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cAMP = cyclic adenosine mono posphate; cDNA = complementary 
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counts per minute; CSF = cerebral spinal fluid; DHAP = dihydroxyacetone 
phosphate; DMEM = Dulbecco’s minimum eagle medium; DNA = 
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interleukin 1; lL-2 = interleukin 2; lL-6 = interleukin 6; lL-11 = interleukin 11; 
lL-6sR = interleukin 6 soluble receptor; IRMA = immunoradiometric assay; 
1RS = insulin receptor substrate; JAK = janus kinase; Ka = association constant; 
Kb = kilobase pairs; KDa = kilodaltons; Kg = kilograms; KLH = keyhole limpet 
heamocyanin; L = litre; LDL = low density lipoprotein; LIF = leukaemia 
inhibitory factor; log = logarithmic; LpL = lipoprotein lipase; LPS = 
lipopolysaccharide; MBq = mega bequerels; mRNA = messenger ribonucleic 
acid; M = molar; ml = millilitres; MMP = matrix metalloprotease; mol = moles; 
n = nano-; MPL = monophosphyl lipid A; NEFA = non-esterified fatty acids; ob 
= obesity gene; Ob-R = leptin receptor; p = pico-; PAGE = polyacrylamide gel 
electrophoresis; PAl-1 = plasminogen activator inhibitor type 1; PBS = 
phosphate buffered saline; PCOS = polycystic ovary syndrome; PEG = 
polyethyleneglycol; PKA = protein kinase A; PKC = protein kinase C; PPARa 
= peroxisome proliferator activated receptor alpha; PPARy = peroxisome 
proliferator activated receptor gamma; RJA = radioimmunoassay; RNA = 
ribonucleic acid; RT-PCR = reverse transcriptase polymerase chain reaction; 
RXR = retinoic acid receptor; SDS = sodium dodecylsulphate; SOCS = 
supressor of cytokine signalling; SPDP = N-succinimidyl 3-(2pyridoyldithiol) 
proprionate; STAT = signal transducer and activator of transcription; p55 = 
tumour necrosis factor soluble receptor type 1; p75 = tumour necrosis factor 
soluble receptor type 11; r = recombinant; TCA = trichloroacetic acid; TG = 
triglyceride; TGF-p = transforming growth factor beta; Th = T helper cells; 
TMD = trehalose diconymycolate; TNF-a = tumour necrosis factor alpha; 
TNFsRl = tumour necrosis factor soluble receptor type 1; TNFsRll = tumour 
necrosis factor soluble receptor type 11; TZD = thiozolidinediones; p = micro; 
UCP = uncoupling protein; UV = ultraviolet; V = volts; v/v = volume per 
volume; VEGF = vascular endothelial growth factor; VLDL = very low density 
lipoproteins; w/v = weight per volume; WAT = white adipose tissue.
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Summary of research;

Adipose tissue occupies a unique role in body physiology by providing a 

dynamic long term energy store. The purpose of this thesis is to determine 

whether endocrine signals are secreted from an abdominal subcutaneous adipose 

tissue bed. In particular, the release of the cytokine-like molecules leptin, IL-6 

and TNF-a will be investigated. This triad of molecules are have the potential to 

alter lipid mechanism at the autocrine/paracrine level in addition to potentially 

acting as endocrine signals.

As no assay for leptin was available at the commencement of this project, the 

first step was the development of one with sufficient specificity and sensitivity. 

Due to the high degree of conservation between vertebrate leptin, the production 

of high affinity antibodies to leptin was anticipated to be problematic. 

Therefore, different immunisation strategies were investigated to optimise the 

immune response; variation of host (rabbit/mouse), variation of immunogen 

(peptides/whole leptin) and variation of immunisation site 

(subcutaneous/footpad) with varying success. The resulting panel of polyclonal 

antiserum and monoclonal antibodies were subsequently used in the 

development of a one-site RIA and two-site ELISA. The former was validated 

against a commercially available assay and used in a number of clinical studies. 

The latter was proported to differentiate between bound and free leptin, 

although the sensitivity of the assay was too low to be used with serum 

samples.

Using the in-house RJA and commercially available high sensitivity assays for 

cytokines, and their soluble receptors, and a sensitive arterial-venous sampling



technique which allows the output of the target organ to be evaluated, release of 

the target molecules was evaluated. IL-6 and leptin were seen to be released by 

the adipose tissue studied in the baseline (median arterial IL-6 2.33pg/ml 

[interquartile range, 1.36-3.77 pg/ml] vs. median venous IL-6 6.06 pg/ml 

[interquartile range, 3.28-9.43 pg/ml], p<0.001; median arterial leptin 28.45 

ng/ml [interquartile range, 9.64-50.64 ng/ml] vs. median venous leptin 35.28 

ng/ml [interquartile range, 12.65-61.44 ng/ml], p<0.0001. No net release of 

TNF-a was observed; median arterial TNF-a 1.79 pg/ml [interquartile range, 

1.20-2.26 pg/ml] vs. median venous TNF-a 1.67 pg/ml [interquartile range , 

1.33-2.22 pg/ml, p=0.446]. Both leptin and IL-6 were higher in the obese 

subjects (venous IL-6 vs. % body fat r=0.652, p<0.005; leptin vs. % body fat 

r=0.890, p<0.0001) and were regulated in a nutritionally independent manner. 

No net release of IL-6 soluble receptor (IL-6sR) or leptin soluble 

receptor/binding protein (as determined using a novel semi-quantitative assay) 

were observed. Significant release of TNF soluble receptor type I was observed 

(p=0.002) and levels of this correlated with obesity (vs. % body fat r=0.72, 

p<0.0001). TNF soluble receptor II was also released by this depot, but the 

levels were not significantly higher than circulating levels.

In summary, IL-6 and leptin, but not TNF-a, are released by abdominal 

subcutaneous adipose tissue. IL-6 and TNF-a are released at levels which are 

far below those observed in response to pathogenic stimuli. The soluble forms 

of the IL-6 and leptin receptors are not released by this depot, but both types of
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TNF soluble receptors are. All these molecules are released at levels which 

reflect adiposity.

Soluble forms of the cellular cytokine receptors have profound effects on the 

bioactivity of cytokine-like molecules. Therefore, the reciprocal release of the 

cytokine or the soluble receptor isoforms from the abdominal adipose tissue 

may constitute a post-secretion regulatory mechanism. Based on these data 

presented here, the activity of the IL-6 produced by the adipose tissue will be 

augmented by the presence of the soluble form of the receptor in the circulation. 

With increasing obesity, levels of IL-6 released from the adipose tissue increase, 

accompanied by a decrease in the circulating soluble receptor levels -  possibly 

to limit the effects of increasing levels of IL-6. Conversely, the effects of TNF 

will be negated by the soluble receptor isoforms released at this site. This may 

work on the membrane bound forms of TNF, or in an autocrine/paracrine 

fashion. No clear role for the soluble form of the leptin receptor has been 

determined although it may increase the half-life of leptin by preventing renal 

clearance. Whether the regulatory mechanisms underlying leptin and IL-6 

production are the same as those governing their respective soluble receptor 

production also remains unknown.

A clear link can be established between the products of the adipose tissue and 

the immune system; IL-6 and TNF-a are potent proinflammatory cytokines and 

leptin is thought to be an important permissive signal in immunological 

processes. Other adipose tissue products are also analogous to components of 

the immune system such as adipsin, acylation stimulating protein (ASP) and 

adiponectin. This is suggestive of a strong link between energy balance and
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immune function.

