducted following immunisation of mice using the adiponectin 

peptide immunogens 1, 2, 3, 4, 5 and 6 to select animals that had strong responses 

to adiponectin (Figure 3.4) 

The screening results for the mouse serum of animals immunised with the 

adiponectin peptides are summarised as follows: 

Adiponectin peptide immunogens 1, 2, 4, 5 and 6 were ineffective at producing 

antibodies that are reactive with the recombinant R&D Systems adiponectin (Figure 

3.5).  

In the ELISA tail bleed screen two animals immunised with synthetic adiponectin 

peptide 4 produced strong results (Figure 3.5), consequently the two animals were 

boosted and their spleens were harvested. 

Adiponectin peptide 3 screening results were very successful, for this reason tail 

bleeds were screened on a greater number of screening materials. These consisted 

of R&D systems recombinant adiponectin containing all size forms, acid treated 

R&D systems recombinant adiponectin, Peprotech recombinant globular head 

adiponectin and acid treated Peprotech globular head adiponectin (Figure 3.6). All 

animals produced strong results against all coating materials (Figure 3.6). All tail 

bleeds screened positive on all screening materials. 
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Figure 3.5: Titration of tail bleeds from mice immunised with adiponectin 1,2,4,5 and 

6. 

Screening for antibodies that recognise recombinant human adiponectin [blue colouration] 
so best responding mice could be selected for hyper stimulation and spleen harvesting 
[black boxed result]. 

 
Figure 3.6: Titration of tail bleeds from mice immunised with adiponectin peptide 3.  

Screening for antibodies that recognise recombinant human/globular head adiponectin 
under different treatment conditions [yellow colouration] so best responding mice could be 
selected for hyper stimulation and spleen harvesting. 
 

 

P
la

te
 A

P
la

te
 B

Negative control

Positive control

1/2 1/20 1/200 1/2 1/20 1/200Dilution

Negative control

Positive control

Peptide 1 immunisation

Peptide 2 immunisation

Peptide 4 immunisation

Peptide 5 immunisation

Peptide 6 immunisation

Positive result

Mouse selected for 

hyper-stimulation

P
la

te
 C

P
la

te
 D Negative control 

Mouse 5 

Mouse 4

Mouse 3

Mouse 2

Mouse 1 

1/2 1/20 1/200 1/2 1/20 1/200Dilution

Plate Coat A

Plate Coat B

Plate Coat D

Plate Coat C

Plate Coat A

Plate Coat B

Plate Coat D

Plate Coat C

Plate Coat A

Plate Coat B

Plate Coat D

Plate Coat C

Plate Coat A = R&D Systems recombinant 

adiponectin

Plate Coat B = Denatured R&D Systems 

adiponectin

Plate Coat D = Denatured Peprotech

globular adiponectin

Plate Coat C = Peprotech globular 

adiponectin



83 
 

3.2.5 Screening of Hybridoma Supernatants from the Fusion of the 

Total Adiponectin Immunised Mice Spleens. 

A fusion for monoclonal antibody production was carried out on one of the spleen 

aliquots from the mice immunised with the total adiponectin immunogen. From the 

fusion 960 clones were picked from methyl cellulose. The picked clones were left to 

colonise the wells they were picked into for two days. A screen by ELISA was then 

conducted against recombinant R&D systems adiponectin.  

Photographs of the ELISA plates for the screen of the adiponectin spleen fusion 

depict that there were over five hundred positive clones (Figure 3.7). This was 

greater than 50% of the number of clones picked. 

10987

65

4321

 
Figure 3.7: Supernatant screen of hybridomas generated from adiponectin multimer 

mixture immunogen splenocyte fusion. 

Determination of which clones secrete antibodies that recognise adiponectin [blue 
colouration]. 
 

To reduce the level of bias of an antibody for specific adiponectin multimers 

treatment of adiponectin multimers with heat or lower pH can convert all multimers 

into a common structure (Section 1.8.5). Antibodies that were able to recognise 

adiponectin after such treatments were deemed crucial to the development of an 

adiponectin assay that would not have a bias for a particular size form after such a 
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treatment. Consequently, acid treatment was shown to effect some antibodies 

recognition of native recombinant adiponectin (R&D Systems) as some of the 

supernatants taken from clones that recognised native adiponectin did not 

recognise acid treated adiponectin (e.g. clone 36 supernatant, Figure 3.8). This led 

to the screening of all clone supernatants on acid treated recombinant adiponectin 

(R&D Systems) that had previously tested positive for native recombinant 

adiponectin (Figure 3.9). As a result there were a smaller number of clones 

producing antibody that could recognise adiponectin after acid treatment and that 

would be taken forward to assay development. 

Wells coated with acid treated adiponectin

Wells coated with native adiponectin

Positive result for 

clone 36 supernatant

Negative result for 

clone 36 supernatant

Wells coated with acid treated adiponectin

Wells coated with native adiponectin

Positive result for 

reference antibody

Positive result for 

reference antibody

 
Figure 3.8: Screening of hybridoma supernatants to determine which contain 

antibodies that recognise denatured R&D Systems recombinant adiponectin and 

natured R&D Systems recombinant adiponectin. 

Positive Result = yellow colouration in well. 
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Plates coated with acid treated adiponectin

= Positive result for hybridomas producing antibodies 

that recognise an epitope on denatured adiponectin

 
Figure 3.9: Supernatant screen of hybridomas to determine which secrete antibodies 

that recognise denatured R&D systems adiponectin. 

Positive result = yellow colouration in well and black circle. 
 

3.2.6 Screening of Hybridoma Supernatants from the Fusion of the 

Adiponectin Peptide 3 Immunised Mice Spleens. 

A fusion aimed to produce hybridoma cells making monoclonal antibodies that 

recognise adiponectin was carried out using one of the spleen aliquots from the 

adiponectin peptide 3 immunised mice. A great number of clones were generated 

from the fusion and 768 were picked from ClonaCell HY into serum free medium. A 

screen by ELISA was conducted against native and acid treated recombinant 

human adiponectin (R&D Systems). In this screen there were greater than 300 

clones that screened positive (result not shown). The top ten clones from each 

screening plate (80 clones in total) were grown up for storage and supernatant 

titration. 

3.2.7 Titration of Top Responding Clones from Total adiponectin 

Immunogen and Adiponectin Peptide 3 Immunogen Hybridoma 

Supernatants. 

Three groups of top responding antibodies were screened via titration on acid 

treated recombinant adiponectin coated plates to select which clones from each 

group were to be taken forward to antibody pairing studies and assay development. 

The first group were antibodies produced from the fusion of the spleens of animals 

immunised with the total adiponectin immunogen that recognised a region in the tail 

of adiponectin. The second group were antibodies that were also produced from the 

fusion of the spleens of animals immunised with the total adiponectin immunogen 

but recognised a region in the globular head of adiponectin. The third group were 
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antibodies that were produced from the fusion of spleens of animals immunised with 

the adiponectin peptide 3 immunogen that could only recognise the globular head 

region of adiponectin as the peptide immunogen related to this region.  

3.2.7a Titration of the Top Responding Total Adiponectin Immunogen 

Hybridoma Supernatants 

All clone supernatants that previously screened positive on acid treated 

recombinant adiponectin (R&D Systems) were screened on acid treated 

recombinant globular head adiponectin (Peprotech) to find the region of each 

antibodies epitope recognition site on the adiponectin molecule (result not shown). 

The 12 highest responding clone supernatants that recognised an epitope in the tail 

region of adiponectin were run in a titration against each other. The titration was 

conducted on acid treated recombinant human adiponectin (R&D systems) coated 

plates. 

From the results (Figure 3.10) the best five antibody producing clones from the tail 

group that recognised acid treated recombinant human adiponectin (R&D Systems) 

were:  

1. Clone 139 

2. Clone 399 

3. Clone 180 

4. Clone 286 

5. Clone 98 

All five clones were recloned thus achieving more stable cell lines that were truly 

monoclonal. 
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Figure 3.10: Titration of superior hybridoma cell line supernatants produced from 

animals immunised with adiponectin multimer mixture against recombinant 

adiponectin. 

Identification of the top 5 cell lines producing antibodies that recognise an epitope on 
adiponectin [Red numbering]. 
 

The 23 highest responding clone supernatants that recognised an epitope in the 

head region of adiponectin were run in a titration; as these supernatants occupied 

two plates, clone supernatant 6 was run on both plates for comparison. The titration 

was conducted on acid treated recombinant human adiponectin (R&D Systems) 

coated plates. 

From the results (Figure 3.11) the best five antibody producing clones from the head 

group that recognise acid treated recombinant human adiponectin (R&D Systems) 

were: 

1. Clone 356 

2. Clone 207 

3. Clone 6 

4. Clone 371 

5. Clone 390 

All five monoclonal antibodies were recloned to gain more stable cell lines that were 

truly monoclonal. 
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Figure 3.11: Titration of superior hybridoma cell line supernatants produced from 

animals immunised with adiponectin multimer mixture against denatured globular 

head region of adiponectin. 

Identification of the top 5 cell lines producing antibodies that recognise an epitope on 
adiponectin [Red numbering]. 
 

3.2.7b Titration of Top Responding Adiponectin Peptide 3 Immunogen 

Hybridoma Supernatants 

The 12 highest responding clone supernatants from the adiponectin immunogen 

peptide 3 spleen fusion were run in a titration against each other. The titration was 

conducted on acid treated recombinant human adiponectin (R&D systems) coated 

plates (results not shown). 
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From the result it was decided that the clones to be taken forward to reclone were:  

Clone 16 

Clone 32 

Clone 68 

Clone 1 

Clone 79 

Clone 80 

Clones 16 and 79 were chosen because unlike all the other clone supernatants they 

were producing stronger results at the highest dilutions in relation to other clone 

supernatants that gave stronger results at the lowest dilutions. 

3.2.8 Titration of Hybridoma Reclones 

Three of the clones picked after recloning of each of the highest responding clones 

were taken forward to further titration (results not shown). The best clone from each 

was scaled up ready for ELISA development. 

3.2.9 Isotyping of the Adiponectin Total Immunogen Reclones 

In order to construct a sandwich ELISA the antibodies developed had to be class 

IgG (Section 3.1.1). The isotype results (Figure 3.12) show that all the supernatants 

did contain antibody. However, the large majority of antibody isotypes were IgM. 

There was one IgA and four antibodies after isotyping were identified to be class 

IgG9. The IgG class antibodies were purified for use in pairing studies for the 

development of a total adiponectin ELISA. 

                                                

9 Isotyping result for clone 180 was achieved at a later stage and is not present in figure 13. 
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Figure 3.12: Isotyping results for top antibodies secreted from hybridoma cell lines 

generated from animals immunised with adiponectin multimer mixture. 

Antibody class is highlighted in blue a box. 
 

3.2.10 Isotyping of the Adiponectin Peptide 3 Immunogen Reclones 

The isotyping results showed that all the supernatants contained antibody and that 

all antibody isotypes were IgG (results not shown). 

3.3 ELISA Development, Optimisation and Validation Results 

3.3.1 Calibration of the Standards used in the Adiponectin ELISA to 

Measure Total and High Molecular Weight Adiponectin Concentration 

To gain a more accurate measurement of the concentration of adiponectin in a test 

sample the assay standard curve was also constructed from human serum so that 

the standards behaved similarly to the test samples. Consequently the 

concentration of adiponectin in the serum used to construct the standards had to be 

calculated by the method detailed in Section 2.3.3. After the experimental assay 

described in section 2.3.3 was conducted, a ratio of the results for adiponectin 

measurement obtained for the dilution series of recombinant material to the dilution 

series of human serum was calculated to be 1.33. Using the formula stated in 

section 2.3.3 with a starting concentration of the recombinant material at 20µg/ml, 

the concentration of adiponectin in the pooled male serum was calculated to be 

IgA IgG IgM

145 98 399 390 208 356 371 6 207139
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15.04µg/ml (20µg/ml divided by 1.33). Therefore the human serum standards 

concentrations were: 

Human serum standard 1 = 30µg/ml (double the volume of human serum) 

Human serum standard 2 = 15µg/ml 

Human serum standard 3 = 7.5µg/ml 

Human serum standard 4 = 3.75µg/ml 

Human serum standard 5 = 1.875µg/ml 

Human serum standard 6 = 0.9375µg/ml 

Human serum standard 7 =0.000µg/ml 

3.3.2 Adiponectin Antibody Pairing Studies 

Pairing studies were conducted to ascertain which antibodies could form an 

antibody sandwich with one another to allow the measurement of adiponectin in a 

sample. From the summary of the pairing results (Figure 3.13) it was found that the 

anti-adiponectin tail antibodies 98R, 139R, 180R and 399R were able to act as 

capture antibodies and gave a positive result when the anti-adiponectin head 

antibodies 32F8 and 80G5 were used as the secondary antibodies and vice versa. 

Also the anti-adiponectin tail antibodies 98R, 180R, 399R and the anti-adiponectin 

head antibodies 32F8 and 80G5 were able to act as capture antibodies to give a 

positive result when the anti-adiponectin tail antibody 139R was used as the 

secondary antibody and vice versa. It should be noted here that after acid treatment 

of the sample to denature adiponectin to its dimeric form (Section 1.8.5), none of the 

antibody pairings with themselves were able to give a positive result (e.g. 139R 

capture did not pair with 139R detection). Also none of the different anti-adiponectin 

head antibodies were able to pair with any other anti-adiponectin head antibodies to 

give a positive result; the same was true for the anti-adiponectin tail antibodies 

except 139R. 
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   Capture Antibody 

   Tail Head 
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s
 

  98R 139R 180R 399R 32F8 80G5 

Tail 

98R Negative Positive Negative Negative Positive Positive 

139R Positive Negative Positive Positive Positive Positive 

180R Negative Positive Negative Negative Positive Positive 

399R Negative Positive Negative Negative Positive Positive 

Head 

32F8 Positive Positive Positive Positive Negative Negative 

80G5 Positive Positive Positive Positive Not Measured 

Tail 

16C4 Negative Negative Negative Negative Negative Negative 

1E6 Negative Negative Negative Negative Negative Negative 

68B3 Negative Negative Negative Negative Negative Negative 

79C10 Negative Negative Negative Negative Negative Negative 

Figure 3.13: Summary of results for antibody pairing assays. 

Positive results are highlighted in yellow and negative results are highlighted in blue. 
 

3.3.3 Proteinase K Experiment 1: The Length of Treatment Time Needed 

to Fully Degrade Trimeric and Hexameric Adiponectin in a Sample. 

In order to measure HMW adiponectin concentration in the adiponectin assay, 

trimeric and hexameric adiponectin were degraded in samples using proteinase K. It 

is illustrated in Figure 3.14 that proteinase K dramatically altered the apparent 

concentration of adiponectin measured in the sample over the first 10 minutes; after 

this time a plateau in the measurement of adiponectin concentration was obtained. 
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Figure 3.14: Effect of proteinase K digestion on adiponectin concentration.  

Adiponectin concentration decreased rapidly over 10 minutes [A] with 7.5U/ml proteinase K 
treatment, then plateau‟s [B](n=3.error bars = 1 standard deviation of the mean). 
 

3.3.4 Proteinase K Experiment 2: The Concentration Needed to Entirely 

Degrade All Trimeric and Hexameric Adiponectin in a Sample. 

The optimal concentration for proteinase K treatment to obtain accurate 

measurement of HMW adiponectin concentration was investigated. The results 

demonstrated that there was no significant difference in the measurement of HMW 

adiponectin in the assay developed in this project when treated with proteinase K at 

concentrations ranging from 2.5 U/ml – 15 U/ml (3.15). 
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Figure 3.15: Quantification of adiponectin concentration with varying concentrations 

of proteinase K.  

Comparison of adiponectin concentration determined after 7.5U/ml proteinase K with 
concentration determined after no treatment and treatment with 2.5, 5, 10, 12.5 and 15U/ml 
proteinase K (p values calculated using paired one tailed student ttest n=3, error bars = 1 
SD of the mean). 
 

3.3.5 Proteinase K Experiment 3: The Capability to Stop Activity in the 

Sample after the Treatment Time had elapsed. 

Proteinase K activity could degrade anti-adiponectin antibodies that were used to 

construct the adiponectin assay, consequently proteinase K activity needed to be 

stopped. The results demonstrated that the acidification of a sample to pH 3 

stopped proteinase K activity (Figure 3.16). There was no significant difference 

between the samples not treated with proteinase K and samples treated with 

proteinase K after acidification (p=ns, one tailed). It should also be noted that there 

was a significant difference between the samples not treated with proteinase 

K/samples treated with proteinase K after acidification and the sample treated with 

proteinase K before acidification (p<0.001 and p=0.002, respectively, one tailed). 
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Figure 3.16: Quantification of adiponectin concentration with no proteinase K. 

Comparison to adiponectin concentration quantified after 20 minute treatment with 7.5U/ml 
proteinase K administered to a serum sample before/after pH3 acidification (p values 
calculated using paired one tailed student ttest, n=3, error bars = 1SD of mean) 

 
3.3.6 Sample Neutralisation Treatment before Addition to Adiponectin 

Assay Plate 

The effect on the quantification of adiponectin concentration of the sample buffer 

that was used to neutralise the sample after acidification was unknown. The results 

demonstrated that the longer a sample was left in HPE buffer the lower the 

concentration of adiponectin quantified by the ELISA (Figure 3.17). 
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Figure 3.17: Effect of sample neutralisation, after acidification on adiponectin 

quantification. 

(n=3, error bars = 1 standard deviation of mean). 
 

3.3.7 Sample Storage 

Freeze/thaw cycles were conducted on samples to ascertain the effect of sample 

storage on measurement of adiponectin concentration. A drop in adiponectin 

concentration quantification in a male pool control sample was observed between 

one and two freeze/thaw cycles. There was a plateau in the quantification of 

adiponectin concentration in the sample between two and four freeze/thaw cycles. 

Again there was a drop in the concentration of adiponectin quantified in the sample 

after five freeze/thaw cycles, but, the concentration quantified increased after six 

freeze thaw/cycles back to the same concentration quantified in the sample after 

four freeze/thaw cycles. The concentration stayed at this level after a seventh freeze 

thaw cycle (Figure 3.18). Therefore, freeze/thawing samples is valid up to 7 times 

for accurate measurement of adiponectin. 
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Figure 3.18: Effect of sample freezing and thawing on adiponectin concentration 

(n=3, error bars = 1 SD of the mean). 
 

3.3.8 Measurement of Adiponectin Concentration in Serum and Plasma 

The measurement of adiponectin in both serum and plasma was conducted to 

ascertain the effect of different collection vessels on adiponectin quantification. The 

collection of plasma samples under citrate treatment has a significant effect on total 

(figure 3.19) and HMW (figure 3.20) adiponectin concentration measurement in 

comparison to serum total adiponectin and high molecular weight measurement 

(p<0.05 & p<0.001 and p<0.05 & p<0.05 respectively, two tailed). However the 

collection of plasma samples under heparin treatment does not have a significant 

effect on total or HMW adiponectin concentration measurement in comparison to 

serum total or HMW adiponectin measurement. 
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Figure 3.19: Adiponectin concentration quantified after different sample collection 

treatments. 

Comparison of concentration quantified in normal serum collection to heparin plasma, citrate 
plasma and CPT plasma collection (p values calculated using paired one tailed student ttest, 
n=3, error bars = 1SD of mean). 
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Figure 3.20: HMW adiponectin concentration quantified after different sample 

collection treatments.  

Comparison of concentration quantified in normal serum collection to heparin plasma, citrate 
plasma and CPT plasma collection (p values calculated using paired one tailed student ttest, 
n=3, error bars = 1SD of mean). 
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3.3.9 Recovery: Detection of Interference in the Adiponectin Assay 

when Measuring Total and HMW Adiponectin Concentration. 

The amount of recombinant adiponectin spiked into the control serum was 

calculated to be 8µg/ml. This gave a recovery of 103% ± 10% (mean = ± 1 standard 

deviation) in the spiked samples. This result showed that there was no interference 

in the assay and that it was calibrated correctly. 

Table 3.1: The percentage recovery of all spiked samples in relation to the spiked cat 

serum 

Sample Total adiponectin Total adiponectin + spike Spike % Recovery 

OBB89 11.08 19.337 8.257 114.14 

OBB94 11.06 18.38 7.32 101.19 

OBB130 11.549 18.788 7.239 100.07 

OBB167 11.835 20.045 8.21 113.49 

OBB187 7.615 15.068 7.453 103.02 

OBB190 11.25 17.479 6.229 86.10 

OBB196 12.015 18.903 6.888 95.22 

B031003 6.729 14.734 8.005 110.66 

Cat Serum 0.813 8.047 7.234 100 

 

3.3.10 Parallelism: Performance of the Assay under Sample Dilution 

The regression analysis of all samples showed no significant association of 

adiponectin concentration measurement with sample dilution. For this reason the 

correct concentration of adiponectin in the sample was being measured in relation 

to any dilution that was being conducted. 
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Figure 3.21: Assessment of assay parallelism.  

Adiponectin concentration quantified in oxford biobank (OBB) samples 4, 12, 13, 21& 25 
after accounting for dilution factor. Linear regression lines show the trend dilution has on 
quantification of adiponectin concentration in each sample. 
 

For the assessment of parallelism in the assay the regression analysis10 of OBB4, 

OBB12, OBB13, OBB21 and OBB25 adiponectin concentration shows that the 

dilution of the sample is not associated with a change in concentration (r2 = -0.16, 

p=0.933; r2 = -0.53, p=0.667; r2 = -0.119, p=0.665; r2 = -0.12, p=0.975 and r2 = -

0.202, p=0.086 respectively). 

Table 3.2: Assessment of parallelism in the assay by Regression analysis of OBB4 

sample 

Model 

Unstandardised 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) .796 3.465  .230 .840 

OBB4 -.016 .167 -.067 -.095 .933 

(r
2
 = -0.16, p=0.933). 

 
  

                                                

10 All statistical analysis was carried out using SPSS version 16.0. 
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Table 3.3: Assessment of parallelism in the assay by Regression analysis of OBB12 

sample. 

Model 

Unstandardised 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) 1.609 2.294  .701 .556 

OBB12 -.053 .106 -.333 -.499 .667 

(r
2
 = -0.53, p=0.667). 

 

Table 3.4: Assessment of parallelism in the assay by Regression analysis of OBB13 

sample  

Model 

Unstandardised 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) 2.492 4.031  .618 .599 

OBB13 -.119 .238 -.335 -.503 .665 

(r
2
 = -0.119, p=0.665). 

 

Table 3.5: Assessment of parallelism in the assay by Regression analysis of OBB21 

sample  

Model 

Unstandardised 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) .697 6.351  .110 .923 

OBB21 -.012 .332 -.025 -.036 .975 

(r
2
 = -0.12, p=0.975). 

 

 

 

 

 

 



102 
 

Table 3.6: Assessment of parallelism in the assay by Regression analysis of OBB25 

sample  

Model 

Unstandardised 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) 2.640 .689  3.833 .062 

OBB25 -.202 .063 -.914 -3.183 .086 

(r
2
 = -0.202, p=0.086). 

 

3.3.11 Specificity of Capture/Detection Antibodies for Adiponectin 

In order to ascertain that the quantification of adiponectin was a result of the 

specificity of the antibodies used to construct the adiponectin assay and not a result 

of non-specific binding, anti-adiponectin antibodies were exchanged for antibodies 

of the same class but recognised molecules other than adiponectin. Figure 3.22 

shows that the expected standard curve developed when using the antibodies 399R 

and 32F8 in combination for adiponectin measurement. The standard curve did not 

develop when either the capture antibody (399R) or detection antibody (32F8) was 

replaced with antibodies of the same class but with specificity for a different analyte. 

Therefore, it is the specificity of the antibodies 399R and 32F8 that account for the 

measurement of adiponectin in the assay format and not a result of non specific 

binding due to antibody class. 
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Figure 3.22: Assessment of specificity of the ELISA sandwich combination 399R and 

32F8 to quantify adiponectin concentration in serum. 

 

 

3.3.12 Inter-Plate Assay Precision 

The precision of adiponectin quantification between assay runs was determined by 

calculation of the C.V. of adiponectin concentrations quantified in a control run in the 

first 7 assay plates. It was calculated that the inter-plate C.V for total and HMW 

adiponectin concentration was 10%. This was determined to be an acceptable level 

of imprecision for the assay (Gosling, 2005). 

Table 3.7: Interplate C.V for total and high molecular weight adiponectin measurement 

Average total Inter-plate C.V = 10.34 

Average HMW Inter-plate C.V = 10.30 
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Figure 3.23: Assessment of total and HMW adiponectin interplate ELISA precision. 

Concentration of total and HMW adiponectin quantified in the first 11 experimental ELISAs. 
 

3.3.13 Intra-Plate Assay Precision 

The precision of adiponectin quantification within assay runs was determined by 

calculation of the C.V. of adiponectin concentrations quantified in a control 

measured repeatedly in one assay plate run. It was calculated that the intra-plate 

C.V for total and HMW adiponectin concentration was 8%. This was determined to 

be an acceptable level of imprecision for the assay (Gosling, 2005). 

Table 3.8: Intra-plate C.V for total and high molecular weight adiponectin 

measurement 

Average total Intra-plate C.V = 7.81 

Average HMW Intra-plate C.V = 7.68 

 

3.3.14 Calculation of Acceptable Control Ranges in Total and High 

Molecular Weight Adiponectin Assay Formats 

The acceptable range for total adiponectin measurement was calculated to be 

12.907≤ X ≤19.639 (16.273 ± 3.366) and the acceptable range for HMW control 

measurement was calculated to be 4.304 ≤ X ≤ 6.536 (5.420 ± 1.116). 
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3.3.15 Sensitivity: Lower Limit of Detection of Adiponectin 

Concentration in Total and High Molecular Weight Adiponectin Assay 

Formats 

In order to calculate the range of adiponectin concentrations that could be quantified 

in the assay the lower limit of detection had to be calculated by the formula detailed 

in section 2.3.18. 

It was calculated that the LLD of the adiponectin assays was 0.511g/ml. 

LLD = B0 – (3xSDB0) 

Where B0 = 0.259ug/ml and SDB0 = 0.084g/ml 

Therefore the measurable range of adiponectin concentration in the total and HMW 

adiponectin assays is 0.511µg/ml - 30g/ml. 

3.3.16 Comparison with Commercially Available Total Adiponectin 

Enzyme Linked Immunosorbent Assays 

Comparisons between the assay developed in this PhD and commercial ELISAs 

were made by the calculation of the between assay Pearsons correlation coefficient 

and also Bland-Altman plots. 

When measuring total adiponectin concentration there was a statistically significant 

positive correlation between the assay developed in this project and the 

commercially available ELISAs from BBridge, Alpco Diagnostics and Biovendor 

(r=0.970, p<0.001; r=0.980, p<0.001 and r=0.885, p<0.001 respectively, Table 3.9, 

Appendix 3.1) 

Bland-Altman plots confirmed that there was a difference between the values 

measured in both the Brookes and BBridge total adiponectin assays (Table 3.10, 

Appendix 3.1)(Max = 24.31, Min = 2.56 and the confidence intervals were 

±9.79ug/ml [±2 standard deviations of the mean]), the Brookes and Alpco 

diagnostics total adiponectin assay (Max = 26.36, Min = 3.42 and the confidence 

intervals were ±15.47ug/ml [±2 standard deviations of the mean]) and also the 

Brookes and Biovendor assay (Max = 68.79, Min = 13.77 and the confidence 

intervals were ± 11.40 [±2 standard deviation of the mean]). The mean difference 

between the Brookes and BBridge total adiponectin assay was 11.31ug/ml, between 

the Brookes and Alpco diagnostics total adiponectin assay was 14.48µg/ml and 
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between the Brookes and Biovendor total adiponectin assay was 29.69µg/ml. 

Adiponectin results in the Brookes assay were consistently higher than the 

concentrations determined by the BBridge (2.4 fold), Alpco Diagnostics (5.2 fold) 

and Biovendor (3.6 fold) assays. Also a relationship in the results obtained in each 

of the assays results were observed by the linear regression (BBridge, r = 0.951, 

Alpco Diagnostics, r = 0.997 and Biovendor, r = 0.828) demonstrating that as the 

average concentration in both assays increased so did the difference between 

concentration obtained from each assay. 

3.3.17 Comparison with Commercially Available Total Adiponectin 

Radio Immunoassay 

There was a statistically significant positive correlation between the assay 

developed in this project and the commercially available RIA from Linco in the 

measurement of total adiponectin concentration (r=0.971, p <0.001, Table 3.9, 

Appendix 3.2). 