The release of these molecules from this depot and their potential to act distally, 

as well as in an autocrine/paracrine fashion strengthen the argument for an 

endocrine-like role of adipose tissue.
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Chapter 1

Introduction and Literature Review



1.1.1 Introduction

Adipose tissue occupies a unique role in energy homeostasis by storing 

energy ingested in excess of immediate nutritional requirements in the 

form of triacylglycerol (Gordis, 1965). Excess fat, proteins and 

carbohydrates can be metabolised to triacylglycerol, which is then stored in 

specialised cells called adipocytes. From an evolutionary perspective, the 

storage of all available energy in a compact, reduced and anhydrous state 

favours survival of an organism in an environment where the provision for 

food is irregular. However, in a milieu where food is abundant and life 

styles increasingly sedentary, net increases in the deposition of fat, 

accompanied by only transient depletions in this reserve, will lead to a state 

of obesity, which has been identified as an independent risk factor for 

coronary heart disease (Kannel et al, 1967), vascular disease (Higgins et al, 

1988), thrombolytic events (Ellison & Brown, 1965), cancer (Moller et al, 

1994) and many of the other pathologies which are prevalent in affluent 

society.

The body’s natural response to increased deposition of fat mass is mainly 

one of weight limiting measures e.g. increased lipaemia, resistance to 

insulin action and reduced glucose tolerance. The consequential disruption 

of the normal homeostasis of glucose and lipid metabolism, is likely to 

contribute to the development of obesity related pathologies (Matsuzawa et 

al, 1999).

The elucidation of the mechanisms which underlie the development of 

obesity related disease are part of a revision in the way we perceive the role 

of adipose tissue; previously, this was regarded as merely a passive



repository for stored fat. Since the discovery of the anorectic hormone, 

leptin (Zhang et al, 1994), a great impetus has been imparted into adipose 

tissue research. As a consequence of this interest, and the explication of the 

complexity of afferent and efferent adipose tissue signalling and 

regulation, the adipose tissue organ can now be regarded as a more 

endocrine-like organ than had been presupposed (Mohamed-Ali et al, 

1997; Pancov, 1999; Ailhard, 2000).

It has been shown recently that cytokine-like molecules may form some of 

the novel endocrine signals emanating from the adipose tissue (Mohamed- 

Ali et al, 1997). Cytokine-like molecules are implicated as agents acting to 

influence the weight loss experienced during illness (Matthys & Billiau, 

1997; Barber et al, 2000) and have been shown to possess anorectic 

functions in otherwise healthy subjects (Halaas et al, 1995). More 

enticingly, the recent discovery that chronic, sub-clinical infection is 

associated with the development of conditions such as cancer and coronary 

heart disease (Danesh et al, 1999; Chiba et al, 1997) implicates these 

molecules as possible orchestraters in the aetiology of these conditions. 

This is made more feasible in the light of the proposed dysregulation of 

these signals as a maladaptive consequence of conditions such as obesity. 

This thesis examines the release of the pro-inflammatory cytokine-like 

molecules leptin, interleukin-6 (IL-6) and tumour necrosis factor-a (TNF- 

a), along with their respective soluble receptors, which influence the 

bioactivity of these molecules, from the adipose tissue bed and postulates 

upon their roles in adipose tissue homeostasis in both the disease-free, and 

pathological states.



This introduction is essentially divided into four sections. The first section 

will describe the morphology and distribution of adipose tissue and 

differentiate between the different types. The mechanisms for substrate 

deposition and liberation will also be discussed giving a background to the 

prime function of this organ i.e. the storage of lipid reserves and how these 

are regulated to ensure appropriate provision of lipid fuel. The second 

section will address some of the non-storage roles that have been attributed 

to adipose tissue either through the release, or modification, of certain 

effectors, by this organ. Following this, the more novel adipose tissue 

derived molecules and how these impinge in an autocrine, paracrine and 

endocrine fashion will be discussed. Finally, the rationale for this body of 

work in the context of the background described will be descirbed.

1.1.2 Adipose Tissue

Two distinct forms of adipose tissue have been identified; brown and 

white. These tissues are highly diverse in both morphology and function 

and originate from diverse mesenchymal progenitor cell lines (Nnodim, 

1987) White adipose tissue progenitor cells can differentially form 

osteoblasts or adipocyte precursor cells through the action of bone 

morphogenetic protein (BMP) on the bone marrow stroma (Gori et al,

1999).

As will be addressed later, the adipose tissue is a dynamic tissue which 

undergoes constant remodelling in response to the lipid storage 

requirements. In adult humans, weight gain or loss is primarily the result of 

fluctuations in the adipose tissue mass with the mass of other tissues 

remaining static.



1.1.3 Brown Adipose Tissue

The function of brown adipose tissue (BAT) is the production of heat 

through non-shivering thermogenesis mediated through the uncoupling of 

the respiratory chain to adenosine tri-phosphate (ATP) synthesis and futile 

cycling orchestrated through the action of the BAT specific uncoupler, 

uncoupling protein 1 (UCP-1) (Nichols, 1983). The presence of abundant 

mitochondria and vasculature confers the brown hue to this tissue (Cinti,

1999). The thermogenic mechanism is important in the maintenance of 

body temperature in rodents. It is suggested that animals with significant 

BAT deposits bum calories through heat generation whereas those with 

minimal BAT, store fat (Lowell et al, 1993). Evidence for this comes from 

transgenic rodent models which lack brown adipose tissue. These animals 

rapidly become obese and developed insulin resistance but not as a result 

of hyperphagia (Lowell et al, 1993; Hamann et al, 1995 & 1998). The UCP 

mediated production of heat has been linked to the episodic nature of 

feeding in rats where initiation of feeding is preceded by a rise in 

temperature, consequent of increased uncoupling and glucose uptake 

(Himms & Hagan, 1995). The amount of food consumed per meal is 

dictated by the environmental conditions and termination of feeding is 

accompanied by a decrease in the degree of thermogenesis, therefore 

proposing a mechanism of tight BAT regulation in response to 

environmental conditions in the rodent.

In humans, BAT was not thought to be a significant mediator of body 

temperature and significant BAT depots were traditionally thought to be 

ablated with age, leaving only small intrascapular deposits in adult humans



(Heaton, 1972). Although adult adipose tissue explants are thermogenic, 

heat production declines with increasing obesity and it is suggested that it 

would only account for approximately 7% of the basal metabolic rate 

(Bottcher & Furst, 1997). Recent evidence alludes to a less clear 

demarcation between these two tissues.

Initial reporting of the co-localisation of brown and white adipose tissue in 

humans, which were determined by the presence of the UCP molecules in 

white adipose tissue (Cousins et al, 1992), can now be explained by the 

discovery of the UCP homologues -2  and -3 which are expressed 

ubiquitously, and in skeletal muscle, respectively (Jerez & Garlid, 1998). 

However, subsequent reports of the presence of brown adipose tissue 

within white adipose tissue depots would preclude any notion of these 

organs being totally discrete. More enticingly, a plasticity between the two 

forms has been suggested whereby the gross morphology and constituent 

cell composition of the tissue is regulated in response to environmental 

stimuli similar to those seen in the rat feeding mechanism (Cinti, 1999). 

These interchangeable brown adipose cells are derived from an 

intermediate progenitor cell capable of switching between the two forms 

which is located within the white adipose tissue depot in addition to the 

conventional brown and white progenitor cells (Himms-Hagan et al, 2000). 