The Bland-Altman plot confirmed that there was a difference between the values 

measured in both the Brookes and Linco total adiponectin assays (Table 3.10, 

Appendix 3.2) (Max = 22.82, Min = 5.58 and the confidence intervals were 

±9.67µg/ml [±2 standard deviations of the mean]). The mean difference between the 

Brookes total adiponectin ELISA and the Linco total adiponectin RIA was 

11.09µg/ml. Adiponectin results in the Brookes total adiponectin ELISA were 

consistently higher than the concentrations determined by the Linco total 

adiponectin RIA (2.6 fold). Also a relationship in the results obtained in each of the 

assays results was recognised by the linear regression, (r = 0.894) demonstrating 

that as the average concentration in both assays increased so did the difference 

between concentration obtained from each assay. 
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Table 3.9: Summary of Pearson correlation comparing the Brookes ELISA adiponectin 

quantification with FPLC and commercial ELISA/RIA adiponectin quantification. 

Technique Correlation Significance 

Brookes total ELISA BBridge total ELISA 0.970 <0.001 

Brookes total ELISA Alpco Diagnostics total ELISA 0.980 <0.001 

Brookes total ELISA Biovendor total ELISA 0.885 <0.001 

Brookes total ELISA Linco RIA 0.971 <0.001 

Brookes HMW ELISA Linco HMW ELISA 0.968 <0.001 

Brookes HMW ELISA Alpco HMW ELISA 0.984 <0.001 

Brookes % HMW Alpco % HMW 0.901 <0.001 

Brookes % HMW Gel filtration chromatography % HMW 0.761 <0.001 

 

3.3.18 Comparison with Commercially Available High Molecular Weight 

Adiponectin Enzyme Linked Immunosorbent Assays 

There was a statistically significant positive correlation between the HMW 

adiponectin assay developed in this project and the commercially available ELISAs 

from Linco and Alpco Diagnostics (r=0.968, p <0.001 and  r=0.984, p<0.001 

respectively, Table 3.9, Appendix 3.3). 

The Bland Altman plots confirmed that there was difference between the values 

measured in both the Brookes and Linco HMW adiponectin assays (Table 3.10, 

Appendix 3.3) (Max = 20.55ug/ml, Min = 0.69ug/ml and the confidence intervals 

were ±9.34ug/ml [±2 standard deviations of the mean]) and the Brookes and Alpco 

Diagnostics HMW assays (Max = 18.19, Min = 0.70 and the confidence intervals 

were ±10.64ug/ml [±2 standard deviations of the mean]). The mean difference 

between the Brookes and Linco HMW adiponectin assay was 7.58ug/ml and the 

Brookes and Alpco Diagnostics HMW assay was 7.46ug/ml. HMW adiponectin 

results in the Brookes assay were consistently higher than both the concentrations 

determined by the Linco (2.9 fold) and Alpco Diagnostics (5.9 fold) assays. Also a 

relationship between the assays results was found by the linear regression (Linco, r 

= 0.976 and Alpco Diagnostics, r = 0.998) demonstrating that as the average 
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concentration in both assays increased so did the difference between concentration 

obtained from each assay. 

3.3.19 Comparison of the Proportion of High Molecular Weight 

Adiponectin Determined in the Brookes and Alpco Diagnostics Assay. 

The percentage HMW levels obtained by the ELISA developed in this project and 

commercially available ELISA from Alpco Diagnostics were compared and showed 

a statistically significant positive correlation (r=0.901, p <0.001, Table 3.9, Appendix 

3.4). 

The Bland Altman plot confirmed that there was a difference between the values 

measured in both assays (Table 3.10, Appendix 3.4) (Max = 18.24, Min = -5.87 and 

the confidence intervals were ±11.75 [±2 standard deviations of the mean]). The 

mean difference between the Brookes and Alpco diagnostics percent HMW 

measurement was 5.92 showing results were higher in the Brookes assay although 

the relationship recognised by the linear regression (r = -0.0004) demonstrates that 

as the average percent HMW measurement in both assays increased the difference 

in measurement between the assays did not. 

3.3.20 Comparison of Proportion of High Molecular Weight Adiponectin 

Quantified in the Brookes Assays and Gel Filtration 

Chromatography/Western Blotting Technique 

The percentage HMW levels obtained by the ELISA developed in this project and 

gel filtration chromatography performed in the University of South Western, Texas 

were compared and showed a statistically significant positive correlation (r=0.761, p 

<0.001, Table 3.9, Appendix 3.5). However, the percentage values varied for each 

sample between techniques. 

The Bland Altman plot confirmed that there was a difference between the values 

measured in both techniques (Table 3.10, Appendix 3.5) (Max = 38.31, Min = -22.98 

and the confidence intervals were ±22.62 [±2 standard deviations of the mean]). 

The mean difference between the Brookes and gel filtration 

chromatography/western blotting percent HMW measurement was 10.03 showing 

results were higher in the Brookes assay. Although the relationship recognised by 

the linear regression (r = -0.195) demonstrates that as the average percent HMW 

measurement in both assays increased the overall difference in measurements 

between the techniques was not major.  
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Table 3.10: Summary of Bland-Altman analysis comparing the Brookes ELISA 

adiponectin quantification with gel filtration chromatography and commercial 

ELISA/RIA adiponectin quantification.  

Comparison 
Mean 

difference 
±2SD Correlation 

Conversion 

factor 

Brookes 

total 

ELISA 

BBridge total ELISA 11.31µg/ml 9.79 0.951 2.4 

Brookes 

total 

ELISA 

Alpco Diagnostics 

total ELISA 
14.48µg/ml 15.47 0.997 5.2 

Brookes 

total 

ELISA 

Biovendor total 

ELISA 
29.69µg/ml 11.40 0.828 3.6 

Brookes 

total 

ELISA 

Linco total RIA 11.09µg/ml 9.67 0.893 2.6 

Brookes 

HMW 

ELISA 

Linco HMW ELISA 7.58µg/ml 9.34 0.976 2.9 

Brookes 

HMW 

ELISA 

Alpco HMW ELISA 7.46ug/ml 10.64 0.998 5.9 

Brookes 

% HMW 
Alpco % HMW 5.92 11.75 -0.0004  

Brookes 

% HMW 

Gel filtration 

chromatography % 

HMW 

10.03 22.62 -0.195  
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3.4 Discussion: Antibody Production 

3.4.1 Immunogens 

A variety of immunogens could have been used to raise antibodies to adiponectin 

e.g. a total adiponectin mixture (HMW, hexamer and trimer), separate adiponectin 

size forms or peptide immunogens (smaller peptides from the monomeric 

adiponectin protein). It has already been argued that human and rodents share a 

high level of identity in the amino acid sequence of adiponectin (Section 1.11). 

Consequently, immunising with any of the previously mentioned immunogens alone 

would not generate a great enough T cell response. A purified protein derivative 

(PPD) was used to cause a greater immune response in the host by injecting it as a 

mixture or coupled to the immunogen with a coupling agent. In the project the PPD 

used was tuberculin.  

3.4.2 Investigation of the Positive Response for the Total Adiponectin 

Immunogen that Contained All Adiponectin Multimers. 

The tail bleed screen of the mice immunised with the mixture of trimeric, hexameric 

and HMW adiponectin immunogen saw strong positive results. It is thought the 

strong results were due to priming the mice immune response with a BCG vaccine 

(tuberculosis) so when the immune system was assaulted a second time with 

tuberculin as a carrier molecule the adiponectin molecules were also processed due 

to their high concentration in the immunogen. Interestingly, no visible adverse 

reactions were noted in the mice. 

3.4.3 Investigation of Positive/Negative Response with Peptide 

Immunogens 

The molecular graphics programme Protein Explorer (Martz, 2007) was used to 

investigate reasons why positive tail bleed responses were found in animals 

immunised with adiponectin peptides 3 and 4. Adiponectin peptide 3 amino acid 

sequence was known to contain the C-terminal of the adiponectin protein and both 

adiponectin peptides were known to occupy regions in the adiponectin molecules 

globular head (Figures 3.24 and 3.25).  
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Figure 3.24: 3D positional view of the adiponectin peptide 4 in the adiponectin trimeric 

globular head. 

 

 

Figure 3.25: 3D positional view of the adiponectin peptide 3 in the adiponectin trimeric 

globular head.  
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The molecular graphics (Figures 3.24 and 3.25) show that both peptides lay in an 

external region of the globular head and more importantly these regions are external 

even in trimeric globular head organisation. It is believed that for these reasons 

antibodies produced in the mice immunised with adiponectin peptides 3 and 4 could 

recognise their epitopes during screening. It was also known that the sequence for 

adiponectin peptide 3 is conserved in many species and thus any antibodies 

produced in relation to this peptide had the potential to be used in a cross species 

ELISA. 

Peptides 1,2,5 and 6 gave negative results at the tail bleed screening stage. It is 

thought that this occurred because the peptides form an internal structure of 

adiponectin not allowing antibodies against the peptides to recognise their epitopes 

in the recombinant molecule coated on the screening plate. Also the peptide 

synthesised might form a different structure in the native molecule, therefore 

antibodies could not recognise the epitopes they were raised against. 

3.4.4 Fusion/Hybridoma Screening 

Over 500 hybridomas screened positive from the fusion of splenocytes from the 

mice immunised with the mixture of recombinant adiponectin trimer, hexamer and 

high molecular weight molecules. This many positive hybridomas were unexpected 

because of the high concentration of adiponectin in serum and high level of identity 

between species. Consequently it was hypothesised that any immune response in 

the mice would be reduced. However, a strong positive response at the tail bleed 

screening stage was observed for the mice immunised with the mixture of 

adiponectin size forms. Therefore these animals had undergone clonal selection, 

expansion, differentiation, class switching and affinity maturation during their 

primary and secondary immune responses (Section 3.1.1). This meant that there 

was a range of antibody producing cells specific to adiponectin present in the mice 

and explained the number of positive clones present. 

From the fusion of the splenocytes harvested from the mice immunised with the 

adiponectin peptide 3 immunogen over 300 hybridomas screened positive. Such a 

high positive response could again be linked to the use of the BCG vaccination 

followed by the use of tuberculin carrier protein at the immunisation stage. Attention 

should be drawn to the fact that the colonies of cells produced in this fusion were 

picked into wells containing specialised serum free medium. This specialised 

medium was used because the adiponectin peptide immunogen was conserved 
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between many species including bovines. This was conducted because it was 

hypothesised that the adiponectin present in medium containing serum supplements 

could mop up any antibodies. Consequently, this could have led to low screening 

results and better responding clones being overlooked. As it was hypothesised that 

the specialised medium reduced the number of positive hybridomas that are 

overlooked it could have led to increased numbers of positive clones in the peptide 

3 immunogen screen. As the specialised medium was not used for the fusion of the 

splenocytes generated from the total adiponectin mixture, superior hybridoma cell 

lines may have been overlooked due to FCS use. However, due to the high level of 

positive results in the first fusion this was not a major concern. Even though there 

were over 300 hybridoma cell lines produced from the adiponectin peptide 3 

splenocyte fusion only 80 were taken forward to the next stage of antibody 

production. This was because the cell lines were generated using a peptide 

immunogen from the globular head region of adiponectin and it was hypothesised 

that a majority of the antibodies would recognise the same region of adiponectin. 

It was decided that the first assay to be created by our group should be an assay 

specific for total adiponectin. To generate an assay that was more accurate in the 

measurement of total adiponectin, all adiponectin in the sample had to be present in 

the same form. It has been shown in the literature that adiponectin can be altered 

between its different size forms by pH treatment, denaturation with agents such as 

SDS or reduction with dithiothreitol (Pajvani et al., 2003) (Section 1.8.5). It was 

hypothesised that the following treatment of a sample with an acidic solution (pH 3 

or below) an accurate and unbiased measurement could be obtained. It was 

demonstrated that after pH 3 treatment of recombinant adiponectin was conducted 

before coating the material onto screening plates a percentage of hybridomas 

producing antibodies that recognised recombinant adiponectin not treated with 

acidic conditions could no longer give a positive result (Section 3.8). This result 

confirmed that the acid buffer was denaturing the adiponectin so that it was 

unrecognisable to some of the antibodies being produced. From the confirmation of 

adiponectin denaturation and evidence from the literature discussing the same it 

was hypothesised that the acidified adiponectin coated onto screening plates was in 

dimeric and monomeric form allowing for a more accurate ELISA to be developed 

that quantifies total adiponectin concentration. 

Two sub-groups of the antibodies that screened positive during the screening of 

hybridoma supernatants against acidified adiponectin were created by screening the 

supernatants against acidified adiponectin globular head region. Antibodies that 



114 
 

recognised this region of the adiponectin molecule were important to the 

development of a total adiponectin ELISA that could also be used to quantify HMW 

adiponectin. In the quantification of HMW adiponectin an enzymatic step is used to 

degrade the trimeric and hexameric multimers of adiponectin in a sample at a region 

in the tail of the adiponectin multimers before the sample is added to the plate. For 

this reason hybridomas producing antibodies that recognise epitopes either side of 

the region of degradation were important in development of a sandwich ELISA that 

could quantify the remaining HMW adiponectin multimers after enzymatic 

degradation of the trimeric and hexameric multimers had taken place. A number of 

the hybridomas produced antibodies that recognised an epitope on the denatured 

globular head adiponectin screening material. 

3.4.5 Recognition of the Top Responding Clones 

It has already been discussed that over 500 hybridoma cell lines producing 

antibodies that recognised regions at various areas on the adiponectin molecule 

were produced from the fusion of spleens harvested from mice immunised with the 

mixture of trimeric, hexameric, HMW adiponectin multimers and the adiponectin 

peptide three immunogen. It has also been discussed that a number of those 

hybridomas are producing antibodies that are suitable for the development of an 

ELISA that allows more accurate quantification of total and HMW adiponectin 

because the antibodies recognise adiponectin that has been denatured by 

acidification. As there were still a large percentage of the hybridomas that produced 

antibodies that recognise adiponectin in its denatured state it was not cost effective 

to culture them all. This led to the titration of all the hybridoma supernatants that 

screened positive for the denatured adiponectin to ascertain which hybridomas were 

producing antibodies that were superior in epitope recognition on the denatured 

adiponectin molecule. Once this was ascertained these antibodies would make a 

panel that could be used in ELISA development. 

3.4.6 Antibody Isotypes 

For the development of an ELISA the antibody class needed is IgG (Section 3.1.1), 

therefore, the antibodies taken forward to ELISA development were screened for 

their Isotype. When screening the antibodies produced from hybridomas created 

from the fusion of the spleen harvested from the mice immunised with the mixture of 

trimeric, hexameric and HMW multimers the majority of the isotypes were IgM. 

Interestingly all of the IgM antibodies recognised an epitope on denatured globular 
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adiponectin with the exception of one IgA, a class of antibody that is released by 

many species in mucous secretions. The increased level of IgM results for 

antibodies that recognise a region in the globular head of the adiponectin molecule 

suggested decreased immunogenicity for the globular region of adiponectin 

because class switching from IgM to IgG had not readily occurred. 

All hybridomas created from the fusion of spleens harvested from the mice 

immunised with the adiponectin peptide 3 immunogen were shown to be producing 

antibodies of the isotype class IgG. It is important to note here that the peptide 3 

immunogen was generated from a region in the globular head of adiponectin 

(Section 3.25). In view of the fact that the use of the peptide immunogen produced 

hybridomas that were secreting IgG class antibodies and not IgM, it was 

hypothesised that the peptide immunogen technique overcame the poor 

immunogenicity of the adiponectin globular head region allowing the afore 

mentioned antibody class switching to occur during the secondary immune 

response. 

3.5 Discussion: Enzyme Linked Immunosorbent Assay 

Development and Validation 

3.5.1 Adiponectin Standards 

While calibrating the concentration of adiponectin in the male pool serum used in 

the creation of the adiponectin standards the concentration was found to be the 

average for males, 15ug/ml. Currently there are many commercially available 

assays that are used to quantify adiponectin concentration in human serum. 

Quantification of total and HMW adiponectin concentration while using the standard 

curve generated in this assay may result in different values gained in relation to 

those gained from the afore mentioned commercial assays. This is not due to an 

error in quantification of adiponectin concentration while using the assays 

developed in this project, but due to related to factors that cannot be controlled for 

e.g. calibration material. 

3.5.2 Antibody Pairing Investigation 

The results of the antibody pairing studies showed that none of the antibodies 

investigated were able to give a positive result with acidified adiponectin when a 

sandwich was constructed with the same antibody as the capture and detection 

antibody. In addition a positive result could not be gained with acidified adiponectin 
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when a sandwich was constructed with two different antibodies that recognised an 

epitope in the globular head region of adiponectin. It was hypothesised that steric 

hindrance was responsible for the lack of positive results. Considering the 

antibodies were generated using the peptide immunogen from the adiponectin 

globular head region. When visualising the position of the peptide in the adiponectin 

molecule in its trimeric state, the peptides run very close to each other (Figure 3.26). 

Due to the close proximity of the peptide regions in the adiponectin molecules, once 

the capture antibody had recognised its epitope, there would not be enough space 

for the secondary antibody to bind its epitope as well. Consequently a positive result 

could not be gained.  

The final pair of antibodies taken forward to assay development were the anti-

adiponectin tail antibody 399R as the capture antibody and the anti adiponectin 

globular head antibody 32F8 as the detection antibody. These antibodies were 

unaffected by interference from each other as they recognised epitopes that were 

hypothesised to be distant enough from each other to not be affected by steric 

hindrance. They were also selected because the regions each antibody recognised 

was important to the generation of an ELISA that quantifies HMW adiponectin 

concentration (Section 3.4.4). 

 

Figure 3.26: Adiponectin peptide steric hindrance.  

Adiponectin trimer with the peptide immunogen highlighted on each monomer demonstrating 
close proximity of peptide regions. 
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3.5.3 Adiponectin Assay Sample Treatments 

Due to the different monomeric structures of adiponectin, specific treatments were 

needed to achieve an accurate measurement of its concentration in samples. 

Adiponectin is at very high concentrations in normal human serum. The adiponectin 

ELISAs developed take advantage of this by putting samples through a high dilution 

series before addition to the plate. The dilution occurs as a result of different 

treatments used to measure adiponectin in the assay. Consequently the high 

dilution reduces the possibility of any false positive results occurring through cross 

reactivity of the ELISAs antibodies. The treatments used in the ELISA are: 

A proteinase treatment to measure HMW adiponectin concentration in the total 

adiponectin assay format. 

Acidification to create adiponectin superstructure uniformity in the sample and to 

stop proteinase digestion of specific adiponectin size forms. 

Neutralisation so damage does not occur to the capture antibodies upon addition of 

samples to the plate. 

There is also a further dilution onto the plate to make sure sample results lay in a 

linear phase of the standard curve. 

3.5.4 Proteinase K Treatment for High Molecular Weight Adiponectin 

Measurement 

During the early stages of this project a Japanese group reported (Ebinuma et al., 

2006) the development of an adiponectin assay with the capabilities to measure 

total adiponectin concentration. They also reported selective measurement of HMW, 

hexameric and trimeric adiponectin concentrations by treatment of samples with 

proteases that degraded specific forms before addition to their total adiponectin 

assay. Due to the interest of the field in the HMW form of adiponectin at the time of 

assay development in the project described by this thesis, the HMW assay model 

used in the paper was investigated with the total adiponectin assay that was in 

development. To obtain a measurement of HMW adiponectin the paper discussed 

the novel use of the enzyme proteinase K. The enzymatic action of proteinase K 

digests all adiponectin multimers, except HMW adiponectin, at a region in the tail of 

the adiponectin molecule. This is important as the antibodies used to develop the 

adiponectin assay in the PhD project detect a region in the adiponectin tail for 

capture and the globular head for detection. Therefore, it was hypothesised that the 
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use of this enzyme could create a step in the total adiponectin ELISA protocol to 

allow specific quantification of HMW adiponectin. When the trimeric and hexameric 

forms were degraded the antibodies used in assay development would only be able 

to create a sandwich with the remaining HMW adiponectin multimers. 

3.5.5 Proteinase K Experiment 1: The Length of Treatment Time Needed 

to Fully Degrade Trimeric and Hexameric Adiponectin Multimers in a 

Sample. 

It was important for the development of an assay that quantified HMW adiponectin 

to determine the time needed to treat samples with proteinase K to gain an accurate 

and reliable result. 

The result showed that the proteinase K treatment time could range from 15 

minutes up to 90 minutes. However a treatment time of 20 minutes was selected to 

allow a large enough margin into the results plateau stage to obtain consistent 

results after treatment. It was shown in the paper that proteinase K degrades an 

area in the globular head of adiponectin (Ebinuma et al., 2006), possibly in a region 

that one of the antibodies developed in this project recognises an epitope. With this 

in mind the shorter incubation time was selected as it was unknown if anomalies 

would occur in HMW adiponectin quantification with prolonged incubation time in the 

presence of proteinase K. 

3.5.6 Proteinase K Experiment 2: The Concentration Needed to Entirely 

Degrade Trimeric and Hexameric Adiponectin in a Sample. 

In the HMW adiponectin assay developed by Ebinuma et al. (2006) human serum 

samples are treated with proteinase K at a concentration of 7.5U/ml. The results 

demonstrated that there was no significant difference in the quantification of HMW 

adiponectin in the assay developed in this project when treated with proteinase K at 

concentrations ranging from 2.5U/ml – 15U/ml. Therefore the concentration 7.5U/ml 

proposed by Ebinuma et al. (2006) was sufficient in the measurement of HMW 

adiponectin and was the concentration used for the measurement of HMW 

adiponectin in the assay developed during this project. 
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3.5.7 Proteinase K Experiment 3: The Capability to Stop Activity in a 

Sample after the Treatment Time had elapsed. 

For the accurate measurement of adiponectin in the assay being validated, an 

acidification step was needed to denature all the adiponectin in a sample to one 

form. As well as this acidification step being used to denature adiponectin size 

forms, it was also used to stop the activity of proteinase K. The results 

demonstrated that the acidification of a sample stopped proteinase K activity on 

adiponectin. It has already been discussed that acid treatment of adiponectin 

causes denaturing of the adiponectin multimers. Consequently this could change 

the conformation of the enzymes active site making it unrecognisable to proteinase 

K so degradation could not occur. Another reason that no proteinase K activity 

occurred in the presence of the acidic conditions is that proteinase K is also 

denatured at pH3 and again unable to degrade its active site. 

3.5.8 Sample Neutralisation Treatment before Addition to Adiponectin 

Assay Plate 

Acidification of the sample is needed to denature all the adiponectin size forms in a 

sample to a dimeric structure (Section 1.8.5) and to stop proteinase K activity. 

However, an acidified sample could not be added to an antibody coated plate as it 

would cause damage to the antibodies. Therefore, the antibodies would not be able 

to bind their epitopes and the quantification of adiponectin in a sample would be 

affected. This meant that the sample had to be neutralised before addition to the 

antibody coated plate. It was unsure what effect a neutralisation treatment would 

have on the measurement of adiponectin concentration. 

When the sample was treated with the neutralisation buffer the concentration of 

adiponectin quantified by the assay decreased unexpectedly. Once the sample had 

been treated with the neutralisation buffer the concentration of SDS is decreased 

and the sample is no longer at pH3. It was hypothesised that the adiponectin in the 

sample remains dimeric due to the dilution factor but the adiponectin dimer begins 

to refold. The refolding of the adiponectin dimer does not allow one or both of the 

antibodies in the assay pair to recognise its epitope and reduces the concentration 

of adiponectin quantified in the assay. It should be noted here that the effect 

illustrated in Figure 3.3.6 was not discussed by Ebinuma et al. (2006) and there is 

nothing stated in the literature for other assays currently on the market. This could 

mean that the antibodies used in these assays are not affected by neutralisation or 
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this has not been investigated. To adjust for this effect, samples are immediately 

transferred to the antibody coated micro-titre plate after HPE buffer treatment. 

3.5.9 Sample Storage 

Between adiponectin ELISAs all samples were stored at -80oC. In some cases 

samples needed to be assayed more than once, therefore, these samples would go 

through at least 2 freeze/thaw cycles. Such cycling could cause damage to proteins 

in the sample, including adiponectin. From the result it was accepted that 

freeze/thawing samples would not have an effect on adiponectin concentration 

measurement, a result supported by current literature (Suominen, 2004; Schraw et 

al., 2008). A slight drop in adiponectin concentration was found between one and 

two freeze/thaw cycles; however, this drop is believed to be due to sample pipetting 

much like the drop in adiponectin concentration observed at cycle five. It is thought 

that adiponectin is resistant to freeze/thawing because of its complex structure that 

contains non-covalent forces and covalent disulphide bonds (Section 1.8). Of 

interest is that adiponectin has also been found to be stable up to 36 hours after 

collection in serum when stored on ice and there is a high degree of reproducibility 

of within person concentrations over 1 year (Pischon et al., 2003). 

3.5.10 Measurement of Adiponectin Concentration in Serum and 

Plasma 

Within the clinical environment blood samples are collected in a number of different 

vessels. These vessels contain different treatments so that different analytes can be 

measured accurately. It was unknown what effect the different treatments in these 

vessels would have on adiponectin concentration measurement. It was also of 

interest for the development of the adiponectin ELISAs for total and HMW 

quantification to establish whether there would be a difference between serum and 

plasma sample adiponectin concentrations. 

The results showed that collection vessels containing a citrate buffer have 

significantly reduced plasma total and HMW adiponectin concentrations quantified 

in the ELISAs developed in this project in comparison to sample vessels that do not. 

It is suggested in the literature that calcium is important to adiponectin multimer 

structural integrity (Section 1.8.5). The citrate buffer binds calcium ions in the blood 

samples to reduce coagulation. However, it was hypothesised that the adiponectin 

in the blood samples also loses calcium ions. This loss causes degradation of the 
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adiponectin or even a structural change in the adiponectin molecule could affect 

antibody epitope recognition, consequently effecting adiponectin quantification. 

In light of this result it was decided that plasma samples could still be used in the 

assay. If this was to be so, preference should be to plasma collected under heparin 

treatment. However, it should be noted that any sample sets assayed should only 

contain serum or plasma samples and not contain a mixture of both. Additionally if 

plasma samples are to be used they should all be collected using the same 

treatment and not a mixture of different treatments. Finally, serum samples should 

be preferential for adiponectin measurement over any other form of sample. 

3.5.11 Recovery, Parallelism, Specificity, Inter/Intra-Plate Coefficient of 

Variance, Acceptable Control Ranges and Sensitivity. 

The results for the recovery, parallelism, specificity, Inter/Intra-plate C.V, acceptable 

control ranges and sensitivity fell within acceptable ranges leaving nothing to 

discuss and validating the assay for: 

 Correct calibration and resistance to interference. 

 Quantification of analyte independent of sample volume.  

 Quantification dependent on antibody specificity. 

 Consistency in adiponectin quantification within and between 

ELISAs. 

 LLD of adiponectin concentration. 

3.5.12 Comparison of the Assays Developed in this Project with Gel 

Filtration Chromatography and Commercially Available Adiponectin 

Enzyme Linked Immunosorbent/Radio Immunoassays. 

Due to the differences observed in the field with the range of adiponectin methods 

available, comparisons of the ELISAs developed in this project were made with 

commercially available assays and gel filtration chromatography (Appendix 3). This 

was conducted by running samples in more than one measurement method and 

calculating the Pearson‟s correlation coefficient between both methods. Although 

two assays/techniques may have a „good‟ correlation it is difficult to see the 

difference in values obtained between each assay/technique by this representation. 

Therefore, for each comparison Bland-Altman plots were constructed to visualise a 

difference in results obtained in the Brookes ELISAs and other assays/techniques 

(Appendix 3). 
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Pearsons’ Correlation. 

The Brookes total adiponectin ELISA was shown to have a strong positive 

correlation, which was statistically significant, with the BBridge and Alpco 

Diagnostics total adiponectin ELISAs (Table 3.9 and Appendix 3). The Brookes 

assay measurement of HMW after sample treatment with proteinase K was also 

shown to have a statistically significant strong positive correlation with the Linco and 

Alpco Diagnostics HMW adiponectin ELISAs (Table 3.9 and Appendix 3). It is 

known that all these ELISAs use a denaturing step to produce uniformity in samples 

before introduction of the sample to the capture antibody (Appendix 2). Denaturing 

of the adiponectin multimers removes one level of bias that can occur by the epitope 

of an antibody being masked or changed in the presence of different adiponectin 

multimers in a sample (Section 1.8.5). However, it is not just the quaternary 

structure of adiponectin multimers that can cause bias in its measurement, there 

being varying post-translational modifications on monomers that denote which 

multimeric form they construct (Section 1.8.4). If an epitope lies in a region of post-

translational modification on which structural formation of a particular multimer is 

reliant, it is fair to assume that bias will still occur. It is not known whether any of the 

antibodies used to construct the ELISAs carried out in this project recognise such 

an epitope. However, it is known that both the Brookes ELISA and the Alpco 

Diagnostics ELISA have one antibody in their format that recognises a region in the 

„tail‟ of the adiponectin monomer, increasing the chance of bias due to a post-

translational modification. This information demonstrates that the possibility of bias 

in any of these ELISAs cannot be ruled out. Such strong correlations between the 

Brookes ELISA and each of the commercial ELISAs could in fact denote that these 

ELISAs exhibit bias towards an adiponectin multimer. 

Interestingly, the Brookes total adiponectin ELISA also showed a statistically 

significant strong positive correlation to the Linco RIA and Biovendor ELISA (Table 

3.9 and Appendix 3). These assays do not use a denaturing step in the 

measurement of total adiponectin concentration. This could add weight to the theory 

that the Brookes ELISA does not have bias towards a particular adiponectin 

multimer as each assay is measuring adiponectin in different formats. Although, the 

Linco RIA and Biovendor assay could still exhibit bias towards the quaternary 

structure of a multimer, if this is true and it is the same multimer as a bias found in 

the Brookes ELISA then it is fair to suggest that both assays would correlate. 

Therefore, it cannot be ruled out by these results that the Brookes or commercial 
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assays exhibit a bias towards a specific adiponectin multimer to the same or varying 

degrees. 

In total 5 adiponectin assays were compared with the Bookes ELISA, so is it fair to 

assume that if the assays exhibit a bias, would the bias be the same in them all? 

This would depend on what material was used for immunisation. The likelihood is 

that a recombinant mixture of adiponectin multimers was used, as this material is 

widely available commercially. This could cause the creation of an assay that 

exhibits bias in the same way as another assay from another source because 

antibodies taken forward to kit development would be top responders; usually those 

that see more immunogenic epitopes and can form a pairing at sandwich formation. 

Therefore, all antibodies being generated might recognise the same region creating 

similar bias across the field. However, this concept is unlikely to occur simply due to 

the size of the adiponectin protein and the level of complexity due to its multimeric 

forms. In addition to this, immunisation involves techniques to make the material 

being immunised more immunogenic so that it can break self tolerance (Section 

3.1.1) increasing the possibility of greater antibody variation. Although bias cannot 

be ruled out, it is unlikely to occur in so many assays produced from different 

sources. However, if any bias was exhibited it will more likely be varying in its 

degree, as it is unlikely that any two antibodies produced from different cell lines 

would be identical in their affinity and avidity for adiponectin. 

The final correlations conducted were between the percentage HMW adiponectin 

obtained in the Brookes ELISA with the percentage HMW adiponectin obtained from 

the Alpco Diagnostics ELISA/gel filtration chromatography (Table 3.9 and Appendix 

3). Statistically significant strong positive correlations were identified between the 

percentage of HMW adiponectin measured in the Brookes ELISA and Alpco 

Diagnostics ELISA/gel filtration chromatography technique (Table 3.9 and Appendix 

3). However, the degree of the correlation with the gel filtration chromatography 

technique was not as great as that between the Alpco Diagnostics. It is known that 

both the ELISAs for HMW determination, and the gel filtration chromatography 

technique are complex and laborious (Fisher et al., 2005; Aso et al., 2006; 

Andersen et al., 2007; Sinha et al., 2007; Schraw et al., 2008) (Appendix 2). It is 

thought that differences in the methodologies of the techniques accounts for the 

difference in the degree of correlation between the Brookes ELISAs and gel filtration 

chromatography. However it should be noted that all these methods use antibodies, 

even gel filtration chromatography, that uses a polyclonal antibody for its western 

blotting. Therefore, it should be noted that this technique could fall into the same 
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perils of bias as the assays investigated. To know if a technique using an antibody 

for the quantification of adiponectin multimers (via percent in relation to total or 

absolute amount) an antibodies‟ epitope must be known, then it can be shown that 

there is no bias caused by adiponectins' quaternary structures or post-translational 

modifications. 

Interestingly, during analysis of the results from the gel filtration chromatography 

technique there is not always clear separation of the peaks that represented the 

proportion of each adiponectin multimer. In this instance it is left to the judgement of 

the person analysing the data to decide where the fractions denoting each of the 

multimers begins/ends; possibly accounting for the variation in the degree of 

correlation between this technique and the percentage of HMW adiponectin 

determined in the Brookes assay. However, even though there might be slight 

variation dependent on the choice of separation of the person analysing the data, it 

is thought that this would not cause a great degree of inaccuracy in measurement 

and the differences are more likely to come from the differences in methodologies 

and the choice of antibodies being used. 

Bland-Altman Plots. 

Bland-Altman plots were constructed to visualise the difference in results obtained 

in the Brookes total/HMW ELISAs and each of the commercial assays (Appendix 3). 

From the summary table it was highlighted that a difference in result was obtained in 

the Brookes ELISAs and all commercial assays (Table 3.10). In fact the results 

obtained in the Brookes ELISAs were consistently greater than the values obtained 

from the commercial assays (Table 3.10). The Bland-Altman plots also 

demonstrated that as greater results were measured in all the assays (Brookes and 

commercial) the difference in results between the Brookes ELISAs and the 

commercial assays also became greater (Table 3.10). Several factors can explain 

this occurrence. 

Human Serum Standard Curve 

The Brookes assay for the measurement of total and HMW adiponectin 

concentration was developed with a human serum standard curve. This was 

because the measurement of adiponectin in the Brookes ELISAs relies on 

denaturation of all the adiponectin multimers to a uniform structure before 

quantification. It was feared that a recombinant preparation in the presence of a 

carrier protein would not act the same under the denaturing treatment as the 
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adiponectin in serum. Also, it is unsure how the adiponectin would act in the 

presence of a carrier protein especially under the recent finding that adiponectin 

forms structures with albumin (Hada et al., 2007). Therefore, increased difference in 

concentration observed between the Brookes assays and the commercial assays, 

especially in samples with high levels of adiponectin, could be a result of greater 

homogeneity between the human serum standards and the samples. 

Adiponectin Multimerisation or Monomeric Post Translational Modifications 

It has already been suggested that all the assays could exert a bias for a specific 

adiponectin multimer through the post-translational modification on which its 

formation is reliant (Section 1.8.4 and 3.5.12). The greater levels of total and HMW 

adiponectin quantified in the Brookes ELISA and consequently the larger difference 

between assay results, especially in samples with higher levels of adiponectin, 

could depend on such bias. Due to the presence of the effect in the Brookes ELISA 

with and without proteinase K treatment, such bias could be due to the HMW 

multimer. Interestingly, there is also a difference in concentration determined 

between the Brookes ELISA when measuring HMW adiponectin concentration and 

Alpco Diagnostics HMW ELISAs. Even though there is a difference in the 

concentrations quantified by the ELISAs, when the Bland-Altman plots of the 

proportion of HMW adiponectin obtained in the Brookes ELISA and Alpco 

Diagnostic ELISA was conducted, it was not conclusive which assay the difference 

noted between them was attributable too. A similar result was also found between 

the Brookes ELISA and gel filtration chromatography. This adds weight that 

although there are differences in the absolute values quantified by the Brookes and 

commercial ELISAs, this is not due to a bias in the ELISAs for the adiponectin HMW 

multimer. This could suggest that the differences in quantification between different 

assays are attributable to the standards used in the Brookes ELISA. 

Adiponectin International Standard 

Currently an adiponectin international standard is not recognised and the efficiency 

of adiponectin quantification is dependent on the antibodies used to construct the 

current assays (Nakano et al., 2006; Risch et al., 2006). In addition to this, it has 

been mentioned that comparability of between assay adiponectin quantification is a 

major concern even though results do correlate (Risch et al., 2006). Therefore, it 

can be suggested that the lack of international standard in the field is more likely to 

be the cause of such differences in results found between the Brookes and the 

commercial ELISAs. Differences in quantification arise from many 
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groups/companies using various recombinant materials to calibrate their assays. In 

this report conversion factors between the Brookes and the commercial ELISAs/RIA 

used were calculated (Table 3.10). Such a conversion table could be used to 

estimate values throughout the various assays currently in use so that previous 

results in the field can be compared. It is thought that the lack of an international 

standard is more responsible for the differences in the current assays by creating a 

variation in assay calibration. Consequently, the lack of an international standard 

could also be responsible for any confusion created in current research of 

adiponectin in disease states such as diabetes. 

Renaturation of Adiponectin after Denaturation Stage. 

All the assays discussed in this Chapter use a denaturing step in the quantification 

of adiponectin. If an acidic buffer has been used at this stage before a sample is 

loaded onto a plate the sample has to be neutralised so the antibodies in the assay 

are not affected. Current literature (Section 1.1.7) and validation experiments 

(Section 2.4.2.1b) show that once the adiponectin molecule is removed from the 

mode of denaturation (acid/boiling) it can reform. It is thought that the high dilution in 

the assays will stop monomers with the various post-translational modifications from 

forming the multimeric structures of adiponectin; however, it is believed that the 

dimers are still able to form coiled structures. Although this has been taken into 

consideration in the Brookes ELISA by rapid sample loading after neutralisation it is 

unclear if this factor is considered in the commercial assays. Therefore, this could 

be another factor affecting the compatibility of the quantification of adiponectin 

concentration between assays. 

3.6 Conclusion 

A strong immune response against adiponectin, induced by immunisation of animals 

with a mixture of adiponectin multimers and a peptide immunogen generated from a 

region in the adiponectin globular head was confirmed through tail bleed screening 

with recombinant human adiponectin. Following splenectomy, hybridomas were 

generated through polyethelene glycol fusion of myeloma cells to harvested 

splenocytes. Over 800 of the hybridomas generated screened positive for producing 

antibodies that recognised an epitope on the adiponectin molecule. After further 

screening of hybridoma supernatants against recombinant globular head 

adiponectin, denatured adiponectin and the isotyping of antibodies, ten hybridoma 
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cell lines producing antibodies that recognised epitopes on the adiponectin molecule 

were moved forward to ELISA development.  

During ELISA development a standard curve was generated using a human male 

pool serum which was calibrated through the calculation of its adiponectin 

concentration in relation to a commercially available preparation of recombinant 

human adiponectin produced from HEK293 cells. Antibody pairing studies in 

conjunction with the standard curve investigated which antibodies would be used to 

construct the final ELISA sandwich. In the pairing studies it was found that no 

antibody was able to construct a sandwich with itself and that no two antibodies that 

recognised an epitope in the globular head region of adiponectin were able to form 

a sandwich possibly due to steric hindrance. The pair of antibodies that were 

recognised to be superior in sandwich formation and selected for ELISA 

development were 399R, that recognised an epitope in the tail region of the 

adiponectin molecule, and 32F8, that recognised an epitope in the globular head 

region of the adiponectin molecule. This antibody sandwich configuration was 

important to development of an ELISA that could quantify both total and HMW 

adiponectin concentration. HMW adiponectin quantification was carried out through 

a 20 minute sample treatment with 7.5U/ml Proteinase K that caused degradation of 

the trimeric and hexameric adiponectin multimers. 

The final adiponectin ELISA was validated for the quantification of total and HMW 

adiponectin concentration by meeting acceptable results for experiments that 

investigated recovery, parallelism, specificity, inter/intra-plate C.V, acceptable 

control ranges and sensitivity of the ELISA. 

Finally, the validated ELISA developed in this PhD was accepted for the 

investigation of adiponectin concentration in clinical samples as it demonstrated 

strong statistically significant correlations with a range of current methodologies 

used for the measurement of adiponectin.  
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Chapter 4: Investigation of Adiponectin as 

a Routine Measurement for the Detection 

of Overt Vascular Disease 

The study of adiponectin in OVD was carried out in collaboration with Dr 

Lakshminarayan Ranganath (Liverpool University, England) and Professor Paul 

Trayhurn (Liverpool University, England). The role of Dr Ranganath in the 

collaboration was to provide samples for the quantification of total and HMW 

adiponectin in plasma of OVD clinic attendees, and to provide expert medical 

information concerning OVD. Professor Trayhurn acted as a primary point of contact 

with Dr Ranaganath and also as an expert advisor concerning issues of obesity in 

the study population. 
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4.1: Introduction 

Cardiovascular disease comprises a group of conditions and events that are 

associated with the blood circulatory system (Section 1.3.1). Overt vascular disease 

results from CVD and is defined by previous myocardial infarction, angina, 

angioplasty, CABG, CVA or PVD (Section 2.4.1). 

Adiponectin is believed to have cardio-protective effects (Ouchi et al., 1999; 

Kobayashi et al., 2004). Reductions in adiponectin concentration have been 

associated with a greater prevalence of CVD and risk of myocardial infarction 

between patients and controls (Kojima et al., 2003; Kumada et al., 2003; Pischon et 

al., 2004). Furthermore, adiponectin has been associated with coronary artery 

disease prevalence, where increased HMW adiponectin concentrations have been 

demonstrated to have greater cardio-protective effects than increased 

concentrations of trimeric and hexameric adiponectin multimers (Ouchi et al., 1999; 

Kojima et al., 2003; Kumada et al., 2003; Kobayashi et al., 2004; Pischon et al., 

2004; Hara et al., 2006). However, diabetic patients with microvascular disease 

were demonstrated to have increased adiponectin levels, possibly as a 

compensatory mechanism utilising the protective role of adiponectin, when 

compared to diabetic controls that had no microvascular disease (Frystyk et al., 

2005). This demonstrates that increased adiponectin concentrations are not always 

associated with good cardiovascular health. 

Atherosclerosis is known to be an inflammatory disease associated with endothelial 

dysfunction (Section 1.3.2). It is characterised by plaques that form through the 

proliferation, migration and accumulation of foam cells and vascular smooth muscle 

cells under the vascular endothelium (Section 1.3.2). The build up of atherosclerotic 

plaques and its associated inflammatory state is known to be a major problem in 

CVD as it can lead to ischemia of the heart, brain or extremities and finally result 

with infarction (Section 1.3.1 and 1.3.2). Adiponectin is a factor of importance in 

atherosclerosis as it modulates inflammation, lipid accumulation in macrophages 

that leads to their differentiation into foam cells and mitogens of smooth muscle 

cells that are involved in their migration (Section 1.17).  

Consequently, due to the association of adiponectin with the prevalence of CVD by 

interactions in its related inflammatory state and physical manifestations such as 

atherosclerosis, adiponectin can be considered a relevant protective factor that may 
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aid in the prediction of CVD and its related events (Kojima et al., 2003; Pischon et 

al., 2004). 

4.1.1 Aims: 

To investigate adiponectin as a routine measurement for the detection of OVD by its 

comparison with routine hospital anthropometric and biochemical measurements in 

primary and secondary OVD patients. 

4.2 Results 

4.2.1 Comparison of Clinical Characteristics and Biochemical Variables 

between Primary and Secondary Overt Vascular Disease Prevention 

Groups Before and After the Adjustment for Age. 

Clinical characteristics and biochemical variables were compared between OVD 

groups to ascertain any differences that might affect the comparison of adiponectin 

levels between them (Section 2.4.3). There was a statistically significant difference 

in age between the primary and secondary prevention groups (mean [± SEM] 54.9 

years [± 1.34] Vs 59.9 years [± 1.20] respectively p=0.006; Table 4.1), consequently 

all results were adjusted for age (Section 2.4.3). The adjustment for age saw that 

there were statistically significant lower levels of HDLC in the secondary prevention 

group than the primary prevention group (geometric mean [SEM range] 1.2 [-0.05, 

2.5] Vs 1.4 [0.1, 2.7], respectively, P<0.001; Table 4.1), and that there were 

statistically significant lower levels of TG and creatine kinase in the primary 

prevention group than the secondary prevention group (geometric mean TG [SEM 

range] 2.0 [0.1, 3.9] Vs 2.6 [0.47, 4.7] respectively p=0.023 and geometric mean 

creatine kinase [SEM range] 89.7 [87.9, 91.6] Vs 104.1 [102.5, 105.7] respectively, 

p=0.046; Table 4.1). Results were supported by the analysis of homogeneity of the 

regression lines for the primary and secondary prevention groups (P>0.05). 
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Table 4.1: Comparison of the clinical characteristics and biochemical variables 

between primary and secondary OVD prevention groups before and after the 

adjustment for age.  

 

Primary 
prevention 

Secondary 
prevention 

P-
value 

P-value 
(adjusted for 

age) Homogeneity 

Age (years) 54.9±1.34 59.9 ± 1.20 0.006** - - 

Systolic 
blood 
pressure 

136.6±2.72 143 ± 2.90 0.104 0.491 0.165 

Diastolic 
blood 
pressure 

81.1±1.30 83.4 ± 1.40 0.245 0.640 0.018
*** 

BMI (kg/m2) 
29.0  

(27.8, 30.2) 
30.2  

(29.0, 31.4) 
0.341 0.095 0.751 

Total 
cholesterol 
(mmol/L) 

5.7  
(4.5, 6.9) 

5.5  
(4.3, 6.7) 

0.695 0.353 0.347 

HDLC 
(mmol/L) 

1.4  
(0.1, 2.7) 

1.2  
(-0.05, 2.5) 

0.144 <0.001** 0.232 

TG 
(mmol/L) 

2.0  
(0.1, 3.9) 

2.6  
(0.47, 4.7) 

0.207 0.023* 0.042*** 

LDLC 
cholesterol 
(mmol/L) 

3.3  
(1.9, 4.6) 

3.0  
(1.6, 4.3) 

0.001** 0.373 0.111 

Creatine 
kinase (iu/L) 

89.7  
(87.9, 91.6) 

104.1  
(102.5, 105.7) 

0.023* 0.046* 0.943 

Alanine 
aminotransf
erase (iu/L) 

26.5  
(24.7, 28.4) 

25.6  
(23.81, 27.3) 

0.122 0.870 0.473 

Gamma 
glutamyl 
transferase 
(iu/L) 

43.7  
(41.3, 46.1) 

48.8  
(46.4, 51.2) 

0.138 0.614 0.497 

Data are shown as mean ± SEM or geometric mean (SEM range), * is significant difference 
between groups at the 0.05 level (2-tailed) and ** is significant difference between groups at 
the 0.01 level (2-tailed), ***denotes not supported by analysis of homogeneity. 
 

4.2.2 Identification of Patient Medications that Affect Adiponectin levels 

Stepwise linear regression models were constructed from the whole study 

population to Identify patient medications/treatments that affected adiponectin levels 

(Section 2.4.3). 

4.2.2a Identification of Patient Medications that Affect Total adiponectin 

The stepwise linear regression model (Table 4.2) of patient medications 

demonstrated that beta-blockers, ACE-inhibitors, Loop-diuretics and Thiazide were 

having a statistically significant affect on total adiponectin concentration. However 

according to defined criteria (Section 2.4.1) results were not adjusted for Thiazide 

treatment (N=15). Therefore, in the comparison of total adiponectin concentration 
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between primary and secondary OVD prevention groups, results were adjusted for 

loop-diuretic, ACE-inhibitor and beta-blocker therapy. 

Table 4.2: Stepwise linear regression model of the affect of drug treatment on total 

adiponectin concentration.  

 N P-Value 

Beta-blocker 40 0.004 

ACE-inhibitor 30 0.004 

Loop-diuretics 21 0.002 

Thiazide 15 0.025 

Model Summary - <0.001 

Five levels of regression are displayed where beta-blockers, ACE-inhibitors, loop-diuretics 
and thiazide were observed to affect total adiponectin concentrations (ug/ml). All other 
medications/treatments were excluded from the model as they were not identified to affect 
total adiponectin levels (ug/ml). The table also displays the summary of the model where 
P<0.001. N = the number of patients receiving medication/treatment. 
 

4.2.2b Identification of Patient Medications that Affect High Molecular Weight 

Adiponectin Concentration 

The stepwise linear regression model (Table 4.3) of patient medications 

demonstrated that beta-blockers, ACE-inhibitors and loop-diuretics had a 

statistically significant affect on HMW adiponectin concentration. Therefore, in the 

comparison of HMW adiponectin concentration between primary and secondary 

OVD prevention groups, results were adjusted for loop-diuretic, ACE-inhibitor and 

beta-blocker therapy. 

Table 4.3: Stepwise linear regression model of the affect of drug treatment on HMW 

adiponectin concentration. 

 N P-Value 

Loop diuretics 21 0.001 

ACE-inhibitor 30 0.024 

Beta-blockers 40 0.040 

Model Summary - <0.001 

Four levels of regression where loop diuretics, ACE-inhibitors and beta-blockers were noted 
to affect high molecular weight adiponectin levels (ug/ml). All other medications/treatments 
were excluded from the model as they were not identified to affect HMW adiponectin levels 
(ug/ml). The table also displays the summary of the model where P<0.001. N= the number 
of patients receiving medication/treatment. 
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4.2.2c Identification of Patient Medications that Affect Percentage High 

Molecular Weight and Low/Medium Molecular Weight Adiponectin 

No model was constructed as patient medications/treatments were not found to be 

exerting a statistically significant affect on percentage high molecular weight or 

low/medium molecular weight adiponectin levels. Therefore, results were not 

adjusted for any medications/treatments in the comparison of percentage high or 

low/medium molecular weight adiponectin levels between primary and secondary 

OVD prevention groups. 

4.2.2d Comparison of Adiponectin Levels Between Primary and Secondary 

Overt Vascular Disease Prevention Groups. 

To investigate if adiponectin could be used as a clinical marker for OVD, 

adiponectin levels were compared between primary and secondary OVD groups 

(Section 2.4.3). There was no statistically significant difference in total or HMW 

adiponectin concentration between primary or secondary OVD prevention groups 

after the adjustment for age, sex, beta-blocker, loop diuretics and ACE-inhibitors 

(geometric mean [SEM range]; total adiponectin = 19.8 [18.2, 21.3] Vs 17.8 [16.0, 

19.5] respectively, p=0.343 and HMW 6.9 [5.1, 8.7] Vs 6.0 [3.7, 8.3] respectively, 

p=0.275, Table 4.4). Also there was no significant difference in percentage HMW 

and percentage low/medium molecular weight adiponectin levels between primary 

and secondary OVD prevention groups after the adjustment for age and sex 

(percentage HMW adiponectin = 34.8 [33.6, 36.1] Vs 33.7 [32.3, 35.1] respectively, 

p=0.154 and percentage low/middle molecular weight adiponectin = 62.8 [61.6, 

63.0] Vs 62.2 [61.9, 62.5] respectively, p=0.793, Table 4.4) 
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Table 4.4: Comparison of adiponectin levels between primary and secondary OVD 

prevention groups. 

 

Primary OVD 
prevention 

Secondary OVD 
prevention P-value 

P-value 
(adjusted) 

Total 
adiponectin 
(ug/ml) 

19.8 

(18.2, 21.3) 

17.8 

(16.7, 18.9) 

0.202 
0.343

a 

HMW 
adiponectin 

6.9 

(5.1, 8.7) 

6.0 

(3.7, 8.3) 

0.251 
0.275

a 

Percentage 
HMW 
adiponectin 

34.8 

(33.6, 36.1) 

33.7 

(32.3, 35.1) 

0.492 
0.154

b 

Percentage 
low and 
medium 
molecular 
weight 
adiponectin 

62.8 

(61.6, 63.0) 

62.2 

(61.9, 62.5) 

0.706 
0.793

b 

Data are shown as geometric mean (SEM range). a = results adjusted for age, sex, beta-
blocker, loop diuretics and ACE-inhibitors; b = results adjusted for age and sex. 
 

4.2.3 The Relationship of Adiponectin Levels with Clinical 

Characteristics and Biochemical Variables of the Primary and 

Secondary Overt Vascular Disease Groups 

The nature of this study was a preliminary investigation of adiponectin 

(concentration and percentage size form) in comparison to routine hospital 

anthropometric and biochemical measurements within OVD patients separated into 

primary and secondary stage prevention groups. Pearson‟s correlation coefficient 

was calculated to investigate any relationships, a P-value<0.05 was considered a 

significant relationship (Section 2.4.3). 

4.2.3a The Relationship of Total Adiponectin Concentration with Clinical 

Characteristics and Biochemical Variables of the Primary and Secondary 

Overt Vascular Disease Groups 

Total adiponectin concentration in the primary and secondary prevention group had 

a statistically significant positive correlation with age and HDLC (age, r=0.331, 

p=0.001 and r=0.449, P<0.000; HDLC, r=0.425, P<0.001 and r=0.37, p=0.004; 

Table 4.5), whereas a statistically significant negative relationship was observed 

with TG and alanine aminotransferase (TG r= -0.353, p=0.001 and r= -0.410, 
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p=0.001; alanine aminotransferase r=-0.329, p=0.002 and r= -0.44, p=0.001; Table 

4.5). A statistically significant negative relationship of total adiponectin with creatine 

kinase levels and BMI was present in the primary prevention group, but no such 

relationship was identified in the secondary prevention group (creatine kinase, r= -

0.365, p=0.002 and r= 0.05, p= 0.73; BMI, r= -0.278, p=0.007 and r= -0.043, p= 

0.75, Table 4.5). Also, a negative relationship of total adiponectin with gamma 

glutamyl transferase levels was found in the primary and secondary prevention 

groups, however, it was only recognised to be statistically significant in the 

secondary prevention group (r= -0.124, p=0.258 and r= -0.30, p=0.02; Table 4.5). 

Opposing relationships for total adiponectin concentration with systolic blood 

pressure were observed between the primary and secondary prevention group; 

where the primary group relationship was statistically significant (r= 0.228, p=0.036 

Vs r= -0.15, p=0.25; Table 4.5). Total adiponectin concentration also had opposing 

relationships in the primary and secondary prevention groups in measurements of 

total cholesterol, LDL cholesterol and diastolic blood pressure, but these 

associations were not significant (r= 0.063 Vs -0.14, r=0.032 Vs -0.10, r= 0.228 Vs -

0.15 and r= 0.154 Vs -0.17, respectively; Table 4.5). 
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Table 4.5: The r and P-values for the correlation of total adiponectin concentration to 

clinical characteristics and biochemical variables in the primary and secondary OVD 

prevention groups. 

 Primary OVD group total 

adiponectin concentration 

Secondary OVD group total 

adiponectin concentration 

 Correlation P-value Correlation P-value 

Age 0.331 0.001 0.449 0.000 

Systolic blood 

pressure 
0.228 0.036 -0.150 0.248 

Diastolic blood 

pressure 
0.154 0.158 -0.171 0.188 

Body mass index -0.278 0.007 -0.043 0.748 

Total cholesterol 0.063 0.558 -0.143 0.268 

HDLC 0.425 <0.001 0.365 0.004 

TG -0.353 0.001 -0.414 0.001 

LDLC 0.032 0.776 -0.102 0.495 

Creatine kinase -0.365 0.002 0.048 0.732 

Alanine 

aminotransferase 
-0.329 0.002 -0.438 0.001 

Gamma glutamyl 

transferase 
-0.124 0.258 -0.303 0.021 

Positive correlations are displayed in yellow, negative correlations are displayed in blue. 
Significant correlations are displayed in orange (P<0.05) and red (P<0.01). 
 

4.2.3b The Relationship of High Molecular Weight Adiponectin Concentration 

with Clinical Characteristics and Biochemical Variables of the Primary and 

Secondary Overt Vascular Disease Groups 

In both the primary and secondary prevention groups HMW adiponectin was 

determined to have a statistically significant positive relationship with age and HDLC 

levels (age, r=0.368, P<0.000 and r= 0.533, P<0.000; HDLC, r=0.417, P<0.000 and 

r= 0.359, p=0.005; Table 4.6) and a statistically significant negative relationship with 

TG and alanine aminotransferase (TG, r= -0.214, p=0.022 and r=-0.483, p=0.000; 
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alanine aminotransferase, r= -0.347, p=0.001 and -0.432, p= 0.001, Table 4.6). 

HMW adiponectin was also identified to have a negative relationship with BMI and 

gamma glutamyl transferase in both primary and secondary prevention groups. 