The emerging evidence would suggest that the functions and regulation of 

BAT in humans is similar in complexity to that of WAT. BAT may even 

act in an endocrine-like fashion in the development of fever during illness 

(Cannon et al., 1998). This premise is based on the association between 

fever intensity and BAT complement, the responsiveness of this tissue to



LPS and its ability to produce pro-inflammatory cytokines. Clearly, brown 

adipose tissue in humans deserves more credence than previously 

attributed to it.

1.1.4 White Adipose Tissue

WAT is a heterogeneous mass comprising adipocytes, pre-adipocyte cells, 

vascular endothelial cells, smooth muscle cells, fibroblasts, local mast cells 

and macrophages (Wasserman, 1975). Anatomically, adipocytes are 

rounded cells with 90% of the intra-cellular space occupied by lipid 

droplets which coalesce to form a characteristic signet shape and 

eventually, one large droplet of fat as additional triacylglycerol is 

deposited. The intra-cellular fat is encased in a unique protein molecule 

known as perilipin (Greenberg et al, 1991; Blanchette-Mackie et al, 1995). 

Perilipins are a family of phosphoproteins (A, B & C) that are present in 

differentiated adipocytes and steroidogenic cells which are phosphorylated 

by cAMP-dependent protein kinase (Greenberg et al, 1991) and 

dephosphorylated through the action of protein phosphatase PPl (Clifford 

et al, 1998). The role of the perilipins is intrinsically linked to that of the 

enzyme hormone sensitive lipase (HSL) and lipolysis where the lipolytic 

stimulation results in the phosphorylation of both molecules and migration 

of HSL to the perilipin boundary -  although this ability decreases with age. 

The phosphorylated form of perilipin is thought to participate in the 

breakdown of neutral lipids (reviewed by Londos et al, 1995 & 1996; 

Clifford et al, 2000). Perilipin synthesis is thought to be regulated by the 

metabolism of fatty acids or cholesterol esters whereby lipid loading of 

cells results in a post-translational increase in stabilised perilipin



(Brasaemle et al, 1997). The remainder of the cell cytoplasm is restricted to 

a very small area of the cell adjacent to the outer membrane and the cell 

nucleus and organelles are also confined to this region.

Isolation of adipocytes from the abdominal wall or gluteal adipose depots 

was first achieved using needle biopsy. This enabled subsequent size based 

isolation of constituent cell components (Hirsch & Gallian, 1968). Using 

this technique (Hirsch, 1975) and histological staining (Bray, 1970; 

Sjostrom, 1976) it was demonstrated that the size and number of the 

adipocytes recovered reflected the degree of adiposity of an individual. 

Obese individuals had numerous, large, lipid-engorged adipocytes 

compared to the sparse number of small adipocytes each containing little 

intracellular lipid recovered from normal and under-weight individuals. 

Additionally, the size and complement of adipocytes has been observed to 

change relative to weight loss or gain (Bjomtorp, 1978).

1.1.5 Adipogenesis

An increase in the number of adipocytes accompanying excessive weight 

gain requires the recruitment of additional adipocytes consistent with the 

findings of Bjomtorp (Bjomtorp, 1975). Adipose tissue contains an 

adipocyte progenitor cell capable of developing into mature adipocytes 

capable of storing the excess fat. This cell type is fibroblast-like in 

morphology and behaviour and is known as a pre-adipocyte and was first 

identified in rats in 1975 (Stiles et al, 1975) and in humans in 1976 

(Dardrick et al, 1976). The process whereby additional adipocytes are 

recmited to become mature, functional adipocytes from the pool of pre

adipocytes is known as adipogenesis. During adipogenesis, pre-adipocytes



develop extensive rough endoplasmic reticulum with prominent cistemae, 

the chromatin of the nuclei of most cells become decondensed and lipid 

bodies are seen to accumulate in the cytoplasm (Dardick et al, 1976) and a 

decrease in the levels of actin and tubulin (Smas & Sul, 1997). This is 

accompanied by an increase in transcription of the enzymes of lipid 

metabolism and other proteins crucial for adipocyte function, under the 

regulation of specific transcription factors, most crucially CCAAT 

enhancer binding protein (CAATT-a) and isoforms of the peroxidase 

proliferator activator receptor gamma (PPARy) (Christy et al, 1989; Cao et 

al, 1991; Tontonoz et al, 1994; Brun et al, 1996) cell-cell and cell- 

environment interactions (Smas & Sul, 1995) and increases in intracellular 

cAMP which reduce expression of the enzymes controlling lipolysis to 

allow for lipid accumulation to occur (Speigelman & Green, 1981). Other 

factors which induce pre-adipocyte differentiation include insulin-like 

growth factor 1 (IGF-1), glucocorticoids, fatty acids and increases in 

intracellular cAMP (Mac Dougald, 1995). Growth hormone has been 

shown to increase the pool of adipocyte precursor cells (Wabitsch, 1995) 

and has also been shown to be more adipogénie than other pituitary derived 

hormones (Morikawa et al, 1982). Members of the IL-6 family of helical 

cytokines are known mediators of cellular differentiation (Richards et al,

2000) and leukaemia inhibitory factor, a member of this group, has been 

shown to induce differentiation of pre-adipocytes, in vitro through 

activation of protein kinase cascade reactions (Aubert et al, 1999).



Adipogenesis is preceded by a dramatic decrease in the expression of the 

pre-adipocyte membrane protein, pre-adipocyte factor 1 (pref-1) which is 

related to epidermal growth factor family of proteins (EOF) and acts as a 

negative regulator of adipocyte differentiation (Smas et al, 1993). The 

decrease in Pref-1 is specifically observed in response to treatment with the 

adipogénie glucocorticoid dexamethasone and methylisobutylxanthine 

(Wolf, 1999; Smas, 1999). A soluble form of Pref-1 which is capable of 

inhibition of differentiation to the same degree as the membrane bound 

form is also produced through differential splicing (Smas et al, 1997). This 

may imply an autocrine/ juxtacrine /paracrine inhibition of differentiation 

in the tissue mass. Only modest reductions in Pref-1 were observed in 

growth arrested cells treated with an alternative differentiation inhibitor, 

IL-11, and highly dramatic decreases in differentiating cells treated with 

IL-11 but with inhibition of adipogenesis, which is suggestive of separate 

mechanisms in adipocyte differentiation inhibition for Pref-1 and IL-11 

(Boney et al, 1996). TNF-a has also been shown to reverse the early stages 

of differentiation in adipocytes in vitro and this will be discussed later in 

this chapter.

1.1.6 Reduction of Adipocyte Number

Counter regulation of adipocyte number is achieved following weight loss 

and manifests as a loss of functional adipocyte number coupled to a 

decrease in the lipid content of the remaining adipocytes through a non

defined, regulated series of events. During malignancy, adipocytes are lost 

through apoptotic events but this is not thought to be the major cause in 

non-malignant states (Prins et al, 1994). Hyperleptinaemia depletes
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adipocyte fat content through the down regulation of the lipogenic 

enzymes and the transcription factor, peroxisome proliferator activated 

receptor gamma (PPARy). This process is accompanied by the up- 

regulation of the transcription factor peroxisome proliferator activated 

receptor alpha (PPARa) in addition to enzymes of fatty acid oxidation; 

transferring the cell from a storage site to one of fat oxidation accompanied 

by the loss of the expression of the intracellular fatty acid binding protein 

aP2, TNF-a and leptin and a re-emergence of pref-1 expression.