However, statistical significance was only found in the primary group for BMI and 

the secondary group for gamma glutamyl transferase (BMI, r= -0.277, p=0.007 and 

r= -0.031, p=0.815; gamma glutamyl transferase, r= -0.021, p= 0.847 and r= -0.292, 

p= 0.026, Table 4.6). A statistically significant negative relationship of HMW 

adiponectin was also recognised with creatine kinase in the primary prevention 

group; however, an opposing non-statistically significant positive relationship was 

identified in the secondary prevention group. (r= -0.418, p<0.000 and r=0.023, 

p=0.873, Table 4.6). Opposing relationships of HMW adiponectin with systolic blood 

pressure, diastolic blood pressure and total cholesterol were also recognised in the 

primary and secondary prevention groups, however, these relationships were not 

statistically significant (systolic blood pressure, r=0.247, p=0.23 and r=-0.111, 

p=0.394; diastolic blood pressure, r=0.173, p=0.113 and r= -0.168, p= 0.196; total 

cholesterol, r= 0.061, p=0.571 and r= -0.18, p=0.161; Table 4.6). 
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Table 4.6: The r and p-values for the correlation of HMW adiponectin concentration to 

clinical characteristics and biochemical variables in the primary and secondary OVD 

prevention groups. 

 Primary OVD group HMW 

adiponectin concentration 

Secondary OVD group HMW 

adiponectin concentration 

 Correlation P-value Correlation P-value 

Age 0.368 <0.001 0.533 <0.001 

Systolic blood 

pressure 
0.247 0.230 -0.111 0.394 

Diastolic blood 

pressure 
0.173 0.113 -0.168 0.196 

Body mass index -0.277 0.007 -0.031 0.815 

Total cholesterol 0.061 0.571 -0.180 0.161 

HDLC 0.417 <0.001 0.359 0.005 

TG -0.214 0.022 -0.483 <0.001 

LDLC -0.13 0.907 -0.059 0.692 

Creatine kinase -0.418 <0.001 0.023 0.873 

Alanine 

aminotransferasae 
-0.347 0.001 -0.432 0.001 

Gamma glutamyl 

transferase 
-0.021 0.847 -0.292 0.026 

Positive correlations are displayed in yellow, negative correlations are displayed in blue. 
Significant correlations are displayed in orange (P<0.05) and red (P<0.01). 
 

4.2.3c The Relationship of Low and Medium Molecular Weight Adiponectin 

Levels, Expressed as a Percentage of Total Adiponectin, with Clinical 

Characteristics and Biochemical Variables of the Primary and Secondary 

Overt Vascular Disease Groups 

A statistically significant negative relationship was observed in both primary and 

secondary prevention groups when percentage low/medium molecular weight 

adiponectin was correlated with age and HDLC (age, r= -0.310, p= 0.002 and r= -

0.415, p=0.001; HDLC, r= -0.028, p=0.01 and r= -0.25, p=0.05; Table 4.7) and a 
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statistically significant positive relationship was found with BMI in both prevention 

groups (r=0.20, p=0.05 and r= 0.93, p=0.01, Table 4.7). A positive relationship was 

also recognised in the primary and secondary prevention groups between 

percentage low/medium molecular weight adiponectin and alanine 

aminotransferase, however, statistical significance was only present in the 

secondary prevention group (r=0.17, p= 0.12 and r=0.27, p=0.05, Table 4.7). A 

statistically significant positive relationship of percentage low/medium molecular 

weight adiponectin was identified with TG levels in the secondary prevention group 

and creatine kinase in the primary prevention group; however, an opposing negative 

non-statistically significant relationship was recognised in the primary prevention 

group for TG levels and in the secondary prevention group for creatine kinase (TG, 

r= -0.02, p=0.87 and r=0.29, p=0.03; creatine kinase, r= 0.29, p=0.01 and r= -0.002, 

p=0.99, Table 4.7). A statistically significant negative relationship was observed 

between low/medium molecular weight adiponectin percentage and gamma 

glutamyl transferase levels in the primary prevention group, yet, a positive 

relationship was found in the secondary prevention group that almost reached 

statistical significance (r= -0.27, p=0.01 and r= 0.23, p=0.09, Table 4.7). Opposing 

relationships of percentage low/medium molecular weight adiponectin with systolic 

and diastolic blood pressure were also identified in the primary and secondary 

prevention groups, however, these were not significant (systolic blood pressure, r= -

0.19, p=0.08 and r= 0.02, p=0.89; diastolic blood pressure, r= -0.12, p=0.29 and 

r=0.17, p=0.19, Table 4.7) 
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Table 4.7: The r and p-values for the correlation of low/medium molecular weight 

adiponectin levels, expressed as a percentage of total, to clinical characteristics and 

biochemical variables in the primary and secondary OVD prevention groups. 

 Primary OVD group 

%low/medium molecular weight 

adiponectin 

Secondary OVD group 

%low/medium molecular weight 

adiponectin 

 Correlation P-value Correlation P-value 

Age -0.310 0.002 -0.415 0.001 

Systolic blood 

pressure 
-0.189- 0.084 0.019 0.8887 

Diastolic blood 

pressure 
-0.116 0.289 0.171 0.192 

Body mass index 0.202 0.053 0.929 0.012 

Total cholesterol 0.006 0.957 0.169 0.194 

HDLC -0.279 0.008 -0.253 0.051 

TG -0.018 0.865 0.287 0.027 

LDLC 0.125 0.263 0.073 0.625 

Creatine kinase 0.291 0.014 -0.002 0.987 

Alanine 

aminotransferasae 
0.168 0.124 0.267 0.045 

Gamma glutamyl 

transferase 
-0.265 0.014 0.227 0.090 

Positive correlations are displayed in yellow, negative correlations are displayed in blue. 
Significant correlations are displayed in orange (p<0.05) and red (p<0.01). 
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4.2.3d The Relationship of High Molecular Weight Adiponectin Levels, 

Expressed as a Percentage of Total Adiponectin, with Clinical Characteristics 

and Biochemical Variables of the Primary and Secondary Overt Vascular 

Disease Groups 

In the primary and secondary prevention groups the percentage level of HMW 

adiponectin had a statistically significant positive correlation with age and HDLC 

levels (age, r= 0.310, p=0.002 and r=0.550, p<0.001; HDLC, r=0.27, p=0.01 and 

r=0.270, p=0.04; Table 4.8) but a statistically significant negative correlation with 

alanine aminotransferase (r=-0.25, P=0.02 and r= -0.320, p=0.01; Table 4.8). There 

was a statistically significant negative correlation of percentage HMW adiponectin 

and creatine kinase in the primary prevention group but no correlation was observed 

in the secondary prevention group (r= -0.37, p=0.002 and r= -0.030, p=0.850; Table 

4.8). Conversely, there was a negative statistically significant correlation between 

percentage HMW adiponectin and TG levels in the secondary prevention group that 

was not found in the primary prevention group (r= -0.490, p<0.000 Vs r=0.03, 

p=0.780; Table 4.8). Interestingly the body mass index of the primary prevention 

group had a weak negative correlation with percentage HMW adiponectin, whereas 

there was no correlation recognised in the secondary prevention group (r= -0.18, 

p=0.08 and r= -0.004, p=0.980; Table 4.8). Percentage HMW adiponectin was 

recognised to have an opposing relationship in the primary and secondary 

prevention groups with systolic blood pressure, diastolic blood pressure, total 

cholesterol and gamma glutamyl transferase, but these associations were not 

statistically significant (systolic blood pressure, r= 0.082, p= 0.33 Vs r= 0.19, 

p=0.76; diastolic blood pressure, r= 0.01, P=0.89 Vs r=0.01, P=0.89; total 

cholesterol, r= -0.72, p=0.38 Vs r= 0.04, p=0.73; gamma glutamyl transferase, r= -

0.003, p=0.170 Vs r=0.17, p=0.13; Table 4.8) 
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Table 4.8: The r and p-values for the correlation of high molecular weight adiponectin 

levels, expressed as a percentage of total, to clinical characteristics and biochemical 

variables in the primary and secondary OVD prevention groups. 

 Primary OVD group %HMW 

adiponectin 

Secondary OVD group %HMW 

adiponectin 

 Correlation P-value Correlation P-value 

Age 0.310 0.002 0.553 <0.001 

Systolic blood pressure 0.194 0.076 -0.022 0.868 

Diastolic blood pressure 0.146 0.182 -0.125 0.336 

Body mass index -0.182 0.082 -0.004 0.977 

Total cholesterol 0.037 0.730 --0.200 0.120 

HDLC 0.266 0.012 0.267 0.037 

TG 0.029 0.783 -0.489 <0.001 

LDLC -0.084 0.454 0.035 0.814 

Creatine kinase -0.369 0.002 -0.026 0.852 

Alanine 

aminotransferasae 
-0.249 0.021 -0.321 0.014 

Gamma glutamyl 

transferase 
0.165 0.130 -0.205 0.123 

Positive correlations are displayed in yellow, negative correlations are displayed in blue. 
Significant correlations are displayed in orange (p<0.05) and red (p<0.01). 
 

4.3 Discussion 

4.3.1 Clinical Characteristics and Biochemical Variables of the Whole 

Study Cohort and Primary and Secondary Overt Vascular Disease 

Groups 

Certain conclusions can be drawn from the clinical characteristics and biochemical 

variables of the study cohort as a whole. The population of the study was of mid to 

late 50‟s, verging on obese with high levels of total cholesterol (target range < 

5mmol/l) and LDLC (target range < 3mmol/l), all defining characteristics of a 
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population at high risk of cardiovascular disease and events related to 

cardiovascular disease. Further, tests that denote liver function (alanine 

aminotransferase and gamma glutamyl transferase (Lab Tests Online, 2004a; Lab 

Tests Online, 2004c)) suggest that on average both the primary and secondary 

prevention groups were not suffering from liver damage (normal reference range 

alanine aminotransferase <35iu/L and gamma-glutamyl transferase <50iu/L 

(Personal communication with Dr Ranganath, Royal Liverpool University Hospital; 

2008)). 

Results for the clinical and biochemical variables only saw a statistically significant 

difference between primary and secondary OVD prevention groups for HDLC, TGs 

and creatine kinase. It is known that HDLC promotes vasculature health through 

transport of excess cellular cholesterol to the liver for excretion before it can be 

involved in plaque formation (Gotto, Jr., 2002; Chapman et al., 2004; de Jong et al., 

2008). Both primary and secondary prevention groups had a high risk status for 

cardiovascular disease events. However, as well as being high risk, the secondary 

group was defined by previous myocardial infarction, angina, CABG, CVA, PVD or 

the presence of diabetes. As HDLC is linked to cardiovascular health and the 

secondary group was known to exhibit deteriorated cardiovascular health in relation 

to the primary group this could explain the lower levels of HDLC in the secondary 

group. 

Increased TG levels are a recognised risk factor for the development of 

atherosclerosis (Gotto, Jr., 2002; Yamamoto et al., 2002) and it is common 

knowledge that plaque formation plays a central role in cardiovascular disease 

events (Ross, 1999). In this investigation a statistically significant difference in TG 

levels between primary and secondary prevention groups was found with TG levels 

that were increased in the secondary prevention group. This is understandable as 

for the reasons previously discussed the secondary group are known to exhibit 

deteriorated cardiovascular health in relation to the primary group and to have 

exhibited atherosclerotic plaque related cardiovascular disease events. 

Creatine kinase is a biomarker for ischemia related muscle damage and is linked to 

cardiac injury, as is troponin and creatine kinase subform MB (reviewed in (Howie-

Esquivel & White, 2008)). Increases in creatine kinase levels can denote muscle 

injury that occurs in myocardial infarction, however, other forms of muscle damage 

can cause increases in creatine kinase levels and additional biomarkers should be 

utilised (Lab Tests Online, 2004b). A statistically significant difference between 
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primary and secondary prevention group creatine kinase levels were observed, with 

greater levels in the secondary group cohort. It can be suggested that the 

secondary group had higher levels of creatine kinase due to the level of 

cardiovascular events that make up the defining criteria of this group. Additionally, 

increased levels of creatine kinase could represent muscle damage 

(rhabdomyolysis) from drug therapies such as statins, either given alone or in 

combination with other drugs e.g. fibrates. Although such therapies were prescribed 

to both primary and secondary OVD patients, increased creatine kinase levels could 

be present in secondary OVD patients as they tend to be stricter with medication 

due to previous cardiovascular events (personal communication, Dr Ranganath, 

Royal Liverpool University Hospital, UK). 

4.3.2 Comparisons of Adiponectin Levels between Primary and 

Secondary Overt Vascular Disease Groups 

The role of adiponectin in cardiovascular disease states has already been 

discussed (Section 4.1). Interestingly, this study showed there to be no statistically 

significant difference in patient adiponectin levels when classified into primary and 

secondary OVD prevention groups. It should be noted that all patients in this study 

are current clinic attendees of whom a majority are on some form of long term 

cardiovascular disease related medication. Even though patient medications have 

been accounted for in the comparisons of the different adiponectin data 

(concentration and percentage size form), the long term benefits/drawbacks of 

these medications are not and it is thought that this is the reason there was no 

statistically significant difference in the level of adiponectin between OVD prevention 

groups. Also, in some cases medication was only used by a very small sub 

population of the total cohort of patients (thiazide = 15) that could have caused 

artefacts in the final results. 

4.3.3 Identification of Patient Medications that Affect Adiponectin 

Levels 

It has previously been discussed that anti-cardiovascular disease medications are 

known to be involved in the early progression of diabetes in patients that they have 

been prescribed; more recently it has been suggested that this effect is partly due to 

changes in adiponectin levels. Consequently, in the comparison of adiponectin 

measurements between OVD prevention groups, data adjustment was conducted 
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according to which medications were recognised as exerting an effect on 

adiponectin levels in a stepwise liner regression model.  

4.3.3a Beta-blockers 

The use of beta-blockers in hypertension has been shown to increase the risk of 

type 2 diabetes (Section 1.3.4) and are also recognised to be an independent 

predictor of decreased adiponectin levels even after the adjustment for BMI 

(Hjelmesaeth et al., 2006). This relationship was supported by this study as a 

decrease in total and HMW adiponectin concentration was related to beta-blocker 

therapy when assessing results from the study population as a whole. 

Unfortunately, no routine measure of insulin sensitivity was conducted in the OVD 

clinic and the relationship of reductions in adiponectin concentration with beta 

blocker therapy could not be further related to insulin resistance and type 2 

diabetes. Consequently, this study highlights that insulin resistance should be a 

standard measure in OVD clinics, but, this isn‟t always possible in a clinical 

environment as fasting state isn‟t strictly followed by patients.  

Even though it is difficult to obtain measures of insulin resistance in the clinical 

environment, due to the role of adiponectin in insulin resistance, low measures of 

total and HMW adiponectin could be an additional factor to track the onset of 

diabetes in beta blocker users. Furthermore, adiponectin data could be used in 

clinic attendees to support the use of alternative agents other than beta blockers in 

their OVD prevention. However, further investigation is needed to determine what 

level of adiponectin should be considered as low to warrant the prescription of 

alternative therapies. 

4.3.3b Angiotensin Converting Enzyme Inhibitors 

The effect of ACE inhibitors on adiponectin concentration is controversial (Furuhashi 

et al., 2003; Hjelmesaeth et al., 2006; Koh et al., 2006; Nomura et al., 2006; Piecha 

et al., 2007; Yilmaz et al., 2007). In this study total and HMW adiponectin 

concentration was recognised to be decreased by ACE inhibitor therapy. 

Hjelmesaeth et al. (2006) stated that the finding of ACE inhibitors having no effect 

on adiponectin levels in their study does not contradict other studies as they were 

investigating an ace inhibitor that had not previously been explored. There could be 

similar reasons for this study not to directly contradict others, as the population in 

this study were on a range of different ace inhibitors (lisinopril, ramipril, captopril, 

trandolopril, perindopril and enalapril) whose cumulative effect could see such a 
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decrease. Also treatment was on going, so adiponectin measures before ACE 

inhibitor treatment could not be compared to current measures. Therefore, rather 

than give a definitive answer into the complexities of the effect of ACE inhibitors on 

adiponectin concentration it would be more prudent to suggest that further 

investigation is needed into individual ACE inhibitors on adiponectin concentration. 

4.3.3c Diuretics 

Thiazide diuretics are another cardiovascular disease related medication that have 

been linked to the reductions in adiponectin concentration (Piecha et al., 2007). 

Nevertheless, not a great deal of investigation has been conducted and it is unclear 

whether the relationship of adiponectin levels and thiazides is the link to the 

increased incidence of diabetes with thiazide treatment. This is hypothesised 

because this study did not support previous literature as thiazide treatment in this 

study was related to an increase in adiponectin levels. 

The link between early onset of diabetes and thiazide treatment is well documented 

(Section 1.3.4) and like ACE inhibitors this study does not necessarily contradict 

previous studies linking a drugs effect to the onset of a condition; in this case, 

thiazides to diabetes. A reason for this is that the study cohort were prescribed 

various thiazide therapies (bendrofluazide or hydrochlorothiazide) that were different 

to previously studied thiazide therapies (Inapamide) linked to changes in 

adiponectin levels.  

Interestingly treatment with a different diuretic agent, loop diuretics, was related to 

increases in total and HMW adiponectin concentrations. It has previously been 

argued that reductions in adiponectin concentration, in particular HMW adiponectin, 

are linked to insulin resistance and type 2 diabetes (Section 1.12). Therefore, 

increases in adiponectin concentration recognised with diuretic treatment in this 

study did not support the link between the insulin sensitising effects of adiponectin 

and the onset of diabetes. Unfortunately tests for diabetes were not included in the 

data set and diuretic use cannot be linked to insulin resistance in this investigation. 

This highlights that insulin resistance would be a good routine measure for 

individuals attending OVD clinics to track the onset of type 2 diabetes, especially in 

those receiving diuretic treatment. 

Even though the increase in adiponectin concentration recognised with diuretic 

therapy in this study suggested that adiponectin is not the link between the early 

onset of diabetes and diuretic use, increases in adiponectin concentration can be 
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justified. It has been discussed in the literature that reductions in cell volume are 

linked to cell function and that such reductions can be caused by dehydration due to 

diuretic use (reviewed in (Schliess & Haussinger, 2000; Schliess et al., 2006)). 

Therefore it can be suggested that dehydration resulting from diuretic use could be 

responsible for the insulin resistance recognised with diuretic therapy. 

Consequently, the increase in adiponectin levels recognised in this study could 

represent a compensatory mechanism attempting to utilise the insulin sensitising 

effects of adiponectin.  

The known link to the early onset of type 2 diabetes with diuretic use and also the 

relationship of diuretic use and the increase in adiponectin levels recognised in this 

study demonstrates that further investigation is needed into this therapy. This could 

be conducted by investigating diuretics as a monotherapy and tracking results 

relating to the progression of type 2 diabetes and also adiponectin levels. 

4.3.4 Relationship of Adiponectin Levels to Clinical Characteristics and 

Biochemical Variables. 

Adiponectin levels (concentration and percentage size form) were compared to 

routine hospital anthropometric and biochemical measurements within OVD patients 

separated into primary and secondary stage prevention groups. All results are 

summarised in table 4.9. 

4.3.4a Age 

In several studies adiponectin has been shown to be affected by age (Cnop et al., 

2003; Bottner et al., 2004; Fisher et al., 2005). From the summary it was found that 

statistically significant correlations between age and all measures of adiponectin 

were recognised in both primary and secondary OVD prevention groups. 

Consequently age was adjusted for in the comparison of adiponectin levels between 

groups.  

The occurrence of diabetes has been related to the long term use of 

antihypertensive and coronary vascular disease medications (1.3.4), increased BMI 

(Section 1.3.6) and declines in renal function are recognised in older generations 

(bnf.org, 2007). From this it could be suggested that in some cases the changes in 

known predictors such as BMI and kidney function are responsible for age related 

changes in adiponectin levels, especially in HMW adiponectin concentration.  
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It is interesting to note that in this study positive correlations were recognised with 

age and concentration measurements for total and HMW adiponectin. However, 

even though a statistically significant positive correlation was noted between age 

and HMW adiponectin concentration, a statistically significant negative correlation 

was recognised between age and HMW adiponectin when expressed as a 

percentage of total, measured in both prevention groups. This could demonstrate 

that the measure of HMW adiponectin levels expressed as a percentage of total are 

a better marker for age related conditions of diabetes and renal function. 

Unfortunately no measure of glucose tolerance or insulin levels was conducted in 

the OVD clinic, possibly highlighting an area of attention needed in these 

individuals. 

4.3.4b Blood Pressure 

Previous reports have recognised correlations with adiponectin and arterial blood 

pressures, TG levels, HDLC (Yamamoto et al., 2002; Huang et al., 2003; Yilmaz et 

al., 2007) and the role of adiponectin in diabetes (Section 1.12). In this study only 

total adiponectin concentration measured in the primary prevention group alone was 

recognised to have a statistically significant positive correlation with systolic blood 

pressure. As increased blood pressure is associated with cardiovascular disease 

and the progression of atherosclerosis (Section 1.3.3) the increasing level of 

adiponectin with blood pressure in the primary prevention group could represent a 

compensatory system utilising the protective effect of adiponectin in the 

cardiovascular system to combat such developments in CVD. The fact that there 

was no correlation noted in the secondary prevention group could be related to 

more strict adherence to medications by individuals in this group as they have 

previously experienced an OVD event. Therefore blood pressures of these 

individuals are more effectively maintained. 

4.3.4c High Density Lipoprotein Cholesterol 

This study agreed with previous reports that demonstrated total adiponectin 

concentration positively correlated with HDLC levels, but negatively with TG levels. 

Total adiponectin concentration was observed to have a statistically significant 

positive correlation with HDLC levels in both prevention groups. However, this study 

was able to demonstrate that HDLC levels had a statistically significant positive 

correlation with HMW adiponectin concentration and also low/medium molecular 

weight adiponectin levels when expressed as a percentage of total adiponectin 

concentration.  
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Interestingly, percentage HMW adiponectin levels showed a statistically significant 

negative correlation with HDLC in both groups. One explanation for this result is that 

HMW adiponectin levels have been suggested to be a marker of vasculature health 

(Section 4.1) and it is known that HDLC promotes vasculature health through the 

transport of excess cellular cholesterol to the liver for excretion before it can be 

involved in plaque formation (Gotto, Jr., 2002; Chapman et al., 2004; de Jong et al., 

2008). In addition, both primary and secondary prevention groups have a high risk 

status for an OVD event and are attending the OVD clinic to combat this risk. 

Therefore, this study could demonstrate that increased levels of HDLC in relation to 

high levels of total adiponectin, but consisting of a greater percentage of HMW 

adiponectin, could be a marker for improved cardiovascular health. Also, a 

decreased level of percentage HMW adiponectin in relation to HDLC is a marker for 

the onset of OVD. However, these suggestions need to be confirmed by further 

investigation comparing OVD prevention clinic attendees to the „normal‟ population. 

Such further research could make adiponectin an important predictor in 

cardiovascular health status and would justify it as a routine measure for 

cardiovascular disease clinics. 

4.3.4d Triglyceride 

As already mentioned this study saw a statistically significant negative correlation 

between TG and total adiponectin concentration. This correlation was also identified 

between TG and HMW adiponectin concentration. Increased TG levels are a 

recognised risk factor for the development of atherosclerosis (Gotto, Jr., 2002; 

Yamamoto et al., 2002). It is common knowledge that plaque formation plays a 

central role in cardiovascular disease events and that adiponectin has been shown 

to counteract such formations (Section 1.17). Interestingly, HMW adiponectin levels, 

expressed as a percentage of total adiponectin concentration, have opposing 

correlations with TG levels between primary and secondary prevention groups, as 

do low/medium molecular weight adiponectin levels when expressed as a 

percentage of total. The classification for the secondary prevention group has 

already been clarified and could demonstrate that decreases in percentage HMW 

and increases in percentage low/medium molecular weight adiponectin in relation to 

TG levels could be a marker for the onset of myocardial infarction, angina, 

angioplasty, CABG, CVA, PVD or diabetes highlighting another area for further 

investigation for adiponectin in relation to cardiovascular disease. 
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4.3.4e Body Mass Index 

As already discussed adiponectin concentration is inversely related to BMI (Section 

1.7). Interestingly, in this study HMW adiponectin levels, expressed as a percentage 

of total concentration, were found to have a significantly positive correlation with 

BMI. A suggestion for this observation is that even though serum adiponectin 

concentration is decreasing, the proportionate level of HMW adiponectin being 

released is increasing. This is possibly as a failing compensatory mechanism to 

counteract the onset of insulin resistance recognised with increases in BMI. Such an 

increase in percentage HMW adiponectin could also be an attempt to utilise the 

cardio-protective effect of HMW adiponectin against atherosclerosis, a condition 

often linked to obesity (Weintraub, 2008). However, the increase in percentage 

HMW levels could be related to an artefact in the results that is resulting from 

low/medium molecular weight levels decreasing faster than HMW levels, therefore, 

it just appears that the proportion of HMW levels have increased but are decreasing 

much like all other adiponectin multimers. 

4.3.4f Creatine kinase 

Creatine kinase is a marker of muscle damage and is increased in ischemia related 

damage to the heart and other cardiovascular disease events (Section 4.3.1). It has 

also been mentioned that adiponectin is suspected to be involved in the reduction of 

atherosclerotic plaque formation, the main cause of ischemic related cardiovascular 

disease (Section 1.17). Interestingly, only total and HMW adiponectin concentration 

and also HMW and low/medium molecular weight adiponectin when expressed as a 

percentage of total concentration, were only found to have statistically significant 

negative correlations with creatine kinase levels in the primary OVD group. A 

statistically significant positive correlation was recognised for HMW adiponectin 

levels when expressed as a percentage of total adiponectin concentration. 

Consequently, it can be hypothesised that reductions in the adiponectin levels 

measured in this study in relation to increases in creatine kinase levels could be a 

marker for the onset of cardiovascular disease events used to define the secondary 

OVD prevention group, with the exception of percentage HMW adiponectin. 

Increases in percentage HMW levels could again denote a compensatory 

mechanism attempting to utilise the cardiovascular protective effects of HMW 

adiponectin as even though there is a decrease in total and HMW adiponectin 

concentration more HMW adiponectin in relation to total is present in serum 

samples. 
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Table 4.9: Summary table of correlation trends identified between adiponectin 

measures in the primary and secondary OVD prevention groups and clinical 

characteristics/biochemical variables. 

 

Total adiponectin 

HMW 

adiponectin 

Percentage HMW 

adiponectin 

Percentage 

low/medium 

molecular weight 

adiponectin 

Prevention 

Group Primary Secondary Primary Secondary Primary Secondary Primary Secondary 

Age +ve +ve +ve +ve -ve -ve +ve +ve 

Systolic 

blood 

pressure 

+ve -ve -ve -ve -ve -ve -ve -ve 

Diastolic 

blood 

pressure 

+ve -ve +ve -ve -ve +ve +ve -ve 

BMI -ve -ve -ve -ve -ve +ve +ve -ve 

Total 

cholesterol 
+ve -ve +ve -ve +ve -ve +ve -ve 

HDLC +ve +ve +ve +ve -ve -ve +ve +ve 

TG -ve -ve -ve -ve -ve +ve +ve -ve 

LDLC +ve -ve -ve -ve +ve +ve -ve +ve 

Creatine 

kinase 
-ve +ve -ve +ve +ve -ve -ve -ve 

+ve = a positive correlation, -ve = a negative correlation and highlighted blue boxes 

represent a correlation with statistical significance. 
 

4.4 Study Limitations 

The first limitation of this study was that the analysis of the data using correlations 

only recognised relationships between the factors being investigated and did not 

account for the variables actually effecting one another. Therefore, all factors that 

demonstrated a relationship could have been affected by one (or more) 
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unmeasured factor(s). Consequently, data investigated in this manner should allow 

for preliminary hypothesises about the area of investigation to be generated and not 

firm conclusions about the results; which can be researched further in a more 

targeted manner. 

The patients of this study were current NHS OVD clinic attendees. As a 

consequence patients were undergoing treatment of a wide range and combination 

of OVD related medication at a number of different dosages and for different 

durations. Due to the large level of data on drug use within the population 

duration/dosage was ignored; consequently effects of these factors were not taken 

into consideration. Also it cannot be ignored that the results could have been 

influenced by physician prescribing patterns e.g. thiazides and loop diuretics may 

have only been prescribed to patients perceived as low risk of diabetes and other 

vascular disease related therapies may have been prescribed by those at high risk 

of diabetes. Additionally, the power to detect some of the therapies effects on 

adiponectin levels could be limited due to low numbers of patients in the population 

taking these therapies.  

Another limitation in the study was that the subjects in the primary and secondary 

prevention groups were not paired. Therefore, certain factors that had not been 

recognised to have a significant effect in either prevention group may have had 

slight undetectable influences within one of the groups, a problem avoided in paired 

samples.  

The final limitation of this study was the lack of measurement for insulin sensitivity 

and glucose tolerance which would have given information that linked 

cardiovascular disease with insulin sensitivity, an area that is related to adiponectin. 

4.5 Conclusion 

The results of this study suggest a link in adiponectin levels with loop diuretic use 

that does not support previous suggestions of a decrease in adiponectin 

concentration in relation to diuretic therapy. This study also supports previous 

reported effects of beta-blocker therapy on decreases in adiponectin concentration. 

Therefore, it can be suggested from this study that adiponectin levels could be 

linked to the early onset of diabetes in beta-blocker users, but not in diuretic users, 

where it is more likely that dehydration could be the primary cause of the early onset 

of type 2 diabetes. 
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As well as the relationship of drug therapy with CVD demonstrated by this study, it 

was also demonstrated that age, increased levels of total/LDLC and BMI support 

previous findings that these factors are predictors of the onset of CVD and its 

related events. The statistically significant differences between primary and 

secondary OVD prevention groups for TG, HDLC and creatine kinase levels in this 

study also support previous data that suggests these factors to be predictors of 

CVD and its related events. 

Another conclusion to this study is that adiponectin alone is not a good marker for 

the onset of OVD. However, this study does demonstrate that adiponectin 

measurement, especially percentage HMW levels, in relation to bio-markers such as 

HDLC, TG, and body mass index could be used to track the progression of OVD. 

Also adiponectin levels in relation to creatine kinase have the potential to track the 

onset of secondary OVD patient attributes in primary OVD patients. However, 

further investigation is needed into the previously suggested areas to gain greater 

understanding of the role of adiponectin in OVD to assign actual relationships for 

diagnosis in the clinical environment. 

4.6 Further Work 

 Investigation of the effects of different cardiovascular disease therapies in 

cultured samples of adipocytes. 

 Investigation of the onset of cardiovascular disease therapy in relation to 

adiponectin concentration, with particular interest in the Investigation of thiazide 

and loop diuretic monotherapy on dehydration state, insulin sensitivity and 

adiponectin concentration. 

 Investigation of dehydration state and adiponectin production in the presence 

and absence of diuretics and cardiovascular disease related cell lines (e.g. 

endothelial cells, cardio-myocytes). 

 Comparison of primary/secondary OVD prevention groups in relation to a 

population not at risk of OVD development 

 Investigation into gender related progression of OVD in new clinic attendees 

with emphasis on adiponectin levels. 
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Chapter 5: Investigation of Adiponectin 

Secretion into Lymph 

The study of adiponectin secretion into lymph was carried out in collaboration with 

Professor Keith Frayn (Oxford Centre for Diabetes and Metabolism, Oxford, 

England). The role of Professor Frayn in the collaboration was to provide samples 

for the quantification of total and HMW adiponectin concentration in lymph and 

plasma. Additionally, Professor Frayn acted as an expert advisor concerning issues 

relating to adiponectin content in lymph.  
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5.1 Introduction 

Adiponectin is abundantly expressed in adipocytes and released as a range of 

monomeric multimers of varying molecular weights that have been identified in the 

blood circulatory system (Section 1.8). However, previous investigation of the 

release of adiponectin into the blood circulatory system has been inconclusive. 

Such investigations were conducted by the measurement in the difference of 

adiponectin concentration in atrial blood entering an adipose tissue depot and 

venous blood exiting (Tan et al., 2005). It was suggested that this result was 

observed because any measurable differences between atrial and venous 

adiponectin concentration across an adipose tissue depot were lost in the C.V. of 

the measurement techniques used in the study (Tan et al., 2005). This hypothesis 

was presented because of the long half life, low turnover and low rate of production 

of adiponectin in the body (Tan et al., 2005).  

As well as the hypothesis presented by Tan et al. (2005) an alternative hypothesis 

has also been presented where it is suggested that the lack of an increase in 

plasma adiponectin concentration could be accounted for by the release of 

adiponectin into interstitial fluid of adipose tissue depots (Hojbjerre et al., 2007). 

This hypothesis is supported by studies that have demonstrated increases in 

interstitial fluid adiponectin concentration after exercise in healthy individuals, but 

not in paired plasma samples (Hojbjerre et al., 2007). Taking consideration of this 

hypothesis and the previously argued functional association of adipose tissue with 

the immune system (Section 1.5) it is reasonable to hypothesise that adiponectin 

could be released via adipose tissue interstitial fluid into lymph drainage. 

Interestingly, even though there is such a high association of adipose tissue and its 

secreted products with inflammation (Sections 1.4.6, 1.4.7 and 1.6), including 

adiponectin (Section 1.17), the presence of adiponectin in lymph and the 

relationship of adiponectin with other resident factors in lymphatic circulation is 

uncharacterised. This highlights an area for further investigation. 

5.1.1 Aims: 

(a) To investigate the presence of adiponectin and its HMW multimer in lymph and if 

present to relate levels to those in paired plasma samples.  

(b) To investigate the relationship of HMW levels in relation to total adiponectin 

levels in lymph. 
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(c) To investigate adiponectin in lymph in relation to other lymphatic 

molecules/inflammatory markers and further relate this information to paired plasma 

samples. 
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5.2 Results 

5.2.1 Quantification of Adiponectin in Lymph and Comparison to the 

Quantification of Adiponectin in Plasma 

Adiponectin was quantified in lymph and plasma samples as total adiponectin 

concentration, HMW adiponectin concentration, HMW adiponectin when expressed 

as a percentage of total adiponectin concentration and also total adiponectin when 

expressed as a percentage of total protein (Section 2.5.2). Adiponectin levels 

quantified in lymph and plasma samples were then compared (Section 2.5.3). 

5.2.1a Total Adiponectin Concentration in Lymph Compared with Total 

Adiponectin Concentration in Plasma 

Concentrations of total adiponectin quantified in lymph samples exhibited a 

statistically significant difference to the concentrations of total adiponectin found in 

paired plasma samples (4.87µg/ml Vs 21.56µg/ml respectively; [p<0.001]) (Figure 

5.1). 

 
Figure 5.1: Quantification of total adiponectin concentration in plasma and lymph. 

Comparison of total adiponectin concentration quantified in plasma (mean=21.56µg/ml) and 
lymph (mean=4.87µg/ml) (p values calculated using paired one tailed student ttest, n=12, 
error bars = 1 standard error of the mean).  
 

  

P<0.001
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5.2.1b High Molecular Weight Adiponectin Concentration in Lymph Compared 

with High Molecular Weight Adiponectin Concentration Quantified in Plasma 

Concentrations of HMW adiponectin quantified in lymph samples exhibited a 

statistically significant difference to the concentrations of HMW adiponectin found in 

paired plasma samples (1.03µg/ml Vs 7.93µg/ml respectively; [p<0.001]) (Figure 

5.2). 

 
Figure 5.2: Quantification of HMW adiponectin in plasma and lymph. 

Comparison of HMW adiponectin concentration quantified in plasma (mean=7.93µg/ml) and 
lymph (mean=1.03µg/ml) (p values calculated using paired one tailed student ttest, n=12, 
error bars = 1 standard error of the mean). 

 

5.2.1c Quantification of High Molecular Weight Adiponectin when Expressed 

as a Percentage of Total Adiponectin Concentration in Lymph and 

Comparison with High Molecular Weight Adiponectin when Expressed as a 

Percentage of Total Adiponectin Concentration Quantified in Plasma 

The level of HMW adiponectin, when expressed as a percentage of total 

adiponectin concentration, in lymph samples exhibited a statistically significant 

difference to that in paired plasma samples (20.87% Vs 34.38% respectively; 

[p<0.001]) (Figure 5.3). 

P<0.001
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Figure 5.3: Quantification of HMW adiponectin levels when expressed as a percentage 

of total adiponectin concentration in plasma and serum. 

Comparison of HMW adiponectin levels when expressed as a percentage of total 
adiponectin concentration in plasma (mean=34.38%) and lymph (mean=20.87%) (p values 
calculated using paired one tailed student ttest, n=12, error bars = 1 standard error of the 
mean). 

 

5.2.1d Quantification of Total Adiponectin, when expressed as a Percentage of 

Total Protein Concentration, in Lymph and Comparison with Total 

Adiponectin, when expressed as a Percentage of Total Protein Concentration, 

Quantified in Plasma 

The level of total adiponectin, when expressed as a percentage of total protein 

concentration, in lymph samples exhibited a statistically significant difference to that 

in paired plasma samples (3.07X10-5% Vs 2.14X10-5% respectively; [p<0.001]) 

(Figure 5.4). 

P<0.001
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Figure 5.4: Quantification of total adiponectin levels when expressed as a percentage 

of total protein concentration in plasma and serum. 

Comparison of total adiponectin levels when expressed as a percentage of total protein 
concentration in plasma (mean=3.07X10

-5
%) and lymph (mean=2.14X10

-5
%) (p values 

calculated using paired one tailed student ttest, n=12, error bars = 1 standard error of the 
mean). 

 

5.2.2 Correlation of Total and High Molecular Weight Adiponectin 

Concentrations Quantified in Lymph 

In plasma total and HMW adiponectin concentrations were observed to have a 

strong positive correlation (Aso et al., 2006; Nakano et al., 2006). In order to fully 

investigate adiponectin in lymph and compare it to adiponectin quantified in plasma, 

total and HMW adiponectin concentrations quantified in lymph (Section 2.5.2) were 

correlated with one another (Section 2.5.3). Consequently, total adiponectin 

concentration was found to have a statistically significant positive correlation with 

HMW adiponectin concentration in lymph samples (r=0.919, p<0.001) (Figure 5.5 

and Table 5.1). 

P<0.001
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Figure 5.5: Correlation of total and HMW adiponectin concentration in lymph. 

The scatter plot represents the correlation of total (x axis) and HMW (y axis) adiponectin 
concentration (µg/ml) in lymph (n= 12; r = 0.919; p<0.001). 
 

Table 5.1: Pearson Correlation of total adiponectin concentration and high molecular 

weight adiponectin concentration in lymph. 

 HMW adiponectin 

Total adiponectin Pearson Correlation 0.919
**
 

Sig. (2-tailed) <0.001 

N 12 

**. Correlation is significant at the 0.01 level (2-tailed). 

  

5.2.3 Relationship of Adiponectin Levels to Biochemical Variables in 

Lymph and Comparison to the Relationship in Plasma  

Total and HMW adiponectin concentration quantified in lymph (Section 2.5.2) and 

HMW adiponectin levels, expressed as a percentage of total adiponectin 

concentration, were related to biochemical variables detected in lymph (Sections 

2.5.2 and 2.5.3). 

Glycerol was recognised to exhibit a statistically significant positive correlation with 

HMW adiponectin concentrations and percentage HMW adiponectin levels in lymph 

samples (r=0.637, p=0.026 and r=0.634, p=0.027) (Table 5.2). Also, glucose was 

observed to exhibit a statistically significant positive correlation with percentage 

HMW adiponectin levels in lymph (r=0.634, p=0.027) (Table 5.2). Finally, MCP1 was 
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identified to exhibit a statistically significant negative correlation with total and HMW 

adiponectin concentrations in lymph (r=-0.624, p=0.030 and r=-0.640, p=0.025) 

(Table 5.2). No statistically significant correlation was found when glycerol, glucose 

or MCP1 were compared with any measure of adiponectin in plasma samples 

(Table 5.3) (Appendix 4.1). Also, no statistically significant correlation was found 

when NEFA, TAG, IL-1beta, IL-6, IL-8, insulin, leptin, MCP1 or TNF-alpha were 

compared with any measure of adiponectin in plasma and lymph samples 

(Appendix 4.2). 

Table 5.2 Correlation of total adiponectin concentration, HMW adiponectin 

concentration and high molecular weight adiponectin expressed as a percentage of 

total adiponectin concentration with biochemical variables in lymph. 

  Total 
adiponectin HMW adiponectin 

Percentage HMW 
adiponectin 

Glycerol Pearson 
Correlation 

0.462 0.637
*
 0.634

*
 

Sig. (2-tailed) 0.130 0.026 0.027 

Glucose Pearson 
Correlation 

-0.029 0.235 0.634
*
 

Sig. (2-tailed) 0.930 0.463 0.027 

MCP1 Pearson 
Correlation 

-0.624
*
 -0.640

*
 -0.317 

Sig. (2-tailed) 0.030 0.025 0.316 

*Correlation is significant at the 0.05 level (2-tailed) 
 
Table 5.3: Correlation of total adiponectin concentration, high molecular weight 

adiponectin concentration and high molecular weight adiponectin expressed as a 

percentage of total adiponectin concentration with biochemical variables in plasma. 

  
Total adiponectin HMW adiponectin 

Percentage HMW 
adiponectin 

Glycerol Pearson 
Correlation 

0.335 0.366 0.357 

Sig. (2-tailed) 0.287 0.243 0.254 

Glucose Pearson 
Correlation 

0.026 -0.025 -0.113 

Sig. (2-tailed) 0.936 0.937 0.727 

MCP1 Pearson 
Correlation 

-0.426 -0.272 0.048 

Sig. (2-tailed) 0.167 0.392 0.882 

*Correlation is significant at the 0.05 level (2-tailed) 
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5.3 Discussion 

5.3.1 Identification of Adiponectin in Lymph and Comparison to the 

Level of Adiponectin in Plasma 

Previous studies investigating the release of adiponectin directly into the blood 

circulatory system have been inconclusive (Section 5.1). This resulted in the 

hypothesis that adiponectin was released into adipose tissue interstitial fluid. In turn, 

this resulted in a further hypothesis that adiponectin is released into lymph due to 

interstitial fluid drainage into the lymphatic system (Section 5.1). Consequently, the 

identification of adiponectin in lymph was conducted with the adiponectin assay 

developed during the early stages of this PhD. 

5.3.1a Identification of Total Adiponectin in Lymph and Comparison to Total 

Adiponectin Levels in Plasma 

The adiponectin assay that was developed in this project identified adiponectin in 

lymph samples. However, on comparison of the concentration of total adiponectin 

determined in lymph with the concentration identified in plasma a statistically 

significant difference in concentration was recognised (Section 5.2.1a).  

In this study a measurement of total protein present in the lymph and plasma 

samples was conducted. On average, lymph samples exhibited reduced levels of 

total protein in relation to plasma samples (70.12 g/L Vs 22.52 g/L respectively). 

Therefore, it was hypothesised that the variation in total protein levels between 

lymph and plasma samples accounted for the difference in total adiponectin 

concentrations recognised between lymph and plasma samples. Consequently, to 

standardise the concentrations quantified in the lymph and plasma samples, so that 

they would be comparable, total adiponectin concentration was expressed as a 

percentage of total protein. Following this adjustment, the statistically significant 

difference in total adiponectin levels remained (Section 5.2.1d).  

Before and after the adjustment of total adiponectin concentration as a percentage 

of total protein in the samples, it was observed that the amount of total adiponectin 

quantified in lymph was lower than in plasma. This suggested that the amount of 

adiponectin in lymph arises as a passive infiltrate from blood or interstitial fluid and 

not through an active transport mechanism from cells to lymph. However, the lower 

percentage of total adiponectin levels in lymph, when expressed as a percentage of 

total protein, could represent that the lymph analysed in this study is from a small fat 
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depot that doesn‟t contribute a lot to overall adiponectin concentration. Therefore 

analysis of lymph drainage from larger depots might provide different results. 

5.3.1b Identification of High Molecular Weight Adiponectin in Lymph and 

Comparison to High Molecular Weight Adiponectin Levels in Plasma 

With the use of the enzymatic degradation step to quantify HMW adiponectin in the 

assay developed during this PhD, total adiponectin quantified in lymph was 

identified to be, in part, made up of the HMW adiponectin multimer. Furthermore 

there was a statistically significant lower concentration of HMW adiponectin 

quantified in lymph when compared to the concentration of HMW adiponectin 

quantified in plasma (Section 5.2.1b). However, the difference in HMW adiponectin 

concentration measured between lymph and plasma samples could again have 

been related to the difference in total protein quantified in lymph and plasma. 

Consequently, HMW adiponectin concentration in lymph and plasma samples was 

converted into a percentage of total adiponectin concentration allowing adiponectin 

measurements conducted in lymph and plasma to be more comparable. 

Interestingly, after conversion of the HMW adiponectin concentration into a 

percentage of the total adiponectin concentration quantified, a statistically significant 

lower level of HMW adiponectin was identified in lymph in comparison to levels 

quantified in plasma (Section 5.2.1c). This demonstrated that the composition of 

total adiponectin quantified in lymph consisted of different amounts of the 

adiponectin size multimers in relation to the composition of total adiponectin 

quantified in plasma. Unfortunately, as this study was only able to measure HMW 

adiponectin separately from total, the levels of low and medium molecular weight 

adiponectin that make up total adiponectin in lymph remain to be elucidated. 

However, the reduced percentage amount of HMW adiponectin in lymph adds 

weight to the hypothesis that adiponectin is present in lymph through passive 

infiltration from serum. This was hypothesised because the movement of macro-

molecules across the endothelium is strongly influenced by their size (Nanjee et al., 

2000). Consequently, because the HMW adiponectin multimer is much larger than 

the low and medium molecular weight adiponectin multimers, the HMW multimer 

may not be able to move into lymph fluid as freely as the smaller multimers. 

Therefore, this accounts for the differences in HMW adiponectin levels between 

lymph and plasma. 
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5.3.2 The Correlation of Total and High Molecular Weight Adiponectin 

Concentration in Lymph 

Strong positive correlations are known to be present in blood between total and 

HMW adiponectin concentrations (Aso et al., 2006; Nakano et al., 2006). The 

previous reports of the correlation between total and HMW adiponectin 

concentrations quantified in blood were supported by the strong positive correlation 

observed during this study between total and HMW adiponectin concentrations 

quantified in plasma samples (Appendix 4.3). Interestingly, a strong positive 

correlation was still demonstrated between total and HMW adiponectin levels in 

lymph samples, even though there were differences in the level of HMW adiponectin 

that formed the total adiponectin measurement. It is known that the levels of serum 

HMW adiponectin in relation to total have been linked to such disease states as 

insulin resistance and atherosclerosis (Sections 1.12, 1.17 and 4.1). Unfortunately, 

as the present study investigated the levels of lymphatic adiponectin in normal 

healthy individuals the effect of disease states on these levels could not be 

commented on. However, this study does suggest that further investigation of 

adiponectin in lymph is warranted to document any changes that could lead to early 

disease diagnosis that cannot currently be detected in blood measurement. 

5.3.3 Investigation of Lymphatic Adiponectin Levels in Relation to other 

Biochemical Variables in Lymph and Comparison to the Relationships 

Observed in Plasma. 

It has already been discussed that inflammation is a short term adaptive mechanism 

that in states of obesity becomes a chronic low grade state which has differences to 

the swelling, redness, pain and fever seen in response to injury (Section 1.5). It has 

also been discussed that adiponectin and many other biochemical variables play a 

role in the low grade inflammation related to obesity (Sections 1.4.6 and 1.17). 

However, in this investigation no statistically significant relationship was noted 

between any adiponectin measurement and any other inflammatory/atherogenic 

factors measured in plasma or lymph.  

The lack of relationship seen in this study can possibly be explained by the 

investigation being conducted in normal healthy individuals, where the states of low 

grade inflammation documented with obesity and atherosclerosis are unlikely to be 

present. These results suggest that further investigation of adiponectin in relation to 

other inflammatory/atherogenic factors in disease states should be pursued. 
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However, there was one exception, MCP-1, where a strong positive statistically 

significant correlation was noted with total and HMW adiponectin levels in lymph but 

not plasma (Section 5.2.3).  

5.3.3a The Relationship of Adiponectin and Monocyte Chemoattractant 

Protein-1 Quantified in Lymph 

The role of MCP-1 and its importance in inflammatory/atherogenic states has 

already been discussed (Section 1.4.6 and 1.6.3). Additionally, MCP-1 

concentration is suggested to be influenced by adiponectin in serum and that this 

relationship plays a role in obesity-related insulin resistance (Tian et al., 2008). The 

relationship of adiponectin levels with MCP-1 concentration was evident in the 

lymphatic samples where a statistically significant negative correlation was noted 

with total and HMW adiponectin concentration. However, when HMW adiponectin 

was expressed as a percentage of total adiponectin concentration the statistically 

significant correlation with MCP-1 was lost. Interestingly, no correlations between 

adiponectin levels or MCP-1 were observed in paired plasma samples. 

These results suggested that lymphatic and not plasma concentrations of MCP-1 

were influenced by adiponectin concentration in „normal‟ healthy individuals. It also 

suggested that this influence was dependent on the concentration of total 

adiponectin and its HMW multimer in „normal‟ healthy individuals but not percentage 

levels of the HMW multimer in relation to total adiponectin. Although the already 

discussed correlations were recognised in this study it is also important to note that 

adiponectin might not be influencing MCP-1 levels in lymph directly. In fact, both 

adiponectin and MCP-1 might be influenced by an unmeasured biochemical 

variable or either could influence an unmeasured biochemical variable that resulted 

in the correlations identified between adiponectin and MCP-1. Therefore it is 

suggested that further work is required to investigate the adiponectin levels in 

relation to MCP-1 levels in lymph samples. 

5.3.3b The Relationship of Adiponectin and Glucose Quantified in Lymph 

The regulation of serum glucose levels by the HMW adiponectin multimer and its 

involvement in the onset of insulin resistance is well documented (Sections 1.9, 

1.12, 1.13 and 1.14). In this investigation no relationship was found between serum 

glucose levels and any adiponectin measurements in plasma. However, there was a 

statistically significant positive correlation recognised between glucose 

concentration and HMW adiponectin levels in lymph when they were expressed as 
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a percentage of total adiponectin concentration. The lack of correlation between 

adiponectin and glucose levels in plasma could relate to the study cohort of „normal‟ 

healthy individuals that do not show any onset of insulin resistance and are glucose 

tolerant. However, the strong positive relationship in lymph could denote normal 

health. Consequently, it was hypothesised that monitoring the relationship of 

lymphatic glucose in relation to adiponectin levels in healthy individuals could create 

the opportunity to monitor the onset of glucose intolerance. If this could be achieved 

it would result in the opportunity to diagnose insulin resistance sooner. This 

demonstrates the need for further work in this area to ascertain if this hypothesis is 

true. 

5.3.3c The Relationship of Adiponectin and Glycerol Quantified in Lymph 

It is well documented that fatty acid metabolism, such as TG hydrolysis in adipose 

tissue, generates free glycerol and that the free glycerol is utilised by the liver and 

converted into glucose (Elliot & Elliot, 2003). Furthermore, it has been previously 

argued that HMW adiponectin has an insulin enhancing effect on glucose uptake in 

states of elevated glucose levels (Section 1.9). In states of reduced glucose levels 

the insulin enhancing effect of HMW adiponectin would not be required because 

glycerol is utilised for the production of glucose. Therefore, the strong statistically 

significant positive correlation identified in lymph between adiponectin and glycerol 

could represent that glycerol was not being utilised in the presence of glucose, but, 

HMW adiponectin levels were increased to facilitate enhanced glucose uptake. 

Although this may be true, It should be noted that free glycerol concentrations have 

previously been documented to be greater in lymph than in plasma (Nanjee et al., 

2000). Consequently, the strong statistically significant positive correlation of 

glycerol with HMW and percentage HMW adiponectin levels was only recognised in 

lymph and not plasma samples. 

5.4 Study Limitations 

The first limitation of this study was that analysis of the data using correlations only 

recognised relationships between the factors being investigated and did not account 

for the variables actually effecting one another. Therefore, all factors that 

demonstrated a relationship could have been affected by one (or more) 

unmeasured factor(s). Consequently, data investigated in this manner should allow 

for preliminary hypothesises about the area of investigation to be generated, which 
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can be researched further in a more targeted manner so that firm conclusions about 

the results can be drawn. 

The assay used to investigate the levels of adiponectin in lymph had been 

extensively validated for use in serum. For the measurement of HMW adiponectin 

the sample was treated with an enzyme that degrades the low and medium 

molecular weight adiponectin multimers. Since it was known that the protein content 

in lymph was much less than plasma it was not known what affect this lower level of 

protein will have on enzyme activity. The lower level of protein may have led to 

enzymatic degradation of the HMW multimer. Consequently, incorrect measurement 

in HMW adiponectin concentration and calculation of HMW adiponectin as a 

percentage proportion of total adiponectin concentration. This effect could account 

for the difference in percentage HMW adiponectin measurement in plasma and 

serum.  

Unfortunately, the extensive validation that was carried out in serum was not 

possible in lymph due to the limited, small amount of sample provided for 

experimentation. Therefore, the idea that degradation of the HMW multimer was 

occurring in the presence of the enzyme cannot be discounted. However, due to the 

previously discussed reductions in enzymatic activity during sample acidification 

highlighted via validation experiments (Section 3.3.5) and results documented by 

Ebinuma et al. (2006) it was hypothesised that unwanted degradation of the HMW 

adiponectin multimer in samples did not occur. Therefore, this hypothesis suggested 

that the differences in the levels of HMW adiponectin quantified between plasma 

and lymph was due to the HMW multimers size, which reduced its passive 

movement from plasma into lymph. 

Another limitation of this study was that clinical characteristics were not measured 

and therefore known characteristics that effected adiponectin concentrations and 

multimer proportions in plasma, such as BMI, were not investigated in the lymph 

samples and consequently could not be adjusted for. 

5.5 Conclusion 

The results of this study were believed to be the first to demonstrate the presence of 

adiponectin in lymph. The composition of total adiponectin in lymph, like plasma, 

was shown to be made up, in part, by the HMW adiponectin multimer whose 

proportion in „normal‟ healthy individuals was lower in lymph than plasma. The 
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strong positive correlation between total and HMW adiponectin that exists in plasma 

was also present in lymph.  

In the comparison of adiponectin with other biochemical variables in lymph the 

results demonstrated that lymph measurement correlated with glucose. As no 

relationship existed in plasma, monitoring of this relationship in lymph could allow 

for the early detection of glucose intolerance and the onset of type 2 diabetes before 

such relationships are compromised in plasma.  

Correlative results also suggested that adiponectin plays a role in MCP-1 regulation 

in lymph but not in plasma. Furthermore, a positive correlation was noted between 

glycerol and adiponectin in lymph, but not plasma. This relationship was 

hypothesised to represent the opposing roles of adiponectin and glycerol, where 

adiponectin is involved in the uptake and storage of glucose and glycerol is utilised 

in states of low glucose for its generation. 

5.6 Further Work 

 Investigation into the levels of low and medium molecular weight adiponectin in 

lymph and their proportion of total adiponectin. 

 Investigation into the levels of adiponectin multimers and their proportion of 

total adiponectin in lymph drainage from different tissues. 

 Comparison of adiponectin multimer levels and their proportion of total 

adiponectin in disease states and healthy controls. 

 Investigation of low and medium molecular weight adiponectin multimers 

regulation of MCP-1 in lymph acquired from „normal‟ healthy subjects. 

 Investigation into relationship of adiponectin with other molecules associated 

with lymph in disease states and comparison to healthy controls.  
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Chapter 6: Investigation of Adiponectin in 

Polycystic Ovary Syndrome 

The study of adiponectin in PCOS was carried out in collaboration with Dr Tom 

Barber (Oxford Centre for Diabetes and Metabolism, Oxford, England). The role of 

Dr Barber in the collaboration was to provide samples for the quantification of total 

and HMW adiponectin concentration in plasma collected from PCOS patients. 

Additionally, the role of Dr Barber was to investigate the relationship of retinol-

binding protein four with adiponectin in PCOS, and to act as an expert advisor 

concerning issues relating to PCOS in the study population. 
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6.1 Introduction 

Polycystic ovary syndrome is an endocrine disorder that is characterised by a group 

of conditions affecting 5-10% of premenopausal women (Section 1.3.7). It has 

already been argued that adiponectin plays a role in a range of the conditions 

experienced by PCOS sufferers (Section 1.12 and 1.17). Additionally, it has been 

suggested that the secretion of adiponectin from adipose tissue is influenced by 

increased androgen levels (Section 1.16.2) As a result, adiponectin has been 

implicated in the progression of PCOS through a complex relationship with the 

hypothalamic-pituitary-gonadal axis, specifically steroid synthesis or action in 

sufferers (Panidis et al., 2004). However, the direct involvement of adiponectin in 

PCOS is controversial because adiponectin serum levels in patients with PCOS 

have been recognised to be comparable with levels observed in age and BMI 

matched control women (Panidis et al., 2003; Orio, Jr. et al., 2004). Consequently, it 

has been suggested that adiponectin does not have a direct involvement in the 

pathogenesis of PCOS, but akin to „normal‟ individuals it is more related to BMI in 

PCOS patients (Orio, Jr. et al., 2003; Panidis et al., 2003; Spranger et al., 2003).  