TNF-a is a potent apoptotic inducer in BAT (Prins et al, 1997; Nisoli et al,

2000) and has limited apoptotic influence on WAT, in vitro (Prins et al, 

1994; Prins et al 1997) in a depot specific manner (Niesler et al, 1998). It 

can also reverse the differentiation process in the early stages (Petruschke 

& Hauner, 1993) through a decrease in the expression of PPARy with the 

notable absence of pref-1 in the de-differentiated pre-adipocytes (Xing et 

al, 1997). TNF-a is also implicated in the apoptotic process through the fas 

element of TNF receptor. Binding of fas to its ligand (fasL) leads to 

apoptosis through activation of the death-inducing-signalling complex 

(DISC) (Nisoli, 2000). TNF-a has been shown to decrease the volume and 

overall number of both adipocytes and pre-adipocytes (Prins et al, 1997). 

This is thought to be through the disruption of two retinoblastoma-like 

proteins (PI30 & PI07) which leads to a block in the mitotic clonal 

expansion inducing cells into the S phase of the cell cycle (Lyle, 1998).
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In summary, the mechanism by which mature adipocytes are lost is unclear 

although the process seems to be under the control of many stimuli, 

resulting in a pool of pre-adipocytes which are heterogeneous in nature.

1.1.7 Adipose Tissue as a Storage Organ

As previously stated, the primary role of adipose tissue is the storage of 

lipid for the provision of a long term energy store. Stored lipids can be 

derived directly from dietary sources, composed mostly of triacylglycerol 

with small amounts of cholesterol, cholesterol esters and phospholipids. 

Triglyceride undergoes partial digestion in the mouth to form a mixture of 

di- and tri-acylglycerol which are primarily digested and absorbed in the 

small intestine. Ingested carbohydrate, in excess of dietary requirements 

and glycogen storage capacity are also converted to triglycerol, once 

catabolised to acetyl Co-A. The intestinal process of fat absorption is 

shown in figure 1.1.7a and the metabolic interconversion of lipids is shown 

in figure 1.1.7b.

Once inside the mucosal intestinal cells, triacylglycerol and cholesterol 

esters are reformed via the conversion of fatty acids to fatty acyl-CoA, 

catalysed by fatty acyl-CoA synthase and requiring ATP. Triglycerides are 

reformed by the translocation of the fatty acyl-CoA derivatives to the 

glycerol backbone, the energy being supplied by the cleavage of the 

thiolester bond and it is catalysed by fatty acyl-CoA transferase. Only long 

chain fatty acids are repackaged; those of chain length of CIO or less are 

secreted directly into the portal circulation where they bind to serum 

albumin and are transported directly to the liver. Fatty acids of chain length 

C l2 and above are packaged into chylomicrons and released into the
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Figurel.LTa; Digestion of Dietary Lipids
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Figure 1.1,7b; Metabolic Interconversion of Lipids
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lymphatic system via exocytosis. Similarly, cholesterol esters are reformed 

through the catalytic action of Acyl-CoA:cholesterol acyltransferase and 

also released into the lymphatic system as chylomicrons. Chylomicrons are 

a group of heterogeneous particles consisting of an outer hydrophilic 

membrane which consists of apoproteins (mostly apoprotein B-48), 

phopholipids and free cholesterol which form an emulsion in aqueous 

solution. The hydrophobic core of the chylomicron particle is primarily 

composed of triacylglycerol, cholesterol esters and fat soluble vitamins. 

These are transported through the lymphatic system to the thoracic duct 

where they are delivered into the circulation. Here, they acquire the 

apoproteins apoC and apoE from circulating high density lipoprotein 

(HDL). As these particles by-pass the portal circulation, the peripheral 

tissues have direct access to triacylglycerols which have not been 

processed by the liver, (from C J Coffee, Balckwell Publishing).

1.1.8 Delivery of Substrate Molecules to Adipose Tissue: Lipids 

The deposition of circulating triglcerides into the cell is mediated through 

the enzyme lipoprotein lipase (LpL, EC 3.1.1.34). LpL is prevalent in the 

capillary lumen of the adipose tissue, skeletal muscle and heart and 

anchored to the capillary membrane via glucosamines. LpL is activated by 

chylomicron component apo CII and inhibited by apolipoprotein C-III 

(Kern 1985; Bensadoun, 1990) and it catalyses the hydrolysis of the fatty 

acids from the glycerol backbone. LpL is not present in pre-adipocytes and 

concentrations increase during differentiation and in response to insulin, 

but not in response to lipids or lipoproteins in the cell medium (Leigh et al, 

1978). The fatty acids generated through LpL action move through the cell
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membrane where they are reconverted to triacylglycerol (this prevents 

unregulated diffusion back out of the cell), via fatty acyl-CoA synthase, for 

storage (adipose tissue) or oxidised for energy (heart and muscle). Very 

little triacylglycerol is taken up by the cell (Weiss & Green, 1978) and this 

returns to the liver for re-esterification. The hydrolysis of the triglcerides 

from the chylomicrons leaves smaller lipoprotein molecules known as 

chylomicron remnants. These lose their apoprotein C to circulating HDL 

and are then taken up in the liver, through an endocytotic mechanism 

which is mediated via receptors which recognise the remaining 

apoproteins; apoE recognises the remnant receptor and both apoE and 

apoB-48 recognise the LDL receptor. The endocytotic vesicles fuse with 

lysosomes where remnant particles are acid hydrolysed to amino acids, 

fatty acids and free cholesterol which are repackaged into very low density 

lipoproteins (VLDLs).

1.1.9 Delivery of Substrate Molecules to Adipose Tissue: Glucose

Excess ingested glucose is broken down by a series of 10 reactions 

collectively known as the Embden-Myerhof pathway, or glycolysis, to 

produce pyruvate. Although this reaction occurs in the cytoplasm of all cell 

types, the necessity for glucose varies considerably between cell types. In 

the adipocyte, glycolysis is primarily for the production of 

dihydroxyacetone phosphate (DHAP). This is a precursor for the glycerol 

backbone constituent of triacylglycerols. Glucose transportation into the 

adipocyte is mediated through the insulin independent glucose transporter 

GLUT 1 and the insulin depepndent transporter, GLUT 4, which are 

translocated to the cell membrane from a latent pool in the cytoplasm.
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Once in the cell, glucose is converted to glucose-6-phosphate to prevent 

free diffusion back down the concentration gradient and enters the 

glycolytic cycle. Cleavage of D-ffuctose-1,6-bisphosphate (through the 

catalytic action of aldolase) yields the three interconvertable 3 carbon 

backbone molecules; triose phosphate, dihydroxyacetone phosphate and D- 

glyceraldehyde-3-phosphate (triose phosphate isomerase catalyses this 

interconversion). Dihydroxyacetone is converted to glycerol-3-phosphate 

(catalysed by glycerol-3-phosphate dehydrogenase) which is re-esterified 

to free fatty acyl Co-A molecules to form triacylglycerol.

Additionally, in the liver, the role of glycolysis in this organ depends on 

the nutritional status of the individual. In the fed state, glycolysis leads to 

the synthesis of the complex branched storage carbohydrate, glycogen or 

to produce pyruvate as a precursor for fat synthesis. Fat derived from 

excess glucose consumption is transported to the adipose tissue for storage 

(C J Coffee, Balckwell Publishing).

1.1.10 Adipose Tissue Lipid Flux: Lipolysis

The process whereby lipids are liberated from and up-taken to the 

adipocyte are both commonly referred to as lipolysis as both require the 

enzymatic cleavage of the triacylglycerol molecule to di- and mono- acyl 

intermediates and eventually, NEFA and glycerol (Renold, 1965). For 

clarity, the term lipolysis will refer to the hormone sensitive lipase 

mediated release of fatty acids from the adipose tissue for the remainder of 

this introduction.

Most of the body’s triacylglycerol stores are contained in the adipose 

tissue with limited amounts in other tissues (Basso et al, 1970; Dagenais et
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al, 1976). Lipolysis occurs in lipid containing tissues so that 

triacylglycerols can be released for oxidative or non-oxidative purposes 

such as cell membrane or ecosinoid synthesis. The major enzymes 

involved in this process are lipoprotein lipase (LpL), which has been 

defined earlier, which is required for uptake of fatty acids from circulating 

VLDL-TG particles and chylomicrons (see section 1.8) and hormone 

sensitive lipase (HSL, EC 3.1.1.3) which hydrolyses the stored 

triacylglycerols in the adipocyte allowing them passage back into the 

circulation. Mobilisation of fatty acids, catalysed by HSL, is the rate 

limiting step in the release of fatty acids from the adipocyte and therefore, 

this is the determining factor in the availability of fatty acids for oxidation. 

Fatty acids are a principal fuel source for many of the organs of the body 

and can comprise between 30 -  70% of energy supply (Terjung et al, 1986; 

Gollnick, 1977). Once released from the adipocyte, NEFA are bound to 

circulating albumin which transports them to the peripheral tissues for 

oxidation (Spector, 1975). The glycerol backbone is thought to traverse the 

membrane through an adipocyte specific channel created by the membrane 

protein, aquaporin (Kishda et al, 2000). This has been shown to have 

glycerol permeability and levels of the protein parallel that of glycerol in 

the plasma during fasting and feeding. Translocation of the aquaporin to 

the membrane is initiated by catecholamines and is suppressed by insulin. 

Once taken up by the peripheral tissues they join a quota of NEFA already 

stored in the tissue which serves to provide lipid for oxidation during 

periods when fatty acid mobilisation is low e.g. in response to insulin 

(Coppack et al, 1990). HSL is regulated by the differential phosphorylation

18



and déphosphorylation of multiple serine residues on the enzyme through 

the action of cAMP dependent protein kinase A and protein phosphatase 

respectively (Stralfors & Belfrage et al, 1983). Site-directed mutagenesis of 

these sites has shown that activation of the enzyme occurs when serine 

residues 659, 669 and to a lesser extent, 563 are phosphorylated. Inhibition 

occurs through phosphorylation of serine 563 (Anthonsen et al, 1998). 

Coupled with the phosphorylation events, the enzyme is translocated from 

the cytoplasm to the lipid droplet which is then hydrolysed (Egan et al,

1992) in conjunction with the perilipin shell (Londos et al, 1999). 

Inhibition of the HSL is accompanied by the relocation of the enzyme to 

the cytoplasm. The regulation of HSL is governed by the intracellular 

concentration of cAMP and its phosphorylation by cAMP-dependent 

protein kinase which initiates the phosphorylation cascade which 

terminates with the phosphoiylation of HSL (Stralfors & Belfrage, 1983). 

The response of intracellular cAMP accumulators is biphasic with a 

decrease in the lipolytic rate following chronic exposure (Plee-Gautier et 

al, 1996).

The most potent stimulators of HSL activity are catecholamines with many 

systems contributing to the control of lipolysis. These can be derived 

systemically or locally from the high degree of innervation observed in 

adipose tissue (Meisner & Carter, 1977). Sympathetic derived 

noradrenaline is a potent inducer of lipolysis even at extremely low 

concentrations (Amer at al, 1990). P-1 and -2 receptors have been 

identified in adipose tissue (Mauriege et al, 1988). Stimulation of the pi- 

adrenergic receptors can overcome the a2-adrenoreceptor inhibitory effects
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on lipolysis (Lanfontan et al, 1983; Meisener & Carter, 1977). In general, 

a  adrenoreceptor stimulation is thought to prevail in resting conditions 

whereas during exercise, stimulation of the p adrenoreceptors is prevalent. 

Other promoters of lipolysis include growth hormone at physiological 

concentrations. This is paramount in the provision of nocturnal NEFA 

availability (MacGormon et al, 1987; Boyle et al, 1992). Additionally, it 

may be important in response to stress (Horber et al, 1991; Keller et al,

1984). Glucocorticoids have also been shown to inhibit lipolysis in some 

studies especially during conditions of attenuated insulin concentrations 

(Jensen et al, 1989) e.g. during stress or diabetes mellitus (Shamoon et al, 

1980). Minor stimulators of lipolysis include thyroxine, during 

thyrotoxicosis (Saunders et al, 1980), prostaglandins, in vitro 

(Chatzipanteli et al, 1992; Axelrod, 1991) and caffeine (Peters et al, 1991). 

Insulin is the most potent inhibitor of lipolysis (Coppack et al, 1989) with 

half-maximal inhibition of fatty acid appearance occurring at 

concentrations of insulin as low as 12 pmol. L'* (Jensen et al, 1989). 

Higher concentrations reduce the appearance of fatty acids to zero within 

15 minutes of the start of an insulin infusion probably due to a combination 

of insulin stimulated LpL mediated uptake of circulating lipoprotein- 

triacylglycerol and inhibition of lipolysis.

Adenosine is also an important regulator of lipolysis through its reduction 

in cAMP (Wahrenberg et al, 1989) as are ketone bodies (Silverberg & 

Miles, 1992), both of which are thought to modulate the effects of insulin, 

catecholamines and growth hormone on adipose tissue. Re-esterification of 

fatty acids in the adipocyte (Wolfe et al, 1990; Wolfe & Peters, 1987) is
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also thought to exert a major inhibitory effect on HSL. Minor attenuators 

of lipolysis include growth hormone (Strosser et al, 1983), IGF-1 

(Boulware et al, 1992), prostaglandins (Strong et al, 1992; Chatzipanteli et 

al, 1992) and nicotinamide./acipimox (Canner et al, 1986).

1.1.11 Regulation of Lipid Utilisation

Due to the absolute requirement for lipid as fuel substrate in organs such as 

the heart, liver and renal cortex, regulation of the lipid supplies to these 

organs must be tightly controlled to prevent depletion. Fuel utilisation is 

tightly regulated through a system of competitive enzyme reactions which 

ensure that during periods of carbohydrate intake this substrate is 

preferentially utilised as described by Randle (Randle, 1975). In the post

prandial state, insulin stimulated up-regulation of LpL and inhibition of 

HSL favours storage of lipids and the utilisation of glucose over fatty acids 

thus preventing any competition between these two substrates for 

oxidation. Resumption of lipolysis in the post-absorptive state, in response 

to glucagon, cAMP or catecholamines, will result in an increase in NEFA 

mobilisation. The consequences of this are two-fold. Firstly, fatty acid 

oxidation is favoured over carbohydrate, therefore retarding the usage of 

glycogen stores. Secondly, as the liberation of NEFAs exceeds the 

oxidative demand by approximately 100%, flux of fatty acids is sufficient 

to maintain a level of lipaemia capable of inducing gluconeogenesis 

(Jahoor et al, 1992).

Re-esterification of excess fatty acids occurs primarily in the liver where 

they are incorporated into VLDL-TG and released back into the 

circulation. VLDL-TG particles are composed of 90% lipid including
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trigacylglycerol, cholesterol ester, phospholipid and free cholesterol. The 

protein content consists of apo B-lOO, apo C-II and apoE; the latter two 

derived from HDL. Once secreted, LpL hydrolyses the triacylglycerol of 

VLDL-TG to release NEFA for re-esterification and storage as or 

oxidation depending on the tissue leaving cholesterol enriched intermediate 

density lipoproteins (IDL).