Interestingly, it has been demonstrated that insulin resistance, a condition that 

results during obesity related reductions in adiponectin levels, does occur 

independently of obesity in PCOS (O'Meara et al., 1993; Elting et al., 2001; Bik et 

al., 2007). Subsequently, this could demonstrate that there is another underlying 

cause for the insulin resistant state recognised in PCOS individuals that is 

independent of obesity related decreases in adiponectin levels. Actually, it has been 

indicated that decreases in adiponectin levels in PCOS are associated with 

increased testosterone concentration, and could suggest that adiponectin is 

involved in the pathogenesis of PCOS through androgen related decreases as well 

as obesity related decreases (Bik et al., 2007).  

Another way that adiponectin could be implicated in PCOS and its related insulin 

resistance is through a low grade inflammatory state and endothelial dysfunction 

that is associated with the syndrome (Tarkun et al., 2004). Much like in obesity, the 

PCOS related inflammatory state accompanies increases in central adiposity; 

however, in PCOS it is unrelated to BMI (Section 1.3.7). Consequently this could 

result in decreases in adiponectin levels, which in turn causes increases in insulin 

resistance and can result in endothelial dysfunction akin to that observed in CVD 

(Section 1.3.1)(Kravariti et al., 2005; Sorensen et al., 2006).  
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Consequently, due to the complexity of PCOS and the range of different 

characteristics that are involved in the syndrome, it remains unclear as to the true 

involvement of adiponectin in PCOS and the effects that the clinical characteristics 

of the syndrome can have on its levels. 

6.1.1 Aims 

To investigate the role of adiponectin in PCOS by comparison of adiponectin levels 

with insulin resistance status and testosterone levels in normal healthy individuals 

and individuals with PCOS. 

6.2 Results 

6.2.1 Comparison of Clinical Characteristics and Biochemical Variables 

between Polycystic Ovary Syndrome and Control Groups before and 

after the Adjustment for Age and Body Mass Index 

Clinical characteristics and biochemical variables (Section 2.6.2) were compared 

between the PCOS and control groups to ascertain any differences that might affect 

the comparison of adiponectin levels between them (Section 2.6.3).  

There was a statistically significant difference in age and BMI between PCOS and 

control groups (30.00 years [± 0.93] Vs 39.50 years [± 1.19], p<0.001 and 31.78 

kg/m2 [± 1.04] Vs 27.96 kg/m2 [± 1.13] p=0.022 respectively). Consequently, all 

results were adjusted for age and BMI as stated previously (Section 2.6). Before the 

adjustment for age and BMI statistically significant results were noted for the 

between group comparisons of testosterone (2.26 nmol/L [2.15, 2.37] Vs 1.51 

nmol/L [1.45, 1.58] p<0.001); HDLC (1.29 mmol/L [± 0.04] Vs 1.52 mmol/L [± 0.10] 

p=0.038); HOMA2 IR (1.83 [1.66, 2.03] Vs 1.14 [1.00, 1.29] p=0.004); total 

adiponectin (19.92µg/ml [19.00, 21.13] Vs 25.82 [24.04, 27.73] p=0.002) and HMW 

adiponectin (47.58% [± 1.41%] Vs 52.92 [± 2.42%] p=0.044). After the adjustment 

for age and BMI a statistically significant result was only noted for the between 

group comparisons of testosterone (p=0.003). 

  



173 
 

Table 6.1: Comparison of clinical characteristics and biochemical variables between 

PCOS and control groups before and after the adjustment for age and BMI. 

 
PCOS Control p-value 

p-value 
(adjusted) 

Age (years) 30.00 ± 0.93 39.50 ± 1.19 <0.001** - 

BMI (kg/m
2
) 31.78 ± 1.04 27.96 ± 1.13 0.022* - 

Testosterone 
(nmol/L) 

2.26 (2.15, 
2.37) 

1.51 (1.45, 
1.58) 

<0.001** 0.003** 

Total cholesterol 
(mmol/L) 

4.98 ± 0.15 4.90 ± 0.20 0.733 0.095 

HDLC (mmol/L) 1.29 ± 0.04 1.52 ± 0.10 0.038* 0.917 

LDLC(mmol/L) 3.02 (2.90, 
3.15) 

2.76 (2.56, 
2.97) 

0.254 0.085 

TG (mmol/L) 1.05 (0.99, 
1.12) 

0.86 (0.77, 
0.96) 

0.099 0.092 

Retinol binding 
protein 4 (µg/ml) 

39.96 ± 1.25 42.82 ± 2.06 0.241 0.933 

HOMA2 IR 1.83 (1.66, 
2.03) 

1.14 (1.00, 
1.29) 

0.004** 0.439 

Fasting NEFA 
(µmol/L) 

568.07 (538.44, 
599.32) 

582.77 (546.84, 
621.07) 

0.768 0.628 

Total adiponectin 
(µg/ml) 

19.92 (19.00, 
21.13) 

25.82 (24.04, 
27.73) 

0.002* 0.131 

HMW 
adiponectin 
(µg/ml) 

9.27 (8.61, 
9.97) 

13.15 (11.73, 
14.74) 

0.009** 0.413 

Percentage high 
molecular weight 
adiponectin 
(µg/ml) 

47.58 ± 1.41 52.92 ± 2.42 0.044* 0.285 

Data are shown as mean ± SEM or geometric mean (SEM range), * is significant difference 
between groups at the 0.05 level (2-tailed) and ** is significant difference between groups at 
the 0.01 level (2-tailed). 

 

6.2.2 The Relationship of Adiponectin levels and HOMA2 IR with 

Clinical Characteristics and Biochemical Variables of the Polycystic 

Ovary Syndrome and Control Groups. 

The nature of this investigation was a study of adiponectin levels in comparison with 

insulin resistance status and testosterone levels within PCOS patients related to 
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„normal‟ healthy controls. Pearsons‟ correlation coefficient was calculated to 

investigate any relationships (Section 2.6.3), a p-value <0.05 was considered a 

significant relationship.  

6.2.2a The Relationship of HMW Adiponectin, when Expressed as a 

Percentage of Total Adiponectin Concentration, with the Clinical 

Characteristics and Biochemical Variables of the Polycystic Ovary Syndrome 

and Control Groups. 

A statistically significant negative relationship was observed for both the PCOS and 

control group when HMW adiponectin, expressed as a percentage of total 

adiponectin concentration, was correlated with L4 subcutaneous fat (r=-0.353, 

p=0.012 and r=-0.411, p=0.30) and BMI (Appendix 5.1). Additionally, statistically 

significant negative correlations were recognised in the PCOS group between HMW 

adiponectin, when expressed as a percentage of total, and HOMA2 IR levels (r=-

0.432, p=0.003), L4 visceral fat (r=-0.404, p=0.004) and TG concentration 

(Appendix 5.1). Furthermore, a statistically significant positive correlation in the 

PCOS group was recognised between HMW adiponectin, when expressed as a 

percentage of total adiponectin concentration, and HDLC concentration (Appendix 

5.1). 

6.2.2b The Relationship of Total Adiponectin Concentration with the Clinical 

Characteristics and Biochemical Variables of the Polycystic Ovary Syndrome 

and Control Groups 

Total adiponectin concentration had a statistically significant negative correlation in 

PCOS and control groups with HOMA2 IR (r=-0.553, p<0.001 and r=0.565, p=0.002 

respectively), BMI, TG concentration and RBP4 concentration (Appendix 5.1). A 

statistically significant positive correlation was recognised with HDLC concentration 

(Appendix 5.1). Also a statistically significant negative correlation was recognised 

for the PCOS group between total adiponectin concentration and L4 visceral fat 

mass (r=-0.459, p=0.001). 

6.2.2c The Relationship of High Molecular Weight Adiponectin Concentration 

with the Clinical Characteristics and Biochemical Variables of the Polycystic 

Ovary Syndrome and Control Groups 

High molecular weight adiponectin concentration had a statistically significant 

negative correlation in both the PCOS and control groups with HOMA2 IR (r=-0.535, 
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p<0.001 and r=-0.507, p=0.006 respectively) and L4 subcutaneous fat (r=-0.330, 

p=0.019 and r=-0.374, p=0.050 respectively), BMI, TG concentration and RBP4 

concentration (Appendix 5.1). Additionally, a statistically significant positive 

correlation was identified between HMW adiponectin concentration and HDLC 

concentration (Appendix 5.1). Furthermore, a statistically significant negative 

correlation was found in the PCOS group between HMW adiponectin concentration 

and L4 visceral fat (r=-0.466, p=0.001). 

6.2.2d The Relationship of HOMA2 IR with the Clinical Characteristics and 

Biochemical Variables of the Polycystic Ovary Syndrome and Control Groups 

A statistically significant positive relationship in both the PCOS and control groups 

was observed when HOMA2 IR was correlated with L4 subcutaneous fat (r=0.549, 

p<0.001 and r=0.609, p=0.001), L4 visceral fat (r=0.710, p<0.001 and r=0.728, 

p=0.001 respectively), BMI and TG concentration (Appendix 5.1). Furthermore, a 

statistically significant positive correlation in the control group was observed 

between HOMA2 IR and HDLC concentration (Appendix 5.1). 
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Table 6.2: Correlation of total adiponectin concentration, HMW adiponectin 

concentration, HMW adiponectin level when expressed as a percentage of total 

adiponectin concentration, and HOMA2 IR levels with biochemical variables and 

clinical characteristics in PCOS patients and controls. 

  Percentage 
HMW 

adiponectin 

Total 
adiponectin 

(µg/ml) 

HMW 
adiponectin 

(µg/ml) HOMA2 IR 

  PCOS Control PCOS Control PCOS Control PCOS Control 

Testosterone 
(mmol/L) 

Pearson 
Correlation 

.006 -.051 -.020 .128 -.010 .082 .098 .017 

Sig. (2-
tailed) 

.968 .796 .891 .516 .943 .677 .519 .931 

N 50 28 50 28 50 28 46 28 

HOMA2 IR 

Pearson 
Correlation 

-.432
**
 -.326 -.553

**
 -.565

**
 -.535

**
 -.507

**
 

 Sig. (2-
tailed) 

.003 .091 .000 .002 .000 .006 

N 46 28 46 28 46 28 

L4 
Subcutaneous 
fat (mm

2
) 

Pearson 
Correlation 

-.353
*
 -.411

*
 -.275 -.318 -.330

*
 -.374

*
 .549

**
 .609

**
 

Sig. (2-
tailed) 

.012 .030 .053 .100 .019 .050 .000 .001 

N 50 28 50 28 50 28 46 28 

L4 Visceral fat 
(mm

2
) 

Pearson 
Correlation 

-.404
**
 -.192 -.459

**
 -.352 -.466

**
 -.314 .710

**
 .728

**
 

Sig. (2-
tailed) 

.004 .328 .001 .066 .001 .103 .000 .000 

N 50 28 50 28 50 28 46 28 

*Correlation is significant at the 0.05 level (2-tailed) and **Correlation is significant at the 
0.01 level (2-tailed). 
 

6.2.3 Comparison of Clinical Characteristics and Biochemical Variables 

between the Non-Obese Polycystic Ovary Syndrome and Non-Obese 

Control Sub-Groups Before and After the Adjustment for Age 

To gain further understanding of the effect that testosterone was exerting on 

adiponectin levels and measures of insulin resistance in PCOS patients, 

comparisons of biochemical and anthropometric data (Section 2.6.2) were 

conducted in a sub population of the PCOS and control groups (Section 2.6.3), this 

consisted of the non-obese PCOS patients and controls (18.5≤BMI≤25).  

There was a statistically significant difference in age between the non-obese PCOS 

and control sub-groups (29.18 years [± 2.17] Vs 37.50 years [± 1.34], p=0.005 

respectively). Consequently, all results were adjusted for age as stated previously 

(Section 2.6). Before the adjustment for age, statistically significant results were 
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noted for the between group comparisons of testosterone concentration (2.27 

nmol/L [± 0.16] Vs 1.53 nmol/L [± 0.10] p=0.001) and HDLC concentration (1.45 

mmol/L [± 0.09] Vs 1.86 mmol/L [± 0.15] p=0.025). After the adjustment for age a 

statistically significant difference in testosterone remained between the non-obese 

PCOS and control sub-groups (p=0.037). After the adjustment for age there was 

also a statistically significant difference between the non-obese PCOS and control 

sub-groups for total adiponectin concentration (27.47 µg/ml [± 2.25] Vs 35.26 µg/ml 

[3.35] p=0.045); HMW adiponectin concentration (15.65 µg/ml [± 1.80] Vs 21.74 

[±2.46] p=0.030) and HMW adiponectin levels when expressed as a percentage of 

total adiponectin concentration (55.43 µg/ml [± 2.96] Vs 61.09 [± 2.33] p=0.037). 

Table 6.3: Comparison of clinical characteristics and biochemical variables between 

non-obese subjects in the PCOS and control groups before and after the adjustment 

for age.  

 
PCOS Control p-value 

p-value 
(adjusted) 

Age (years) 29.18±2.17 37.50±1.344 0.005** - 

BMI (kg/m
2
) 21.91±0.53 21.90±0.66 0.991 0.808 

Testosterone (nmol/L) 2.27±0.16 1.53±0.10 0.001** 0.037* 

Total cholesterol (mmol/L) 4.46±0.20 4.70±0.38 0.568 0.529 

HDLC (mmol/L) 1.45±0.09 1.86±0.15 0.025* 0.057 

LDLC (mmol/L) 2.65±0.21 2.54±0.29 0.744 0.150 

TG (mmol/L) 0.79±0.13 0.67±0.12 0.526 0.197 

Retinol binding protein 4 
(µg/ml) 

34.82±2.56 37.30±30.59 0.538 0.571 

HOMA2 IR 0.74±0.07 0.70±0.12 0.737 0.637 

Fasting NEFA (µmol/L) 526±56.18 585.36±49.34 0.441 0.214 

Total adiponectin (µg/ml) 27.47±2.25 35.26±3.35 0.064 0.045* 

HMW adiponectin (µg/ml) 15.65±1.80 21.74±2.63 0.057 0.030* 

Percentage high molecular 
weight adiponectin (µg/ml) 

55.43±2.96 61.09±2.33 0.155 0.037* 

Data are shown as mean ± SEM, * is significant difference between groups at the 0.05 level 
(2-tailed) and ** is significant difference between groups at the 0.01 level (2-tailed). 
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6.2.4 The Relationship of Adiponectin Levels and HOMA2 IR with the 

Clinical Characteristics and Biochemical Variables of the Non-Obese 

Polycystic Ovary Syndrome and Control Sub-Groups. 

The nature of the investigation into the non-obese PCOS and control patient sub-

group was to compare adiponectin levels with insulin resistance status and 

testosterone levels where the known effects of obesity on adiponectin levels would 

not be a confounding factor. Pearsons‟ correlation coefficient was calculated to 

investigate any relationships (Section 2.6.3), a p-value<0.05 was considered a 

significant relationship. 

6.2.4a The Relationship of High Molecular Weight Adiponectin, when 

expressed as a Percentage of Total Adiponectin Concentration, with the 

Clinical Characteristics and Biochemical Variables of the Non-Obese 

Polycystic Ovary Syndrome and Control Groups 

A statistically significant positive relationship was observed in the non-obese control 

sub-group when HMW adiponectin level, expressed as a percentage of total 

adiponectin concentration, was correlated with L4 visceral fat (r=0.656, p=0.040). 

Additionally, statistically significant correlations were found between adiponectin, 

when expressed as a percentage of total concentration, and cholesterol 

concentration, HDLC concentration and LDLC concentration in the non-obese 

PCOS sub-group (Appendix 5.2). 

6.2.4b The Relationship of Total Adiponectin Concentration with the Clinical 

Characteristics and Biochemical Variables of the Polycystic Ovary Syndrome 

and Control Groups 

Total adiponectin concentration had a statistically significant negative correlation 

with L4 visceral fat (r=-0.611, p=0.046) and BMI in the non-obese PCOS sub-group 

(Appendix 5.2). Additionally, a statistically significant positive correlation was 

recognised with HDLC concentration (Appendix 5.2) 

6.2.4c The Relationship of High Molecular Weight Adiponectin Concentration 

with the Clinical Characteristics and Biochemical Variables of the Polycystic 

Ovary Syndrome and Control Groups 

High molecular weight adiponectin levels were recognised to have a statistically 

significant negative correlation in the non-obese PCOS sub-group with HDLC 
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concentration (see Appendix 5.2) and a statistically significant negative correlation 

with LDLC concentration (see Appendix 5.2) 

6.2.4d The Relationship of HOMA2 IR with the Clinical Characteristics and 

Biochemical Variables of the Polycystic Ovary Syndrome and Control Groups 

A statistically significant negative relationship was found in the non-obese PCOS 

sub-group when HOMA2 IR was correlated with testosterone concentration (r=-

0.700, p=0.024). Additionally, a statistically significant positive relationship was 

found in the non-obese control sub-group when HOMA2 IR was correlated with L4 

visceral fat (r=0.692, p=0.027) and TG concentration (Appendix 5.2) 

Table 6.4: Correlation of total adiponectin concentration, HMW adiponectin 

concentration, HMW adiponectin level when expressed as a percentage of total 

adiponectin concentration and HOMA2 IR level with biochemical variables and clinical 

characteristics in non-obese PCOS patients and controls. 

  Percentage 
HMW 

adiponectin 

Total 
adiponectin 

(µg/ml) 

HMW 
adiponectin 

(µg/ml) HOMA2 IR 

  PCOS Control PCOS Control PCOS Control PCOS Control 

Testosterone 
(mmol/L) 

Pearson 
Correlation 

.407 .057 .473 .561 .433 .506 -.700* -.376 

Sig. (2-
tailed) 

.214 .876 .142 .091 .184 .136 .024 .285 

N 11 10 11 10 11 10 10 10 

HOMA2 IR 

Pearson 
Correlation 

-.098 .514 -.279 -.188 -.175 -.052 

 Sig. (2-
tailed) 

.788 .129 .435 .603 .628 .887 

N 10 10 10 10 10 10 

L4 
Subcutaneous 
fat (mm

2
) 

Pearson 
Correlation 

.363 -.142 -.118 -.090 .055 -.106 .062 .326 

Sig. (2-
tailed) 

.272 .695 .731 .804 .874 .770 .865 .357 

N 11 10 11 10 11 10 10 10 

L4 Visceral fat 
(mm

2
) 

Pearson 
Correlation 

-.330 .656* -.611* -.017 -.492 .181 .580 .692* 

Sig. (2-
tailed) 

.322 .040 .046 .964 .124 .617 .079 .027 

N 11 10 11 10 11 10 10 10 

*Correlation is significant at the 0.05 level (2-tailed) and **Correlation is significant at the 
0.01 level (2-tailed). 
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6.3 Discussion 

6.3.1 The Comparison of the Clinical Characteristics and Biochemical 

Variables between Polycystic Ovary Syndrome and Control Groups 

Before and After the Adjustment for Age and Body Mass Index 

In the analysis of the data collected for the whole study cohort, before the 

adjustment of age and BMI, the comparison of the clinical characteristics and 

biochemical variables identified a statistically significant difference in the 

measurement of testosterone concentration, HDLC concentration, HOMA2 IR, total 

adiponectin concentration, HMW adiponectin concentration and HMW adiponectin 

level, when expressed as a percentage of total adiponectin concentration, between 

PCOS patients and controls (Section 6.2.1). After the adjustment for age and BMI, a 

statistically significant difference between the PCOS and control groups remained 

only for testosterone concentration. As this difference still remained, but the 

between group difference for HOMA2 IR or adiponectin did not, then the results 

supported the previously argued role of increased fat mass in the onset of insulin 

resistance in PCOS sufferers rather than an effect of increased testosterone 

concentration (Section 6.1). 

Interestingly, on average it was noted that the PCOS patients were obese and 

control group individuals were overweight (Section 6.2.1). It has previously been 

suggested that a state of low grade inflammation exists in lean PCOS sufferers that 

is similar to the state of low grade inflammation recognised in obesity (Section 1.3.7 

and 6.1). As a result, the increased measure of HOMA2 IR in the PCOS patients 

could have represented a cumulative effect of the inflammatory states from PCOS 

and obesity. However, it cannot be ruled out by the analysis of the data collected 

from the whole study cohort that the increased measure of HOMA2 IR in the PCOS 

group solely represented the increased average measure of BMI, age or a 

combination of both these factors in the PCOS group. Therefore, further 

investigation is needed, that has sufficient control of these factors, to truly 

understand the role of testosterone in PCOS. 
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6.3.2 The Relationship of Adiponectin Levels and HOMA2 IR with the 

Clinical Characteristics and Biochemical Variables of the Polycystic 

Ovary Syndrome and Control Groups. 

It is already understood that adiponectin, specifically the HMW multimer, is related 

to insulin sensitivity and that increased levels of adiposity, specifically visceral mass, 

can affect adiponectin levels (Sections 1.7, 1.9 and 1.14). Additionally it is 

understood that increases in serum testosterone concentration can specifically 

affect the release of HMW adiponectin from adipocytes (Sections 1.16.2). 

Therefore, this study investigated the roles of both testosterone and fat mass in 

relation to total adiponectin concentration, HMW adiponectin concentration, HMW 

adiponectin levels when expressed as a percentage of total adiponectin 

concentration and HOMA2 IR levels in PCOS.  

As adiponectin is known to play a vital role in insulin sensitivity it was hypothesised 

that if the increased levels of testosterone were exerting an effect in PCOS it could 

be through testosterone related decreases of adiponectin concentration, in 

particular decreases in HMW adiponectin (Section 1.16.2). However, no statistically 

significant correlations between testosterone and adiponectin measures were noted 

in the PCOS or control groups. Instead, L4 visceral/subcutaneous fat mass was 

found to have a statistically significant negative relationship with HOMA2 IR, total 

adiponectin concentration and HMW adiponectin concentration in PCOS individuals 

and controls. Furthermore, L4 visceral/subcutaneous fat mass was found to have a 

statistically significant negative relationship with percentage HMW adiponectin 

levels in PCOS patients and not controls. Consequently, the results of this 

investigation support the current understanding of the role of adiponectin in insulin 

resistance status during increased adiposity (Section 1.12). Moreover, it supports 

previous studies that have observed that decreases in adiponectin concentration in 

PCOS are related to increases in insulin resistance through greater levels of fat 

mass and not increased levels of testosterone (Section 6.1).  

Since the investigation was conducted using non-diabetic individuals (Section 2.6), 

it was hypothesised that decreases in HMW adiponectin levels, when expressed as 

a percentage of total adiponectin concentration, could be used to assess insulin 

resistance status in pre-diabetic PCOS patients. However, due to the small size of 

the cohort used in this study, further investigation is required to ascertain if the 

hypothesis is true and to investigate if the fat mass related decrease in adiponectin 
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levels was related to the low grade inflammatory conditions noted in PCOS and 

obesity. 

6.3.3 The Comparison of the Clinical Characteristics and Biochemical 

Variables between Non-Obese Polycystic Ovary Syndrome and Control 

groups before and after the Adjustment for Age. 

In the analysis of the data collected for the non-obese study cohort, before the 

adjustment of age, the comparison of the clinical characteristics and biochemical 

variables identified a statistically significant difference in the measurement of 

testosterone, total adiponectin concentration, HMW adiponectin concentration and 

HMW adiponectin level when expressed as a percentage of total adiponectin 

concentration between non-obese patients and controls. Interestingly there was no 

significant difference in HOMA2 IR before or after this adjustment. These results 

suggest that in non-obese PCOS patients the decreased levels of total and HMW 

adiponectin could be related to the increased measures of testosterone before 

PCOS related increases in adiposity occurs. However, as there was no statistically 

significant difference for the between group comparison of HOMA2 IR, this data 

could not suggest that testosterone or adiponectin levels have a link with the onset 

of insulin resistance in PCOS. 

6.3.4 The Relationship of Adiponectin Levels and HOMA2 IR with the 

Clinical Characteristics and Biochemical Variables of the Non-Obese 

Polycystic Ovary Syndrome and Control Groups. 

From this investigation it was recognised that in the non obese PCOS patients 

increased levels of testosterone had a statistically significant positive correlation 

with HOMA2 IR. However, no statistically significant relationship was recognised 

between testosterone or fat mass and any measure of adiponectin. Also, no 

measure of adiponectin and fat mass was recognised to have a statistically 

significant relationship with HOMA2 IR.  

This data supported the current opinion that adiponectin is not actively involved in 

the pathogenesis of PCOS (Section 6.1) and suggested that fat mass is not an 

important factor in lean PCOS individuals. Consequently, results from this study 

demonstrate that fat mass and increased measures of testosterone in lean PCOS 

patients are not linked to decreases in total adiponectin concentration, HMW 

adiponectin concentration and HMW adiponectin levels, when expressed as a 
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percentage of total adiponectin concentration. Furthermore, fat mass is not related 

to HOMA2 IR in non-obese PCOS sufferers. However, the increased level of 

testosterone in non-obese PCOS patients was related to the early progression of 

insulin resistance, whereas decreases in adiponectin were not. Subsequently, this 

study suggested that testosterone concentration could contribute to the vulnerability 

of PCOS patients to insulin resistance before obese states occur, at which time 

adiponectin levels could be affected through the low grade inflammatory state and 

endothelial dysfunction which progresses the insulin resistance. 

6.4 Study Limitations 

The first limitation of this study was that the analysis of the data using correlations 

only recognised relationships between the factors being investigated and did not 

account for the variables actually effecting one another. Therefore, all factors that 

demonstrated a relationship could have been affected by one (or more) 

unmeasured factor(s). Consequently, data investigated in this manner should allow 

for preliminary hypothesises about the area of investigation to be generated and not 

firm conclusions about the results; which can be researched further in a more 

targeted manner. 

Another limitation was that the power to detect statistically significant relationships 

between factors that did not show significance could be limited due to low numbers 

of participants in the study. 

Additionally, this study may contain more annovulatory women, which is related to 

greater incidence of insulin resistance and hyperinsulinaemia, possibly causing a 

bias in the data (Franks, 2006).  

Finally, androstenedione was not measured, but has been shown to have links with 

adiponectin and could be a link between PCOS, insulin resistance and adiponectin 

in lean PCOS women (Panidis et al., 2003). 

6.5 Conclusion 

Overall this study demonstrated that increased measures of fat mass and not 

testosterone are an important determinant of insulin resistance status and 

adiponectin concentration in both PCOS patients and controls. 
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Furthermore the investigation recognised a novel relationship between decreased 

measures of HMW adiponectin, when expressed as a percentage of total 

adiponectin concentration, and increased insulin resistance status in PCOS patients 

but not controls. Subsequently, it was hypothesised that HMW adiponectin levels 

expressed as a percentage of total concentration could track the progression of 

insulin resistance in PCOS patients.  

Finally, it was demonstrated in a non-obese sub-group of the population that 

measures of adiponectin were not related to testosterone concentration or insulin 

resistance status in PCOS. However, it was found that increased insulin resistance 

status was associated with increased testosterone concentration in the non-obese 

PCOS patient sub-group. This suggests that adiponectin is not involved in the onset 

of insulin resistance in lean PCOS patients. 

6.6 Further Work 

 Investigation of adiponectin levels and the progression of diabetes in non-

obese PCOS patients. 

 Investigation of adiponectin levels and insulin resistance status in relation to 

the low grade inflammatory state in PCOS. 

 Investigation of low and medium molecular weight adiponectin multimers in 

non-obese and obese PCOS patients. 
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Chapter 7 

This Chapter summarises the achievements of the PhD. The main purpose of this 

thesis was to quantify total and HMW adiponectin multimer concentrations to 

establish if they were more influential biomarkers for obesity associated conditions 

compared to current biomarkers. This aim was made possible by the generation of 

highly specific antibodies during the early stages of this PhD that recognised 

adiponectin, and through their incorporation into an ELISA capable of its accurate 

quantification. 
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7.1 The Antibodies (Chapter 3) 

Aim: To produce highly specific monoclonal antibodies that recognised adiponectin. 