1.1.12 Post-prandial and post-absorptive lipolysis

Considerable daily variation in NEFA concentration and turnover occurs in 

normal individuals in the post-absorptive state, possibly corresponding to 

variation in insulin levels. The regulation of NEFA levels does not equate 

to the strict glucoregulation mechanisms which exist. Fatty acid levels are 

regulated by insulin and sympathetic activity with excess pools of 

triacylglycerols in lipid oxidising organs a turnover rate excess to 

requirements making the necessity for a stringent minute to minute 

regulatory mechanisms is redundant.

1.1.13 Dvsregulation of Lipolysis in Obesity

Obesity is associated with increased lipolysis as determined by increased 

circulating NEFA, glycerol and fatty acid appearance rate and insulin 

resistence (Reaven, 1988). This is alleviated, in part, by weight reduction. 

The most prudent way to assess the lipid kinetic data is in relation to lean 

body mass which correlates well with energy expenditure where in turn, 

the primary aim of lipid mobilisation is to provide energy which is mostly 

utilised by the lean body mass. Fatty acid appearance in the circulation is 

retarded in response to exercise and starvation in obese subjects.
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1.1.14 Adipose Tissue Distribution

Adipose tissue is distributed in a non-uniform manner throughout the body 

and it is primarily changes in the distribution, rather than changes in the 

total mass, that leads to the development of the complications which 

accompany obesity (Kissebah & Krakower, 1994). Fat depots are either 

subcutaneous, visceral (anatomically divided into omental or mesenteric) 

which accumulates inside the abdominal cavity, retroperitoneal, perirenal 

or orbital. Most of the fat in the body (80%) is stored subcutaneously in 

either the gluteofemoral region in non-obese women (gynoid distribution) 

or uniformly in non-obese men (android distribution) and centrally in 

obesity in both sexes. Within each sex, there is a general tendency for more 

obese subjects to have increased upper body, abdominal and visceral 

obesity (van der Kooy & Seidell, 1993; Jensen et al, 1993; Seidel & 

Bouchard, 1997; Brunner et al, 1998).

1.1.5 Site Specific Metabolic Differences in Adipose Tissue

In addition to differences in distribution of adipose tissue, the organ itself

is heterogeneous in metabolic function (Abate and Garg, 1979).

The response of visceral fat deposits to promoters of lipolysis, such as 

catecholamines, is higher than the response in subcutaneous abdominal 

which is in turn higher than the response in gluteofemoral depots. As 

visceral fat depots have easy access to the liver via the portal circulation, 

they are ideally suited to provide the quick “burst” of energy required by 

physical activity or the presence of catecholamines. Increased visceral 

adipose tissue (33 adrenoreceptor sensitivity may account for the increased 

lipolysis and NEFA release at this site (Hauner, 1997). Obesity is
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associated with a reduction in p2 adrenergic receptor sensitivity 

(Reynisdottir et al, 1995) and impaired lipolytic response to adrenergic 

stimulation (Bougneres et al, 1997) possibly due to a down regulation in 

adrenoreceptors as a result of increased sympathetic activity. (Siedell & 

Bouchard, 1997). The net result of these alterations in the sensitivity of 

visceral adipose tissue is thought to contribute to the expanded visceral 

depot.

Large visceral depots are thought to increase the exposure of the liver to 

non esterified fatty acids (NEFA) (Martin & Jensen, 1991) with secondary 

impairment of hepatic insulin clearance (Pieris et al, 1987), increased 

hepatic synthesis of very low density lipoprotein triglyceride (VLDL- 

triglyceride) (Brostrom et al, 1988) and impaired peripheral glucose 

disposal (Randle et al, 1963). These deleterious associations may be too 

few or negligible once corrected for total obesity, sex, level of physical 

fitness and social class (Seidel et al, 1997; Brunner et al, 1998).

Gender dictated differences in adipose tissue distribution are also a 

consequence of the heterogeneous response of the different adipose tissue 

depots to sex hormones. In cultured adipocytes, androgens exert an anti- 

adipogenic effect and oestrogens behave as pro-adipogenic hormones with 

the opposing effects thought to be related to changes in insulin-like growth 

factor receptor 1 and PPARy expression (Dieudonne et al, 2000).

The receptors for oestrogen (Price at al, 1998), androgens (Diuedonne et al,

1998) and progesterone (O’Brien et al, 1998)) have been located in the 

adipose tissue depots in varying concentrations. Androgen receptors are 

found in both the pre-adipocytes and mature adipocytes with receptor
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complement increasing during adipogenesis. These are two-fold more 

abundant in the intra-abdominal depot than the subcutaneous (Diuedonne 

et al, 1998). Progesterone receptors were found to be higher in the stromal 

vascular cells, as determined by Northern blot (O’Brein et al, 1998) and 

progesterone has been shown to increase differentiation of pre-adipocytes 

via the glucocorticoid receptor (Rondinone et al, 1992). The activity of 

LpL in femoral adipose tissue was shown to be negatively correlated with 

bioavailable testosterone, showing that male sex hormones suppress LpL 

activity in the femoral fat depot to a higher degree than observed in the 

abdominal depot (Bjomtorp, 1996a). In men, lipid mobilisation and 

turnover was lower in the visceral and leg depots. The uptake of lipid 

between the depots was of the order of visceral > subcutaneous 

(abdominal) > subcutaneous (femoral). In female subjects, the turnover 

was higher in the subcutaneous depot than in the femoral, with the 

difference diminished in post-menopausal women and restored upon 

hormone replacement therapy (Bjomtorp, 1996b).

The presence of sex steroids modify the effects of effectors of lipid 

metabolism e.g. growth hormone. Treatment with growth hormone reduces 

total body fat at all depots, accompanied by a decrease in serum cholesterol 

and triacylglycerol and an improvement in insulin sensitivity (Johansson & 

Bengtsson, 1999). Growth hormone stimulates lipolysis through the 

glucocorticoid receptors e.g. LpL is expressed via stimulation of the 

glucocorticoid receptor in the presence of insulin with the process being 

inhibited by growth hormone, through a post-translational mechanism.
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with the net result of stimulating lipolysis. This mechanism is more 

pronounced in visceral depots than in subcutaneous (Bjomtorp, 1997). 

Testosterone also inhibits LpL expression through the androgen receptors 

and in conjunction with the growth hormone also results in increased 

lipolysis (Bjomtorp, 1996a). Consequently, increased levels of cortisol and 

androgens in women and decreased levels of growth hormone and 

testosterone in men promote the accumulation of visceral fat probably due 

to the higher density of receptors at this depot, respectively (Bjomtorp, 

1996b).

Increased androgen concentrations in females, as seen in disturbances such 

as polycystic ovary syndrome (PCOS) result in an accumulation of 

abdominal fat accumulation and increased risk of developing Type 2 

diabetes, hypertension and coronary vascular disease (Bjomtorp, 1996c). 

Gender dictated differences in adipose tissue distribution have been 

attributed to a higher degree of selection pressure on women to survive 

periods of fasting than men. This links energy balance and hormonal 

control to sex chromosomes and could explain why women accumulate 

more fat during periods of abundant food (Hoyenga & Hoyenga, 1982) and 

the preferential gluteofemoral fat deposition in women has been associated 

with the provision of energy required for lactation (Rebuffé-Scrive et al,

1985). The contrasting metabolic consequences of android and gynoid 

distribution of fat have been documented in full by Sjostrom (Sjostrom,

1996).

Regional variation in adipocyte signalling functions independent of gender 

has also been observed e.g. increased expression of leptin (Montague et al,
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1997) and binding of acylation binding protein (ASP) (Coppack et al, 

1996) in subcutaneous adipose tissue. Increased expression of 11-p 

hydroxysteroid dehydrogenase (11-pHSD) (Bjomtorp, 1996) and 

glucocorticoid receptors (Rebuffé-Scrive et al, 1985) in visceral adipose 

tissue. The latter may explain the growth characteristics observed between 

visceral and subcutaneous adipose tissue (Hauner et al, 1991). It may be 

speculated that visceral adipose tissue is less effective at regulating energy 

balance than subcutaneous through the production of leptin (Montague et 

al, 1997).

The next part of this document will address other molecules which are 

released from adipose tissue, or other functions of adipose tissue, which are 

not directly related to lipid storage but which have potential to impinge on 

other physiological systems. These are summarised in figure 1.2.1.

1.2.1 Adipose Tissue and Steroid Hormones

Apart from energy storage, adipose tissue has an established role in the 

conversion, but not the synthesis, of steroid molecules. Adipose tissue 

contains a complement of enzymes necessary for the metabolism of sex 

steroids and glucocorticoids (Labrie et al, 1991) in addition to receptors for 

oestrogens (Simpson et al, 1997), androgens and glucocorticoids (Pederson 

et al, 1996).

Adipose tissue contains two enzymes vital for sex steroid metabolism. 17p- 

hydroxysteroid oxidoreductase converts the adrenal cortex derived 

androstenedione to testosterone. This conversion may be an important 

source of this hormone in women. Additionally, this enzyme converts 

oestrone into its active metabolite, oestrodiol. The second enzyme present
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Figure 1.2.1: Schematic of adipose tissue derived molecules
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is cytochrome-p450-dependent aromatase which catalyses the 

aromatisation of androgens to oestrogens (Labrie et al, 1991; Pederson et 

al, 1996). Net release of oestrodial, testosterone and oestrone from adipose 

tissue have been confirmed using arterio-venous studies but the net 

contribution of adipose tissue to whole body sex steroid complement and 

reproductive potential has yet to be resolved (Rigden et al, 1990). 

Dysregulation of sex steroid metabolism is observed in obesity. This 

manifests as reduced fertility, hyperandrogenism and hormone-sensitive 

cancers (Bjomtorp, 1995; Rigden et al, 1990) and reversal of secondary 

sexual characteristics to varying degrees (Arroyo et al, 1997; Azziz et al, 

1989; Svendsen et al, 1993). Hyperandrogenism is more strongly 

associated with central obesity and its related metabolic disturbances 

although the cause and effect remain to be determined (Bjomtorp, 1995; 

Leenen et al, 1994).

1.2.2 Adipose Tissue and Cortisol

11-Hydroxysteroid dehydrogenase enzymes, which catalyse the 

interconversion of cortisol and cortisone, are part of the adipose tissue 

enzyme complement. Although the effects of local adipose tissue 

corticosteroid interconversion and how this impacts on the whole body 

bioactivity and availability is uncertain, it may influence local cortisol 

induced aromatase activity and contribute to the development of central 

obesity (Tchemof et al, 1995).

Obese individuals are observed to have normal concentrations of cortisol 

despite an increase in the activity in the hypothalamo-pituitaiy axis (Yang 

et al, 1997). Obesity is associated with an increase in the plasma
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concentrations of cortisol binding proteins which mirrors fluctuations in 

body weight, leaving no overall net change in free cortisol levels (Bujalska 

et al, 1997).

The physiological significance, if any, of the involvement of steroid 

hormone metabolism in lean subjects is uncertain. It is possible that change 

in sex hormones and possibly glucocorticoid metabolism observed in obese 

subjects may influence local steroid bioactivity and general adipose tissue 

distribution. The benefits of this are unclear.

1.2.3 Adipose Tissue and Plasminogen Activator Inhibitor 1 

Plasminogen activator inhibitor 1 (PAI-1) is a serine protease, increased 

amounts of which lead to decreased fibrinolysis and high levels have been 

associated with coronary heart disease, atherothrombosis, obesity, 

hypertriglyceridaemia and insulin resistance (reviewed by Yamamoto & 

Saito, 1998). Adipose tissue has been shown to be an important contributor 

to elevated PAI-1 levels in the plasma of obese individuals (Samad et al,

1996) with fat distribution being an important determinant of PAI-1 

production in adipose tissue but with contradictory data regarding the 

actual importance of each individual depot. In obese rats, PAI-1 is related 

to visceral, but not subcutaneous fat depots and any increases in PAI-1 

with obesity were related with an increase in the visceral PAI-1 levels 

(Shimomura et al, 1996). Visceral fat mass correlates with PAI-1 levels in 

men, but not in women, with a 52% decrease in PAI-1 production with 

weight loss, not related to visceral fat mass (Kockx et al, 1999). Post

menopausal women receiving hormone replacement therapy have 

improved fibrinolytic profiles than those not receiving treatment (Meilahn
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et al, 1996) and the association of visceral fat with PAI-1 disappears after 1 

year cross sex hormone treatment (Gillay et al, 1998). Crandall found that 

explanted pre-adipocytes from both visceral and subcutaneous depots 

produced the same amount of PAI-1 per cell (Crandall et al, 1999) 

whereas, Gottsching determined the rates of release of PAI-1 in isolated 

subcutaneous and visceral fat cells in obese and non-obese individuals and 

found that the release shows depot specific differences, with omental 

release being higher than subcutaneous (Gottsching et al, 2000). Tunashi 

proposed that PAI-1 is over-expressed in visceral fat to levels which would 

be comparable to circulating levels (Tunashi et al, 1999) consistent with 

Yudkin et al who determined, using arterio-venous studies, that the 

contribution of the subcutaneous depot was negligible in normal weight 

subjects (Yudkin et al, 1999). PAI-1 production was diminished in visceral 

fat following weight loss and was associated with this depot independently 

of insulin and triglycerides (Salmad et al, 1998). Contrary to this, one study 

has shown that subcutaneous fat had twice the expression and secretion of 

PAI-1 than visceral fat (Ericksson et al, 2000). The authors attributed this 

to the subcutaneous adipose tissue being the larger organ.

In adipose tissue explants, PAI-1 production correlated with the levels of 

both TNF-a and transforming growth factor p (TGF-p) (Morange et al,

1999). Neutralisation of TNF-a, or its receptors, leads to a decrease in the 

plasma PAI-1 levels and to adipose tissue PAI-1 and TGF-p mRNA levels. 

Specific inhibition of the TNF-a receptors shows that the TNF-a effect is 

not receptor specific whereas the TGF-P effect is mediated through the 

TNF P55 receptor only (Samad et al, 1999). The TNF-a down regulation
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of PAI-1 was mirrored using the specific cytokine inhibitors, pentoxifylline 

and genisten and to a lesser extent, with neutralising antibodies (Cigolini et 

al, 1999). Adipose tissue contains a complement of TGF-p receptor types 2 

& 3 as well as both TNF-a receptors and IL-ip receptors. TGPp is 

secreted during adipogenesis and is a potent inducer of PAI-1 compared to 

the modest stimulation effected by the other two effectors alone (Birgel et 

al, 2000). As TGF-p mRNA has been shown to be increased in response to 

TNF-a, it has been proposed that TNF-a mediates PAI-1 secretion through 

TGF-p (Samad et al, 1997) in a tissue specific fashion; TGF-P in the 

kidney and adipose tissue and LPS and TNF-a in the liver, kidney, lungs 

and adrenals (Sawdey et al, 1991). Adipose tissue secretion of PAI-1 is 

reciprocally regulated through glucocorticoids (positively) and 

cAMP/catecholamines (negatively) where the diminished response to 

catecholamines in the obese may blunt the down regulation of this 

molecule (Haileux et al, 1999). Additionally, in individuals with normal 

glucose tolerance, PAI-1 has a significant relationship with LDL particle 

size, which is weaker in those with impaired glucose tolerance or type 2 

diabetes even when controlling for insulin sensitivity or triglyceride levels 

in the normal group but in the impaired group, some other factor is thought 

to effect PAI-1 levels (Marx et al, 1999).