Achievement: This project saw the generation of cell lines that were easy to culture 

and secreted novel antibodies that recognised adiponectin. Over 800 hybridoma cell 

lines, which were producing antibodies that recognised adiponectin, were produced 

from the fusion of mouse myeloma cells with splenocytes that were generated in 

mice. Splenocyte generation was conducted by immunisation of the mice with a 

recombinant mixture of human adiponectin size multimers (trimer, hexamer and 

HMW) and also with a range of peptides selected from various regions of the human 

adiponectin monomer. The immunogens used were administered to the animals in 

combination with a PPD to elicit a greater immune response. As there is a high level 

of identity between human and rodent adiponectin (Section 1.11), the PPD 

increased the likelihood of breaking self tolerance against the adiponectin 

immunogens in the animal.  

It was interesting to note that strong antibody screening results were observed in 

the animals immunised with the recombinant mixture of human adiponectin 

multimers and in the animals immunised with the adiponectin peptide immunogens 

that formed an external structure in an adiponectin size multimer. Consequently, it 

was hypothesised that although antibodies may have been generated in all animals 

immunised with the peptide immunogens, if the peptide occupied an internal region 

in the adiponectin multimers, the antibodies generated could not recognise their 

antigenic epitopes in the recombinant adiponectin multimer screening materials. 

7.2 The Adiponectin Enzyme Linked Immunosorbent Assay 

(Chapter 3) 

Aim: To use the novel antibodies that recognise adiponectin to develop, optimise 

and validate sensitive and specific 2 site assays that measure total and HMW 

adiponectin. 

Achievement: The antibodies generated in this project enabled the development of 

an ELISA that quantified total adiponectin concentration. Additionally the same 

assay was used to quantify the concentration of the HMW adiponectin multimer. 

This was carried out through the degradation of the trimeric and hexameric 

adiponectin multimers with a proteinase K sample pre-treatment.  
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The ELISA sandwich was constructed from an antibody coated on the assay plate 

that recognised an epitope in the tail region of the adiponectin molecule and an 

enzyme conjugated antibody for detection that recognised an epitope in the globular 

head region of the adiponectin molecule. 

Within this thesis it was argued that differing posttranslational modifications of four 

lysine residues within the adiponectin monomer were related to the structural 

formation of each adiponectin multimer (Section 1.8.4). For this reason, it was 

hypothesised that the range of adiponectin multimers and their various post 

translational modifications could cause bias in an adiponectin assay as a result of 

an antibodies epitope being hidden or altered in each of the adiponectin multimers. 

Consequently, to reduce the risk of such bias occurring, the ELISA developed in this 

PhD utilised sample pre-treatments to convert the range of adiponectin multimers in 

a sample into a common sub unit of each adiponectin multimer, the adiponectin 

dimer.  

To demonstrate that the ELISA developed in this PhD gave accurate quantification 

of total adiponectin and HMW adiponectin concentration, it was extensively 

validated by meeting acceptable results in experiments that investigated recovery, 

parallelism, specificity, inter/intra-plate C.V, acceptable control ranges and 

sensitivity. Further validation was gained when the ELISA developed in this PhD 

demonstrated strong statistically significant correlations with a range of current 

methodologies used for the measurement of adiponectin. 

7.3 Clinical Investigations 

7.3.1 Investigation of Adiponectin as a Routine Measurement for the 

Detection of Overt Vascular Disease (Chapter 4) 

Aim: To use the assay developed to investigate adiponectin (total and HMW) as a 

routine measurement for the detection of OVD by its comparison with routine 

hospital anthropometric and biochemical measurements in primary OVD patients 

and secondary OVD patients. 

Achievement: The assay that was developed in this project proved applicable to 

the investigation of adiponectin as a bio-marker for OVD. This was conducted by the 

comparison of adiponectin in relation to current bio-markers that are used to assess 

OVD in an NHS clinical setting.  
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The results of the investigation demonstrated that adiponectin alone was not a good 

bio-marker for the onset of OVD. Conversely, in combination with other OVD bio-

markers, HDLC, TG, creatine kinase and BMI, the results suggested that 

adiponectin quantification could enhance the capability of physicians to track the 

progression of OVD in patients at risk of an OVD event. However, it was noted that 

the results needed further investigation to gain a greater understanding of the role of 

adiponectin in OVD and assign actual relationships for diagnosis in the clinical 

environment. 

In addition to the assessment of adiponectin as a bio-marker for the progression of 

OVD, an investigation was conducted into the relationship of adiponectin levels with 

OVD medications prescribed to control the progression of OVD. This led to the 

novel suggestion that the prescription of loop diuretics in response to high blood 

pressure experienced by OVD patients caused a decrease in patient adiponectin 

levels. Additionally, this investigation supported previous effects of beta-blocker 

therapy on decreases in adiponectin concentration. Consequently, as decreases in 

adiponectin concentration are recognised to be associated with the onset of 

diabetes, a condition also affecting individuals suffering from OVD, it was suggested 

that medication related decreases in adiponectin in clinic attendees could lead to 

the earlier progression of diabetes. However, it was highlighted that this would have 

to be investigated with a further study as no measure of diabetes was conducted in 

the OVD clinical setting. 

7.3.2 Investigation of Adiponectin Secretion into Lymph (Chapter 5) 

Aim: To investigate the presence of adiponectin and its HMW multimer in lymph 

and if present to relate levels to those in paired plasma samples. Additionally, 

investigate the relationship of HMW levels in relation to total adiponectin levels in 

lymph.  

Achievement: The assay that was developed in this project facilitated the detection 

and quantification of adiponectin in lymph. It also facilitated the recognition that total 

adiponectin in lymph was in part composed of HMW adiponectin multimers.  

When relating adiponectin levels quantified in lymph to plasma, total and HMW 

adiponectin concentration were observed to be dramatically reduced. This was 

hypothesised to be due to decreased overall levels of protein in lymph when 

compared to plasma. However, when total adiponectin concentration was 

expressed as a percentage of total protein concentration in both lymph and plasma, 
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reduced levels of adiponectin were still observed in lymph in relation to plasma. This 

was also observed for HMW adiponectin concentration when it was expressed as a 

percentage of total adiponectin concentration in both lymph and plasma.  

It was hypothesised that the lower levels of adiponectin in lymph were observed 

because adiponectin was not actively released into lymph. Additionally, it was 

hypothesised to be due to a reduced capability of the HMW adiponectin multimer, 

attributable to its size, to move passively from the serum into lymph.  

Aim: To investigate adiponectin in lymph in relation to other lymphatic 

molecules/inflammatory markers and further relate this information to paired plasma 

samples. 

Achievement: The quantification of adiponectin levels in lymph with the assay 

developed during this PhD allowed comparisons of the levels quantified to be made 

with other biochemical factors observed in lymph 

This thesis argued that adiponectin and MCP-1 have opposing roles during 

inflammatory states, where adiponectin is anti-inflammatory (Section 1.17) and 

MCP-1 is pro-inflammatory (Section 1.4.6 and 1.6.3). The opposing roles of 

adiponectin and MCP-1 were evident in lymphatic samples. This was observed 

through a statistically significant negative relationship between adiponectin (total 

and HMW) and MCP-1 concentrations quantified during this investigation. However, 

it was noted that this relationship could have occurred as a result of an unmeasured 

biochemical variable. 

In addition to the relationship observed between lymphatic adiponectin and MCP-1 

concentrations, the investigation also found that HMW adiponectin concentration 

quantified in lymph, when expressed as a percentage of total adiponectin 

concentration, positively correlated with lymphatic glucose levels. Interestingly, the 

same relationship was not observed in plasma. Consequently, it was hypothesised 

that monitoring of this relationship in lymph could allow the opportunity to detect the 

onset of diabetes before increases in glucose levels were observed in serum 

samples. However, it was suggested that greater investigation into this hypothesis 

was required. 

Another relationship observed only in lymph for adiponectin was the strong 

statistically significant positive correlation between HMW adiponectin (concentration 

and when it was expressed as a percentage of total adiponectin concentration) and 
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glycerol. It was hypothesised that this occurred due to the involvement of 

adiponectin in FFA and glucose metabolism (Section 1.9). This was hypothesised 

because FFA metabolism generates free glycerol, which is utilised by the liver 

where it is converted into glucose and stored as glycogen (Elliot & Elliot, 2003). 

Consequently as glucose was being generated from glycerol in hepatocytes, the 

role of HMW adiponectin in glucose uptake was not being carried out. As a result, it 

was hypothesised that HMW adiponectin levels increased in the presence of 

glycerol. However, it was noted that although this may be true, it has previously 

been discussed in the literature that free glycerol concentrations are greater in 

lymph than plasma (Nanjee et al., 2000). Consequently, the relationship between 

HMW adiponectin levels and glycerol in lymph observed during this investigation 

may have been an artefact. 

7.3.3 Investigation of Adiponectin in Polycystic Ovary Syndrome 

(Chapter 6) 

Aim: To investigate the role of adiponectin in PCOS by its comparison with insulin 

resistance status and testosterone levels in normal healthy individuals and 

individuals with PCOS. 

Achievement: The assay that was developed in this project proved applicable to 

the investigation of the role of adiponectin in polycystic ovary syndrome. This was 

conducted by the comparison of adiponectin in relation to testosterone 

concentrations, BMI, and insulin resistance status. 

The investigation recognised a novel relationship between decreased measures of 

HMW adiponectin, when expressed as a percentage of total adiponectin 

concentration, and increased insulin resistance status in PCOS patients but not 

controls. Subsequently, it was hypothesised that HMW adiponectin levels expressed 

as a percentage of total concentration could track the progression of insulin 

resistance in PCOS patients. 

Interestingly, the investigation of a non-obese sub-group of the study population 

recognised that measures of adiponectin were not related to testosterone 

concentration or insulin resistance status in non-obese PCOS patients. However, it 

was found that increased insulin resistance status was associated with increased 

testosterone concentration in the non-obese PCOS patient sub-group. This 

suggested that testosterone and not adiponectin is involved in the onset of insulin 

resistance in lean PCOS patients. 
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7.4 Summary of Novel Findings 

In summary the main contributions to knowledge of this thesis are the following:  

 Production of highly specific monoclonal antibodies to human adiponectin 

 Development of a highly sensitive sandwich ELISA for human adiponectin 

and its use in the measurement of the HMW adiponectin multimer. 

 Comparison of assay technique developed in this project with current 

commercially available assays 

 Comparison of assay technique developed in this project with gel 

filtration chromatography 

 Investigation of adiponectin in OVD states 

 Recognition of a novel increase in circulating adiponectin levels in 

patients undergoing loop diuretic therapy. 

 Potential benefits of adiponectin measurement as a predictor of 

cardiovascular health when combined with other standard hospital 

anthropometric and biochemical measurements. 

 Confirmation of the current understanding of beta blocker effects on 

adiponectin and its relationship with biochemical measurements such 

as HDLC and triglyceride. 

 Quantification for the first time of adiponectin in human lymph samples and 

its comparison to matched plasma samples. 

 The presence of adiponectin and its multimer composition in lymph. 

 Relationship of lymph adiponectin to other biochemical factors 

present in lymph. 

 Investigation of adiponectin in PCOS. 

 Recognition that adiponectin levels and insulin resistant status are 

related to visceral adiposity and not testosterone in PCOS. 

 Recognition that testosterone is related to insulin resistance but not 

adiponectin levels in lean PCOS patients. 

7.5 Thesis Conclusion 

Overall, this PhD has fulfilled its intended aims by successfully developing tools that 

can accurately quantify adiponectin and investigate its role in clinical conditions. 

This was demonstrated by the studies that contributed to this thesis where the 

potential for the quantification of adiponectin was investigated as a clinical marker 
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for obesity related conditions. However, it still remains clear that a large level of 

investigation of adiponectin in relation to obesity related conditions needs to be 

conducted before adiponectin can be fully implemented as a biomarker in a clinical 

setting. 
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A1.1 Adiponectin Measurement Techniques 

Due to the complex multimeric forms of adiponectin, many measurement techniques 

have been used to quantify total adiponectin and its individual size forms. The 

quantification of total adiponectin has been carried out with ease using commercially 

available ELISAs for some time (Nakano et al., 2006). However, the detection of 

other size forms has not been conducted with the same facility and has often 

involved the use of semi-quantitative techniques (Aso et al., 2006; Ebinuma et al., 

2006). Several techniques have been used to study adiponectin by measuring: - 

I. Total adiponectin, without selective measurements of individual size forms 

(First generation ELISAs [Section A1.6.2], RIA [Section A1.6.3] and Latex 

particle enhanced tubidimetric immunoassay [Section A1.6.4]). 

II. Total adiponectin, with selective measurement of each individual size 

(western blot analysis [Section A1.2], gel filtration chromatography [Section 

A1.3], Zonal ultracentrifugation using a sucrose gradient [Section A1.4] and 

“second generation” ELISA for quantification of adiponectin multimers via 

proteolysis [Section A1.7.2]). 

III. Measurement of a specific size form of interest (“second generation” ELISA 

specific for HMW adiponectin [Section A1.7.1]). 

Each of the above mentioned techniques have positive and negative attributes; the 

present Chapter will give an insight into each in relation to adiponectin 

measurement.  
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A1.2 Western Blot Analysis 

Western blot analysis of proteins is a powerful tool that provides proportional 

measurements of the adiponectin multimers by densitometry (Waki et al., 2003; 

Schraw et al., 2008). If carried out under denaturing conditions after size separation 

it has the capability to bypass quaternary adiponectin structures that can cause bias 

in the quantification of the hormone. Waki et al (2003) used this method to 

investigate adiponectins' association with diabetes. During the investigation the 

western blotting analysis of adiponectin was validated by gel filtration 

chromatography showing that separation of each individual multimer could be 

obtained (Waki et al., 2003). Even though this method received such validation it 

has recently been stated in the literature that there is an ill defined biochemical 

basis on how it separates the complexes (Andersen et al., 2007; Schraw et al., 

2008). Variability of the results can occur due to the susceptibility to temperature 

change and denaturation state of adiponectin mulitmers (Andersen et al., 2007; 

Schraw et al., 2008). In this technique, a single well resolved band was obtained for 

HMW adiponectin although slight modifications in temperature can alter the amount 

of HMW adiponectin present (Schraw et al., 2008). Also, the low and medium 

molecular weight forms appear as multiple bands making the results difficult to 

understand (Schraw et al., 2008). Finally, it should be noted that this method of 

adiponectin measurement is more suited for the determination of the proportion of 

adiponectin multimers and does not allow the quantification of adiponectin multimer 

concentration in serum. 

A1.3 Gel Filtration Chromatography 

Much like western blotting, gel filtration chromatography is another technique that 

can be used to study the multimeric distribution of adiponectin and is similarly 

unsuitable for routine serum measurements (Nakano et al., 2006; Schraw et al., 

2008). It involves size separation over a superdexTM column composed of dextran 

covalently bound to highly cross-linked porous agarose beads (Amersham 

Pharmacia Biotech, 1998; Schraw et al., 2008). Collected fractions from the gel 

filtration chromatography are further separated on SDS-PAGE under reducing 

conditions and then proteins are transferred by western blotting after which analysis 

of the membrane takes place with the use of a polyclonal antibody mixture that 

recognises adiponectin in its denatured state (Schraw et al., 2008).  
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In many research groups investigating adiponectin, gel filtration chromatography is 

thought to be the gold standard for adiponectin measurement. However, this 

terminology should be used with caution as it implies that a result from this method 

might be “better” or even “correct” when in reality all methods, inclusive of gel 

filtration chromatography, have their drawbacks. This method was originally 

conducted using a semi-quantitative enzyme substrate reaction to gain results; 

however, the reaction has now been replaced with quantitative fluorescent western 

blotting (Schraw et al., 2008). The technique needs experienced technicians to run 

size fractionation, SDS PAGE and western blotting techniques that are time 

consuming, labour intensive and ill-suited to the large cohort investigations such as 

those that would be needed in routine clinical investigations (Aso et al., 2006; 

Andersen et al., 2007; Sinha et al., 2007). However, it does allow for the multimers 

of adiponectin to be reproducibly resolved (Andersen et al., 2007; Schraw et al., 

2008), but still relies on ELISA for the serum concentration of adiponectin to be 

calculated. 

 For the best analysis of adiponectin by gel filtration chromatography it is desirable 

to know the overall amount of adiponectin in a sample before column loading; this 

eliminates the chance of overloading a gel with protein that can make it difficult to 

measure the distinct peaks corresponding to the adiponectin size forms (Schraw et 

al., 2008). As this method uses an ELISA to quantify adiponectin, whether it is for 

better resolution of the peaks after gel filtration or to simply quantify the 

concentration of adiponectin in a sample, then it seems more time saving to have a 

method that gives separate concentrations and distributions of the size forms in a 

sample. The 2nd generation of ELISAs (Section A1.7) seem to be moving in this 

direction, but some groups appear to be determined to retain more time consuming 

and laborious techniques ill suited to a clinical laboratory. Interestingly, it should be 

noted that antibodies are utilised for the visualisation of the bands for the 

determination of the proportion of adiponectin multimers in this technique. Therefore 

this could cause complications in results due to a bias set up by post translational 

modifications in the adiponectin monomer that make up the various adiponectin 

multimers. Reasons for this will be discussed in more detail later (Section A1.6.2). 
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A1.4 Velocity Sedimentation, Sucrose Gradient and Sodium 

Dodecyl Sulphate Poly Acrylamide Gel Electrophoresis 

To carry out this method sucrose gradients have to be constructed by stepwise 

pouring of sucrose solutions of differing percentages (5, 10, 15 and 20%) into a 2ml 

thin walled ultracentrifuge tube, then left overnight to equilibrate at 4oC (Pajvani et 

al., 2003). Already it can be seen that this method is laborious and set up has to be 

planned a day in advance of the experiment whereas other techniques discussed in 

this Chapter can be set up and run the same day. When the gradients have been 

established, diluted samples can be layered on top of the gradient, and 

ultracentrifugation at 55,000rpm for 4 hours at +4oC separates the adiponectin size 

forms in the sample. Fractions are collected sequentially from the top of the column 

(Pajvani et al., 2003), with care, as any movement in the column could lead to 

mixing of fractions resulting in loss of resolution of the separation (Birnie GD & 

Rickwood D, 1978). A loss of resolution is not a problem seen in an ELISA as whole 

samples can be loaded into wells and it is the pre-treatment of the sample and 

specificity of the antibodies that selects for the adiponectin size form. As in the 

previous method using size separation chromatography, all fractions are analysed 

by SDS PAGE and western blotting (Pajvani et al., 2003). Therefore, this is yet 

another laborious method that suffers from the same issues in the analysis stages 

already discussed in gel filtration chromatography. This means that research 

conducted using this technique could possibly not give results for which adiponectin 

size forms were exhibiting effects in the research being conducted.  

Several groups have criticised velocity sedimentation as it was unable to resolve the 

lower molecular weight forms of adiponectin (Richards et al., 2006; Schraw et al., 

2008) and led originally to the discovery of the middle and HMW forms of the 

protein/hormone (Pajvani et al., 2003). Even though there is the problem of 

distinguishing the low and medium molecular weight forms, some groups are still 

using this technique to investigate adiponectin, e.g. the effect of TZD treatment on 

adiponectin (Hammarstedt et al., 2005). This is probably due to the cost of current 

more technical methods. 

For the reasons discussed the measurement of adiponectin by velocity 

sedimentation is a delicate and time consuming technique that does not compare 

well with the robustness and speed of an ELISA. Also, the velocity sedimentation 

method only allows for the measurement of adiponectin in one sample at a time. 
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This means that it too is ill-suited to large cohort studies or even a clinical lab 

setting. In comparison, the ELISA developed in this project can run up to 72 

samples per plate and give adiponectin concentrations on the same day. As 

previously stated, it would seem more time saving to have a method that gave 

separate concentrations and distributions of the size forms in a sample such as the 

2nd generation of ELISAs that are being released. 

A1.5 Gelatin Affinity Chromatography 

It has been shown that adiponectin circulates in human serum as trimeric, 

hexameric and HMW forms and that these forms can be separated by the various 

methods discussed in this Chapter. Originally, adiponectin was discovered by four 

groups (Section 1.7). The discovery of adiponectin by one group came in the search 

for novel plasma proteins in serum using gelatin affinity chromatography (Nakano et 

al., 1996). This technique was further used in the generation and evaluation of the 

HMW adiponectin specific ELISA also discussed in this Chapter (Section A1.7.1) 

(Nakano et al., 2006; Tanita et al., 2008). At the early stages of the project this 

column type was sought commercially so that the HMW form of adiponectin could 

be purified for the generation of specific antibodies to this size form. However, a UK 

distributor of the product could not be found. Nakano et al (1996) mentioned that 

when 500 ml of pooled human serum was run on the column only 50 µg (0.1µg/ml) 

of HMW adiponectin was purified, demonstrating why this technique is not 

employed in measurement of HMW adiponectin and merely a tool for its purification. 

A1.6 First Generation Assays 

A1.6.1 Enzyme Linked Immunosorbent Assay 

There are many commercially available ELISA kits for the measurement of 

adiponectin. Even though there are so many, not much investigation has been 

conducted into their comparison with each other or the capability of each of these 

assays to quantify adiponectin (Nakano et al., 2006; Risch et al., 2006). These kits 

range from the first generation of assays that were constructed to measure total 

adiponectin concentrations (Section A1.6.2) and the current second generation of 

assays that are specific for one form of adiponectin (Section A1.7.1) or that 

measure all forms through different proteolytic sample treatments (Section A1.7.2). 
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A1.6.2 Total Adiponectin Assays 

The first generation of assays came in two formats; one format was to measure 

intact adiponectin size forms and the other was measurement of dimeric and 

monomeric adiponectin after a denaturing treatment such as boiling. Antibodies see 

a specific epitope on an antigen. In the case of these assays adiponectin is the 

antigen but its total concentration is made of different size multimers of the 

adiponectin monomer. Therefore, if an antibody is able to recognise an epitope on 

the trimeric multimer, then it should theoretically be able to recognise the same 

epitope on the other multimeric size forms of adiponectin. However, the epitope that 

an antibody recognises could be changed or hidden by so many monomers coming 

together in the larger multimers, modifying the recognition of the epitope by the 

antibody. Therefore, it is possible that bias might occur in an assay for one 

multimeric form over another, as was suggested in some early literature (Tsao et al., 

2003). Denaturation of the size forms from a mixture of multimers to a uniform 

sample of dimers (Section 1.8.5) would see that bias could not occur. Therefore an 

assay which used such a denaturing step would theoretically give a less biased 

result. Several groups have assessed the capability of adiponectin assays and their 

antibodies to quantify adiponectin (Nakano et al., 2006; Risch et al., 2006; Bluher et 

al., 2007). One group used a set of antibodies available from R&D systems used to 

construct an ELISA to measure total adiponectin and compared it to a kit available 

from Otsuka Pharmacueticals (Nakano et al., 2006). Evaluation of the efficiency of 

these two assay systems to detect the adiponectin size forms was conducted by 

measuring adiponectin concentration in fractions of the size separated multimers 

and comparing them with quantitative densitometry (Nakano et al., 2006). 

Treatment of the samples differed between the assays, the Otsuka assay involved a 

heat treatment step to denature all size forms before measurement and the 

constructed R&D Systems assay did not. Both the ELISA systems detected all 

forms of adiponectin, although this was with differing efficiency (Nakano et al., 

2006). In measurement of HMW adiponectin both the assays measurements were 

low in relation to quantitative densitometry; the measurement of trimer in the 

constructed R&D Systems ELISA was also low (Nakano et al., 2006). This shows 

that even though the two ELISA systems in the paper were able to measure 

adiponectin, one by heat treatment the other under dilution alone, both assays have 

differing specificity; this was believed to be dependent on the antibodies used in 

their construction (Nakano et al., 2006).  
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A reason the denaturing treatment is believed to equal measurement of all 

adiponectin multimers is that it is not only variation in the number of monomers that 

make the adiponectin size forms differ, there are also differences in the 

posttranslational modification of the monomers that determines which multimers 

they can become (Section 1.8.4). Such posttranslational modifications may lie in a 

region of an antibodies‟ epitope, causing the affinity to the epitope to be 

compromised or even increased, creating bias in a result. In another paper two 

assays from Biovendor were evaluated in relation to each other and in relation to a 

total adiponectin RIA from Linco (Section A1.6.3) (Risch et al., 2006). These assays 

were shown to correlate strongly with each other; however, the concentrations 

obtained for the samples differed between the assays further demonstrating the 

variation between commercial assays (Risch et al., 2006). Such discrepancies in the 

comparability of adiponectin assays for total adiponectin quantification (Suominen, 

2004) was also seen in the analysis of concentrations obtained in an assay 

developed by Fujirebio and the Linco RIA. Unfortunately the assays evaluated by 

Rische et al (2006) did not use a denaturating treatment, therefore, problems 

caused in measurement of the structure and post translational modifications of 

adiponectin cannot be commented on further. Nevertheless, the previous 

investigations did show that the use of adiponectin ELISAs can easily be fully 

automated adding to the ease of their use and the scale of samples that can be 

assayed (Suominen, 2004; Risch et al., 2006). In the use of a first generation assay 

without this automation, another group found the technique laborious and not suited 

to the study of large cohorts (Fisher et al., 2005). From this they stated that the 

challenge was to produce a reliable, easy to use assay that allows a high through 

put so that studies containing large cohorts can be undertaken (Fisher et al., 2005) - 

a challenge that is yet to be met. Therefore, a more accurate ELISA is needed for 

the quantification of adiponectin than one that simply denatures adiponectin to a 

uniform structure and also it is believed that the selection of antibodies for assay 

development is crucial.  

A1.6.3 Radioimmunoassay 

Radioimmunoassay (RIA) is a Nobel Prize winning methodology used in the 

quantification of insulin (Yalow & Berson, 1960). Like ELISA, RIA uses antibodies in 

the detection of an analyte of interest. However, rather than detection of the analyte 

by cleavage of a substrate to give a colour change measurable by 

spectrophotometry, it uses a tracer labelled form of the analyte of interest. When 
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this tracer labelled analyte is incubated with a sample containing unlabelled analyte 

there is competition for antibody binding. A concentration of the unlabelled analyte 

is calculated by comparison of the amount of radiation counts given off by the bound 

tracer labelled analyte with a standard curve. For example, the smaller the 

concentration of analyte in the sample the more of the tracer-labelled analyte can 

bind and the greater the counts of radiation from the tracer measured; therefore, 

higher counts of radiation denotes lower levels of an analyte of interest in an RIA 

(Linco Research, 2006). The RIA measurement technique is also believed to have 

problems in that it is not easy to automate and leads to radioactive waste (Risch et 

al., 2006). Also, it uses antibodies that could come under the same scrutiny for bias 

as the ELISA, but it is also more labour intensive and takes 24 hours to gain results 

(Risch et al., 2006). 

A1.6.4 Latex Particle Enhanced Tubidimetric Immunoassay 

Recently, a latex particle enhanced turbidimetric immunoassay has been developed 

that can give rapid, reproducible (interassay coefficient of variance (CV) = 1.1-2.0%) 

and sensitive results for total adiponectin concentration using an automated 

analyser (Nishimura & Sawai, 2006). It is a technique dependent on anti-adiponectin 

antibodies much like ELISA but sees them immobilised to latex beads (Nishimura & 

Sawai, 2006). It was evaluated in comparison with the Otsuka ELISA for total 

adiponectin that had previously shown good correlation with the already discussed 

Linco RIA (Nakano et al., 2006). However, as has been discussed, any of the 

measurement techniques that assess total adiponectin can suffer bias and 

inaccurate results, even under denaturing treatment of the sample. Therefore, the 

latex particle enhanced tubidimetric method and the ELISA that it was compared to 

might suffer from such a problem. However, if this technique could be fully 

investigated and antibodies that do not display such bias could be developed for 

individual size forms of adiponectin it might be worth further development because 

results can be gained quickly (10 minutes) and automation means it can be 

implemented into a clinical environment (Nishimura & Sawai, 2006). 
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A1.7 Second Generation Assays 

A1.7.1 Enzyme Linked Immunosorbent Assay Specific for High 

Molecular Weight Adiponectin 

Monoclonal antibodies for the generation of this assay were made using 

immunisation of mice with HMW adiponectin purified using the gelatin binding 

technique already discussed (Section 3.1.4) (Nakano et al., 2006). The assay is 

constructed with a monoclonal antibody specific for HMW adiponectin as the 

capture antibody (1H7) and detection is carried out with a horse radish peroxidise 

conjugated Fab fragment (POD1H7) of the same antibody created by pepsin digest 

and 2-mercaptoethanol treatment (Nakano et al., 2006). When full antibody was 

used at the detection stage it was unable to bind its epitope, probably due to steric 

hindrance (Section 3.5.2), whereas the fab fragment gave a result (Nakano et al., 

2006). Antibody 1H7‟s epitope was shown to be a tertiary structure in the globular 

head of adiponectin (Nakano et al., 2006). This was shown by its competition with a 

commercial antibody from R&D Systems that recognised a region in the adiponectin 

globular head and also by its inability to recognise an adiponectin mutant that has a 

cysteine at position 152 in the globular head replaced with a serine (Nakano et al., 

2006; Tanita et al., 2008). HMW adiponectin purified by gelatin binding was used as 

the assay standard; its concentration was determined by absorbance at 280nm, by 

results of quantitative amino acid composition analysis and the bicinchoninic acid 

protein assay with BSA as a standard (Nakano et al., 2006). The assay developed 

showed good accuracy within and between plate analysis of samples (intra-plate 

CV= 2.4-3.0%, Interplate CV= 4.2-5.1%) and was also shown to have specificity for 

HMW adiponectin by comparison with quantitative densitometry (Nakano et al., 

2006). Further investigation fully validated its performance in HMW adiponectin 

measurement (Tanita et al., 2008).  

From comparison of this technique with the others discussed in this Chapter, it can 

be seen that like most ELISAs it is an easy and useful method for measuring HMW 

adiponectin concentrations. Furthermore, like all ELISAs it will have a rapid through 

put of samples (Aso et al., 2006) unlike laborious techniques such as size 

fractionation, gelatin binding purification and velocity sedimentation, all of which 

need SDS-PAGE and immunoblotting analysis afterwards or even ELISA. 

Additionally, the assay does not need a pre-treatment of a sample (except dilution), 

unlike some first generation assays that need heat treatment and the other second 
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generation assays that use enzymatic treatments (Aso et al., 2006). A negative 

point is that this assay is only able to measure HMW adiponectin and not each 

individual size form or total adiponectin (Andersen et al., 2007), but, it is seen to 

detect the medium molecular weight adiponectin to some degree (Schraw et al., 

2008). It would be a useful addition to this assay if others of a similar nature that 

recognise each individual size form separately were developed. Unfortunately, the 

recently developed 2nd generation assay that recognises only HMW adiponectin 

(Nakano et al., 2006) is yet to be released on to the UK market. 

A1.7.2 Enzyme Linked Immunosorbent Assay Measurement of Total 

and Individual Adiponectin Multimers via Sample Protease Treatment. 

The assay currently marketed by Alpco Diagnostics is constructed from antibodies 

raised by immunisation of Balb/C mice with a mixture of the adiponectin size forms 

purified from human serum (Ebinuma et al., 2006). These antibodies were chosen 

for their affinity to denatured adiponectin, although the antibodies were shown by 

native-PAGE to also recognise intact adiponectin multimeric forms (Ebinuma et al., 

2006). It has already been shown in the discussion of the first generation of 

adiponectin assays that due to glycosylation differences on adiponectin monomers 

in the collagen domain this treatment alone is not enough to generate an assay that 

can give unbiased readings for adiponectin. The antibodies in this assay may be 

compromised as the capture antibody recognises an epitope in this area. 

The ELISA for the selective quantification of each multimeric form was constructed 

to selectively measure adiponectin size forms by treatment with proteases at 37oC 

for 10 – 30 minutes. Proteinase K (7.5U/ml) treatment was shown to digest all 

multimeric forms except for HMW adiponectin and protease A “amano” (1mg/ml) 

was seen to digest just the trimeric form (Ebinuma et al., 2006). With the use of both 

proteases the concentration of total and HMW adiponectin could be calculated 

directly, while low and medium molecular weight adiponectin were calculated 

indirectly (Ebinuma et al., 2006). Bluher et al (2007) showed in the evaluation of 3 

different commercially available assays (Linco RIA, Total ELISA from Mediagnost 

and the assay being discussed herein) that some of the first generation assays were 

superior at predicting significant differences between adiponectin concentration and 

metabolic variables/insulin resistance (Bluher et al., 2007). It was also shown that 

different results were obtained between the 3 assays during their use to investigate 

the correlation of adiponectin levels and exercise related lipid levels (Bluher et al., 

2007). The proteolytic ELISA was seen not to have significant correlation with 
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exercise related lipid levels, unlike the other two assays investigated, however, it 

should be mentioned that although correlations were not seen to be significant in 

the proteolytic assay, they were of the same magnitude (Bluher et al., 2007). This 

does not show that the second generation assays are measuring adiponectin levels 

incorrectly, but might point to inaccuracies present in the field at the moment as a 

consequence of the use of older methods that could inflate results due to bias of the 

antibodies for certain adiponectin multimeric forms.  

Another assay recently released onto the market by Millipore uses the same 

treatments as the ELISA described by Ebinuma et al (2006), distributed by Alpco 

Diagnostics to gain adiponectin HMW measurement (Sinha et al., 2007). In the 

evaluation of this assay with western blotting results it was seen to have a high 

correlation (r= 0.96) over a wide range of HMW concentrations (Sinha et al., 2007). 

However, there was a difference in absolute values obtained in each assay that is 

attributed to the two different methodologies and their antibodies (Sinha et al., 

2007). A final issue that has been discussed in the literature for the proteolytic 

quantification of adiponectin in this style of 2nd generation assay is that protease 

determination of adiponectin size form concentration requires greater sample 

handing time in relation to some of the other methods discussed (Andersen et al., 

2007). 
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Appendix 2: Commercial Assay Methods 
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A2.1 B-Bridge International: Human Adiponectin Enzyme 

Linked Immunosorbent Assay Kit Instructions  

The following instructions were taken from http://lifescience.b-bridge.us/ 

 

 

http://lifescience.b-bridge.us/
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A2.2 Alpco Diagnostics: Human Adiponectin Multimeric 

Enzyme Linked Immunosorbent Assay Kit Instructions  

The following instructions were taken from http://www.alpco.com/ 

 

 

http://www.alpco.com/
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A2.3 Biovendor: Human Adiponectin Enzyme Linked 

Immunosorbent Assay Kit Instructions  

The following instructions were taken from http://www.biovendor.com/ 

 

 

http://www.biovendor.com/
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A2.4 Linco: Human Adiponectin Radio Immunoassay Kit 

Instructions  

The following instructions were taken from http://www.millipore.com/ 

 

 

http://www.millipore.com/
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A2.5 Linco: Human HMW Adiponectin Enzyme Linked 

Immunosorbent Assay Kit Instructions  

The following instructions were taken from http://www.millipore.com/ 

 

 

http://www.millipore.com/
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Appendix 3: Comparison with 

Commercially Available Total Adiponectin 

Enzyme Linked Immunosorbent Assays 

and Fast Protein Liquid Chromatography 
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A3.1 Comparison with Commercially Available Total 

Adiponectin Enzyme Linked Immunosorbent Assays 

Total adiponectin quantified in the assay developed in this project was compared 

with values obtained in commercially available total adiponectin assays from B-

Bridge (K1001-1, Tokyo, Japan), Biovendor (RD191023100, Heidelberg, Germany ) 

and Alpco diagnostics (47-ADPHU-EO1, Salem, USA). 

Table A3.1: Summary table of the comparison of the Oxford Brookes total adiponectin 

assay with commercially available assays. 

  Brookes_total 

BBridge_total Pearson Correlation 0.970
**
 

N 40 

Alpco_total 

 

Pearson Correlation 0.980
**
 

N 20 

Biovendor Pearson Correlation 0.885
**
 

 N 67 

**. Correlation is significant at the <0.001 level (2-tailed). 

 

 

Figure A3.1: Comparison of Brookes and BBridge total adiponectin concentration  

(r= 0.970, p<0.001). 
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Figure A3.2: Comparison of Brookes and Alpco Diagnostics total adiponectin 

concentration  

(r=0.980, p<0.001). 

 

Figure A3.3: Comparison of Brookes and Biovendor total adiponectin concentration  

(r=0.885, p<0.001). 
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Figure A3.4: A Bland-Altman plot showing the difference between the Brookes and 

the BBridge total adiponectin assay readings. 

The X axis shows the average of the 2 readings and the Y axis shows the difference 
between the two assays. The red dashed lines represent ±2 standard deviations of the 
differences. The blue reference line demonstrates that the average difference in total 
adiponectin measurement between the two assays is 11.31µg/ml. The green dashed 
regression line (r = 0.951) demonstrates that as the average total adiponectin result from the 
Brookes and BBridge assays increases, so too does the difference in total adiponectin 
concentration measured between the assays. 

 
Figure A3.5: A Bland-Altman plot showing the difference between the Brookes and 

the Alpco Diagnostics total adiponectin assay readings. 

The X axis shows the average of the 2 readings and the Y axis shows the difference 
between the two assays. The red dashed lines represent ±2 standard deviations of the 
differences. The blue reference line demonstrates that the average difference in total 
adiponectin measurement between the two assays is 14.48µg/ml. The green dashed 
regression line (r = 0.997) demonstrates that as the average total adiponectin concentration 
from the Brookes and Alpco Diagnostics assays increases, so too does the difference in 
total adiponectin concentration measured between the assays. 
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Figure A3.6: A Bland-Altman plot showing the difference between the Brookes and 

the Biovendor total adiponectin assay readings.  

The X axis shows the average of the 2 readings and the Y axis shows the difference 

between the two assays. The red dashed lines represent ±2 standard deviations of the 

differences. The blue reference line demonstrates that the average difference in total 

adiponectin measurement between the two assays is 29.69µg/ml. The green dashed 

regression line (r = 0.828) demonstrates that as the average total adiponectin concentration 

from the Brookes and Alpco Diagnostics assays increases, so too does the difference in 

total adiponectin concentration measured between the assays. 
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A3.2 Comparison with Commercially Available Total 

Adiponectin Radioimmunoassay 

Total adiponectin quantified in the assay developed in this project was compared 

with values obtained in commercially available total adiponectin radioimmunoassay 

from Linco (HADP 61HK, Watford UK). 

Table A3.2: Comparison of Brookes ELISA and Linco RIA total adiponectin 

concentration. 

  
Brookes_total 

Linco_RIA_Total Pearson Correlation 0.971
**
 

N 30 

**. Correlation is significant at the <0.001 level (2-tailed). 

 

Figure A3.7: Comparison of Brookes ELISA and Linco RIA total adiponectin 

concentrations  

(r=0.971, p<0.001). 
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Figure A3.8: A Bland-Altman plot showing the difference between the Brookes total 

adiponectin ELISA and the Linco total adiponectin RIA readings. 

The X axis shows the average of the 2 readings and the Y axis shows the difference 
between the two assays. The red dashed lines represent ±2 standard deviations of the 
differences. The blue reference line demonstrates that the average difference in total 
adiponectin measurement between the two assays is 11.09µg/ml. The green dashed 
regression line (r = 0.894) demonstrates that as the average total adiponectin concentration 
from the Brookes and Linco assays increases, so too does the difference in total adiponectin 
concentration measured between the assays. 
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A3.3 Comparison with Commercially Available High 

Molecular Weight Adiponectin Enzyme Linked 

Immunosorbent Assays 

High molecular weight adiponectin quantified in the assay developed in this project 

was compared with values obtained in commercially available high molecular weight 

adiponectin assays from Linco (EZHMWA-64K, Tokyo Japan) and Alpco diagnostics 

(47-ADPHU-E01, Salem USA). 

Table A3.3: Summary table of the comparison of the Brookes high molecular weight 

adiponectin assay with other commercially available assays. 

  
Brookes_HMW 

Linco_HMW Pearson Correlation 0.968
**
 

N 37 

Alpco_HMW Pearson Correlation 0.984
**
 

N 20 

**. Correlation is significant at <0.001 level (2-tailed). 

 

Figure A3.9: Comparison of Brookes and Linco high molecular weight adiponectin 

concentrations  

(r=0.968, p<0.001). 
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Figure A3.10: Comparison of Brookes and Alpco Diagnostics high molecular weight 

adiponectin concentrations  

(r=0.984, p<0.001). 

 

Figure A3.11: A Bland-Altman plot showing the difference between the Brookes and 

the Linco high molecular weight adiponectin assay readings. 

The X axis shows the average of the 2 readings and the Y axis shows the difference 
between the two assays. The red dashed lines represent ±2 standard deviations of the 
differences. The blue reference line demonstrates that the average difference in HMW 
adiponectin measurement between the two assays is 7.58µg/ml. The green dashed 
regression line (r = 0.976) demonstrates that as the average HMW adiponectin 
concentration from the Brookes and Linco assays increases, so too does the difference in 
HMW adiponectin concentration measured between the assays. 
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Figure A3.12: A Bland-Altman plot showing the difference between the Brookes and 

the Alpco Diagnostics high molecular weight adiponectin assay readings. 

The X axis shows the average of the 2 readings and the Y axis shows the difference 
between the two assays. The red dashed lines represent ±2 standard deviations of the 
differences. The blue reference line demonstrates that the average difference in HMW 
adiponectin measurement between the two assays is 7.46µg/ml. The green dashed 
regression line (r = 0.998) demonstrates that as the average HMW adiponectin 
concentration from the Brookes and Alpco Diagnostics assays increases, so too does the 
difference in HMW adiponectin concentration measured between the assays. 
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A3.4 Comparison of the Proportion of High Molecular Weight 

Adiponectin Determined in the Brookes and Alpco 

Diagnostics Assay. 

High molecular weight adiponectin proportion to total adiponectin quantified in the 

assay developed in this project was compared with values obtained in commercially 

available high molecular weight Alpco diagnostics adiponectin assay. 

Table A3.4: Comparison of Brookes and Alpco diagnostics high molecular weight 

adiponectin concentration expressed as percentage of total adiponectin 

concentration. 

  Brookes_Percen

tage_HMW 

Alpco_Percentage_HMW Pearson Correlation .901
**
 

N 20 

**. Correlation is significant at < 0.001 level (2-tailed). 

 

Figure A3.13: Comparison of Brookes and Alpco diagnostics high molecular weight 

adiponectin concentration expressed as a percentage of total adiponectin 

concentration  

(r=0.901, p<0.001). 



258 
 

 

Figure A3.14: A Bland-Altman plot showing the difference between percent high 

molecular weight adiponectin measured in the Brookes and the Alpco diagnostics 

assays. 

The X axis shows the average of the 2 readings and the Y axis shows the difference 
between the two assays. The red dashed lines represent ±2 standard deviations of the 
differences. The blue reference line demonstrates that the average difference in percent 
HMW adiponectin measurement between the two assays is 5.92. The green dashed 
regression line (r = -0.0004) demonstrates that as the average HMW adiponectin percentage 
from the Brookes and Alpco Diagnostics assay increases, there is no consistent increase in 
the difference of percentage high molecular adiponectin measured between the assays. 
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A3.5 Comparison of Proportion of High Molecular Weight 

Adiponectin Determined in the Brookes Assays and Gel 

Filtration Chromatography/Western Blotting Technique 

High molecular weight adiponectin proportion to total adiponectin quantified in the 

assay developed in this project was compared with values obtained by gel filtration 

chromatography/western blotting technique. 

Table A3.5: Comparison of percentage high molecular weight levels obtained from the 

Brookes ELISA and gel filtration chromatography. 

  Percentage_HMW

_Brookes 

Percentage_HMW_column Pearson Correlation 0.761
**
 

N 37 

**. Correlation is significant at the <0.001 level (2-tailed). 

 

Figure A3.15: Comparison of percentage high molecular weight adiponectin 

concentration obtained from the Brookes ELISA and gel filtration chromatography  

(r=0.761 , p<0.001 ). 
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Figure A3.16: A Bland-Altman plot showing the difference between percentage high 

molecular weight adiponectin measured in the Brookes assay and by gel filtration 

chromatography/western blotting. 

The X axis shows the average of the 2 readings and the Y axis shows the difference 
between the two techniques. The red dashed lines represent ±2 standard deviations of the 
differences. The blue reference line demonstrates that the average difference in the 
percentage HMW adiponectin measurement between the two techniques is 10.03. The 
green dashed regression line (r = -0.195) demonstrates that as the average HMW 
adiponectin percentage from the Brookes and Alpco Diagnostics assay increases, there is 
no consistent increase in the difference of percentage high molecular adiponectin measured 
between the techniques. 
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Appendix 4: Investigation of Adiponectin 

Secretion into Lymph 
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Appendix 4.1: Correlation of Total Adiponectin 

Concentration, High Molecular Weight Adiponectin 

Concentration and HMW adiponectin Concentration 

expressed as a Percentage of Total Adiponectin 

Concentration with MCP1, Glycerol and Glucose 

Concentration Quantified in Lymph and Plasma 

 

 
Figure A4.1: The scatter plot represents the correlation of MCP1 (x axis) and total 

adiponectin (y axis) levels in plasma  

(r = -0.426; p=0.167). 
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Figure A4.2: The scatter plot represents the correlation of MCP1 (x axis) and total 

adiponectin (y axis) levels in lymph  

(r = -0.624; p=0.030). 
 

 
Figure A4.3: The scatter plot represents the correlation of MCP1 (x axis) and high 

molecular weight adiponectin (y axis) levels in plasma (r = -0.272; p=0.392). 
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Figure A4.4: The scatter plot represents the correlation of MCP1 (x axis) and high 

molecular weight adiponectin (y axis) levels in lymph  

(r = -0.640; p=0.025). 

 
Figure A4.5: The scatter plot represents the correlation of glycerol (x axis) and high 

molecular weight adiponectin (y axis) levels in plasma  

(r = 0.366; p=0.243). 
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Figure A4.6: The scatter plot represents the correlation of glycerol (x axis) and high 

molecular weight adiponectin (y axis) levels in lymph  

(r = 0.637; p=0.026). 

 
Figure A4.7: The scatter plot represents the correlation of glycerol (x axis) and 

percentage high molecular weight adiponectin (y axis) levels in plasma  

(r = 0.357; p=0.254). 
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Figure A4.8: The scatter plot represents the correlation of glycerol (x axis) and 

percentage high molecular weight adiponectin (y axis) levels in lymph  

(r = 0.634; p=0.027). 
 

 
Figure A4.9: The scatter plot represents the correlation of glucose (x axis) and 

percentage high molecular weight adiponectin (y axis) levels in plasma  

(r = -0.113.; p=0.727). 
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Figure A4.10: The scatter plot represents the correlation of glucose (x axis) and 

percentage high molecular weight adiponectin (y axis) levels in lymph  

(r = 0.634; p=0.0.027). 
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Appendix 4.2: Correlation of adiponectin to Biochemical 

Variables in Plasma and Lymph 

Table A4.1: Summary of the r and p values for the correlation of total, high molecular 

weight and percentage high molecular weight adiponectin levels with other factors in 

plasma. 

  Total adiponectin HMW adiponectin Percentage HMW adiponectin 

NEFA Pearson Correlation -0.223 -0.148 0.011 

Sig. (2-tailed) 0.486 0.646 0.974 

TAG Pearson Correlation -0.229 -0.199 -0.112 

Sig. (2-tailed) 0.474 0.536 0.730 

IL-1beta Pearson Correlation 0.550 0.504 0.338 

Sig. (2-tailed) 0.064 0.095 0.282 

IL-6 Pearson Correlation 0.182 0.166 0.110 

Sig. (2-tailed) 0.572 0.607 0.735 

IL-8 Pearson Correlation 0.216 0.198 0.134 

Sig. (2-tailed) 0.501 0.537 0.678 

Insulin Pearson Correlation -0.069 -0.056 -0.022 

Sig. (2-tailed) 0.831 0.864 0.946 

Leptin Pearson Correlation 0.049 0.037 0.010 

Sig. (2-tailed) 0.881 0.909 0.976 

TNF-alpha Pearson Correlation -0.158 -0.060 0.125 

Sig. (2-tailed) 0.623 0.854 0.698 

* Correlation is significant at the 0.05 level (2-tailed) and ** Correlation is significant at the 0.01 level 
(2-tailed). 
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Table A4.2: Summary of the r and p values for the correlation of total, high molecular 

weight and percentage high molecular weight adiponectin levels with other factors in 

lymph.  

  Total adiponectin HMW adiponectin Percentage HMW adiponectin 

NEFA Pearson Correlation 0.004 0.180 0.434 

Sig. (2-tailed) 0.989 0.575 0.159 

TAG Pearson Correlation 0.399 0.355 0.070 

Sig. (2-tailed) 0.198 0.257 0.829 

IL-1beta Pearson Correlation -0.045 0.037 0.181 

Sig. (2-tailed) 0.890 0.909 0.573 

IL-6 Pearson Correlation -0.585 -0.551 -0.178 

Sig. (2-tailed) 0.059 0.079 0.601 

IL-8 Pearson Correlation -0.403 -0.391 -0.150 

Sig. (2-tailed) 0.194 0.209 0.641 

Insulin Pearson Correlation -0.349 -0.378 -0.227 

Sig. (2-tailed) 0.267 0.226 0.479 

Leptin Pearson Correlation -0.197 -0.078 0.204 

Sig. (2-tailed) 0.540 0.810 0.524 

TNF-alpha Pearson Correlation -0.307 -0.327 -0.185 

Sig. (2-tailed) 0.332 0.300 0.564 

* Correlation is significant at the 0.05 level (2-tailed) and ** Correlation is significant at the 0.01 level 
(2-tailed). 
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Appendix 4.3 Investigation of High Molecular Weight 

Adiponectin Levels in Relation to Total Adiponectin Levels in 

Plasma. 

Total adiponectin concentration was found to have a statistically significant positive 

correlation with HMW adiponectin concentration in plasma samples (r=0.967, 

p<0.001) 

 
Figure A4.11 Correlation of total and HMW adiponectin concentration in plasma. 

The scatter plot represents the correlation of total (x axis) and HMW (y axis) adiponectin 
concentration (µg/ml) in lymph (n= 12; r = 0.967; p<0.001). 
 

Table A4.3: Pearson Correlation of total adiponectin concentration and high 

molecular weight adiponectin concentration in plasma. 

 HMW adiponectin  

Total adiponectin Pearson Correlation 0.967
**
 

Sig. (2-tailed) <0.001 

N 12 

**. Correlation is significant at the 0.01 level (2-tailed). 
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Appendix 5: Adiponectin in Polycystic 

Ovary Syndrome 
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Appendix 5.1: Summary of the Correlation of Total 

Adiponectin Concentration, High Molecular Weight 

Adiponectin Concentration, High Molecular Weight 

Adiponectin Expressed as a Percentage of Total Adiponectin 

Concentration and HOMA2 IR Levels with Biochemical and 

Clinical Characteristics in Polycystic Syndrome Ovary 

Patients and Controls. 

Table A5.1: Correlation of total adiponectin concentration, high molecular weight 

adiponectin concentration, high molecular weight adiponectin expressed as a 

percentage of total adiponectin concentration and HOMA2 IR levels with biochemical 

and clinical characteristics in polycystic ovary syndrome patients and controls.  

  Percentage 
HMW 

adiponectin 

Total 
adiponectin 

(ug/ml) 

HMW 
adiponectin 

(ug/ml) HOMA2 IR 

  PCOS Control PCOS Control PCOS Control PCOS Control 

BMI (Kg/m
2
) Pearson 

Correlation 
-.389

**
 -.405

*
 -.357

*
 -.381

*
 -.392

**
 -.407

*
 .695

**
 .688

**
 

Sig. (2-
tailed) 

.005 .032 .011 .045 .005 .032 .000 .000 

N 50 28 50 28 50 28 46 28 

AGE (years) Pearson 
Correlation 

-.034 .173 -.024 .179 -.031 .206 -.132 .066 

Sig. (2-
tailed) 

.816 .379 .866 .362 .832 .294 .381 .740 

N 50 28 50 28 50 28 46 28 

Total 
Cholesterol 
(mmol/L) 

Pearson 
Correlation 

-.053 -.032 .017 .049 -.006 -.010 .235 .138 

Sig. (2-
tailed) 

.712 .872 .908 .807 .969 .960 .115 .492 

N 50 27 50 27 50 27 46 27 

HDLC 
(mmol/L) 

Pearson 
Correlation 

.384
**
 .361 .381

**
 .586

**
 .402

**
 .520

**
 -.126 -.714

**
 

Sig. (2-
tailed) 

.006 .064 .006 .001 .004 .005 .406 .000 

N 50 27 50 27 50 27 46 27 

Triglyceride 
(mmol/L) 

Pearson 
Correlation 

-.439
**
 -.344 -.385

**
 -.427

**
 -.427

**
 -.452

*
 .405

**
 .645

**
 

Sig. (2-
tailed) 

.001 .078 .006 .026 .002 .018 .005 .000 

N 50 27 50 27 50 27 46 27 

Retinol 
binding 

Pearson 
Correlation 

-.273 -.290 -.326
*
 -.422

*
 -.318

*
 -.429

*
 .252 .492

**
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protein 4 
(ug/ml) 

Sig. (2-
tailed) 

.055 .134 .021 .025 .024 .023 .090 .008 

N 50 28 50 28 50 28 46 28 

Fasting NEFA 
(µmol/L) 

Pearson 
Correlation 

-.072 -.041 .061 .111 .037 .056 .178 .010 

Sig. (2-
tailed) 

.620 .834 .674 .574 .801 .779 .236 .961 

N 50 28 50 28 50 28 46 28 

LDLC 
(mmol/L) 

Pearson 
Correlation 

-.166 --.050 -.141 -.045 -.152 -.067 .254 .293 

Sig. (2-
tailed) 

.250 .804 .328 .825 .293 .741 .089 .138 

N 50 27 50 27 50 27 46 27 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 
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Appendix 5.2: Summary of the Correlation of Total 

Adiponectin Concentration, High Molecular Weight 

Adiponectin Concentration, High Molecular Weight 

Adiponectin Expressed as a Percentage of Total Adiponectin 

Concentration and HOMA2 IR Levels with Biochemical and 

Clinical Characteristics in Non-Obese Polycystic Ovary 

Syndrome Patients and Controls. 

Table A5.2: Correlation of total adiponectin concentration, high molecular weight 

adiponectin concentration, high molecular weight adiponectin expressed as a 

percentage of total adiponectin concentration and HOMA2 IR levels with biochemical 

and clinical characteristics in non-obese polycystic ovary syndrome patients and 

controls. 

  Percentage 
HMW 

adiponectin 

Total 
adiponectin 

(ug/ml) 

HMW 
adiponectin 

(ug/ml) HOMA2 IR 

  PCOS Control PCOS Control PCOS Control PCOS Control 

BMI (Kg/m
2
) Pearson 

Correlation 
-.343 -.101 -.611* -.078 -.565 -.093 .081 .347 

Sig. (2-
tailed) 

.301 .782 .046 .830 .070 .799 .824 .326 

N 11 10 11 10 11 10 10 10 

AGE (years) Pearson 
Correlation 

-.537 .033 -.435 .010 -.494 -.006 -.054 .271 

Sig. (2-
tailed) 

.089 .929 .181 .979 .123 .988 .882 .449 

N 11 10 11 10 11 10 10 10 

Total 
Cholesterol 
(mmol/L) 

Pearson 
Correlation 

-.610* .328 -.456 .114 -.538 .177 .212 .431 

Sig. (2-
tailed) 

.046 .389 .159 .771 .088 .648 .556 .247 

N 11 9 11 9 11 9 10 9 

HDLC 
(mmol/L) 

Pearson 
Correlation 

.673* -.005 .662* .308 .778** .316 .239 -.431 

Sig. (2-
tailed) 

.023 .990 .026 .419 .005 .408 .506 .246 

N 11 9 11 9 11 9 10 9 

Triglyceride 
(mmol/L) 

Pearson 
Correlation 

-.545 .247 -.555 -.394 -.558 -.348 .605 .821** 

Sig. (2-
tailed) 

.083 .522 .077 .294 .074 .359 .064 .007 

N 11 9 11 9 11 9 10 9 

Retinol 
binding 

Pearson 
Correlation 

-.257 .322 -.300 .026 -.262 .116 .133 .576 
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protein 4 
(ug/ml) 

Sig. (2-
tailed) 

.446 .364 .371 .944 .436 .751 .714 .081 

N 11 10 11 10 11 10 10 10 

Fasting NEFA 
(µmol/L) 

Pearson 
Correlation 

-.371 -.465 .101 -.334 -.158 -.446 -.291 .163 

Sig. (2-
tailed) 

.261 .176 .768 .345 .643 .196 .414 .652 

N 11 10 11 10 11 10 10 10 

LDLC 
(mmol/L) 

Pearson 
Correlation 

-.702* .390 -.549 .066 -.674* .138 -.049 .638 

Sig. (2-
tailed) 

0.16 .299 .080 .866 .023 .724 .894 .065 

N 11 9 11 9 11 9 10 9 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 
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Appendix 6: Publications 
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