One novel suggestion for a role of PAI-1 in adipose tissue is in the 

progress of adipogenesis. Pre-adipocytes express the alphaVbetaS 

vitronectin receptor but PAI-1 inhibits attachment of the receptor to 

vitronectin. As high levels are produced during the adipogénie process, and 

the first step in the process is the migration of pre-adipocytes into clusters,
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PAI-1 could mediate the cell cluster formation which occurs in 

adipogenesis (Crandall et al, 2000).

1.2.4 Adipsin

Adipsin is produced by adipocytes and monocytes/macrophages and is 

identical to the human complement factor D. This cleaves complement 

factor B when it is complexed to activated complement component C3 

(White et al, 1992). These processes are part of the activation of the 

alternative pathway of complement activation which is vital in the 

humoural suppression of infectious agents; adipose tissue also produces the 

C3 and B components of this pathway without infectious stimuli (Choy et 

al, 1992). During differentiation, adipsin gene expression is positively 

regulated by insulin and insulin-like growth factor 1 and is down-regulated 

in differentiated cells through a differentiation dependent factor stimulated 

through insulin receptor activation (Lowell et al, 1990). In rodent models, 

adipsin is reduced in obesity although the down regulation is corrected by 

adrenalectomy (Johnson et al, 1990) and is secondary to the development 

of obesity (Dugail et al, 1990) . In humans however, circulating adipsin 

levels do not diminish but actually positively correlate with the degree of 

obesity (Napolitano et al, 1994). Adipsin expression is positively regulated 

by growth hormone (Amri et al, 1991) and down regulated at the post- 

translational level by retinoic acid in adipocytes (Antras et al, 1991). 

Adipsin is one of the factors necessary for the adipsin acylation stimulating 

protein-pathway (Sniderman & Cianflone, 1994).
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1.2.5 Acylation Stimulating Protein

Acylation stimulating protein (ASP) is also known as C3adesArg and is 

one of the principal adipose tissue derived components of the alternative 

pathway of complement activation. It is derived from the cleavage of the 

C3 complex which requires factors B and D (adipsin) to form C3a. This is 

then cleaved by carboxypeptidases to yield C3adesArg. C3 and adipsin are 

produced by pre-adipocytes whereas ASP is produced predominantly by 

mature adipocytes (Maslowska et al, 1997). ASP can act on many different 

cell types strengthening the suggestion that it can function as an endocrine 

signal (Cianflone, 1997).

Proposed roles for ASP in adipocyte metabolism include uptake and 

estérification of fatty acids to triacylglycerol via diacylglycerolacyl 

transferase, thus facilitating storage of fatty acids in the post-prandial state 

(Cianflone et al, 1992). ASP also stimulates triacylglycerol synthesis and 

glucose transport in differentiated human adipocytes (Maslowska et al,

1997).

ASP has also been shown to stimulate triacylglycerol synthesis via 

diacylglycerol acyl transferase (DGAT) (Cianflone et al, 1994) and to 

stimulate the migration of glucose transporters to the cellular surface 

(Germinario et al, 1993). Possibly mediated through the 

diacylglycerol/protein kinase C pathway (Baldo et al, 1993). ASP also 

inhibits hormone sensitive lipase through effects on phosphodiesterase 3 

(Van Harmelen et al, 1999).

Lipoproteins, such as VLDL, LDL, HDL and most profoundly, 

chylomicrons increase ASP release. Using arterio-venous difference
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studies ASP production has been shown in both the basal state and 

following a mixed meal. The increase in ASP is associated with uptake of 

chylomicron triacylglycerol consistent with feeding and is inversely related 

to triacylglycerol uptake. ASP synthesis is upregulated by the chylomicron 

component, transthyretin which binds retinol-binding protein and 

complexes thyroxine and retinol. Transthyretin mediates the transfer of the 

active components from CHYLO to adipocytes, which then stimulates 

increased C3 and ASP production (Scantlebury et al, 1998). A greater 

degree of binding has been observed in subcutaneous compared to omental 

fat, in females compared to males and in morbidly obese compared to non- 

obese individuals.

In support of a role for ASP in triacylglycerol clearance, in ASP deficient 

mice, triacylglycerol clearance is delayed when compared to wild type 

animals. Injection of ASP resulted in an increase in the rate of 

triacylglycerol clearance. This may be due to the effect of LpL on 

increased concentrations of NEFA.

In summary, ASP seems to play an important role in adipose tissue 

metabolism. Lack of ASP alters nutrient partitioning and the balance of 

energy intake leading to weight gain. A functional antagonist for ASP 

could provide a pharmacological target to alter adipose tissue metabolism.

1.2.6 Adiponectin

Adiponectin is an adipose tissue secreted protein which is also known as 

adipocyte complement related protein 30 (Acrp30) or AdipoQ. The active 

fragment of this protein released from the cell is similar to the Clq 

complement factor (Scherer et al, 1995). It binds collagen types I, III and V
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and has been seen to accumulate in damaged endothelial walls (Okamoto et 

al, 2000). It is part of the family of soluble defence collagens which have 

been shown to inhibit myelomonocytic cell lineage and suppress 

macrophage function thereby exerting an inhibitory effect on the pro- 

inflammatory response (Yokota et al, 2000). Adiponectin has been shown 

to bind to human aortic endothelial cells through a saturable mechanism 

and inhibit TNF-a induced IKappaa phosphorylation of NFKappaB 

activation but not other TNF-a induced pathways (Ouchi et al, 2000). 

Adiponectin mRNA is a highly abundant transcript in the adipocyte but it 

has been shown to be decreased in obesity (Arita et al, 1999). As 

explained, the constraining effect of adiponectin on the inflammatory 

response on the vessel wall may confer anti-atherogenic properties. In type 

2 diabetics, without coronary artery disease, adiponectin levels are 

significantly lower than non-diabetic subjects and correlate negatively with 

BMI, circulating triacylglycerol levels and diabetes. Weight reduction in 

these subjects resulted in an increase in adiponectin levels (Hotta et al, 

2000). Adiponectin appears occupy an important role as a reciprocal 

message between adiposity and vascular health with important implications 

for obesity related microangiopathy.

1.2.7 Monobutvrin

Monobutyrin is produced by pre-adipocytes during adipogenesis (200 fold 

increase) (Dobson et al, 1990) and acts as an angiogenic factor i.e. it 

stimulates neovascularisation from established micro-circulation in normal 

and pathological conditions (Diaz-Flores et al, 1994). It has been shown to 

be hormonally regulated (Wilkinson et al, 1991). Monobutyrin is also
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produced during lipolysis using diacylglycerol as a substrate. 

Diacylglycerol is acylated with butyryl CoA to form a transient 

triacylglycerol intermediate which is then hydrolysed by lipases, specific 

for long chain fatty acyl groups, to form monobutyrin (Wilkinson et al,

1993). As monobutyrin has vasodilatory effects as well as angiogenic and 

is seen to be elevated in diabetic rats it has been implicated in diabetic 

microvascular disease (Halvorsen et al, 1993).

1.2.8 Non-esterified fatty acids (NEFA)

Lipolysis is the process whereby NEFAs are produced (reviewed by 

Coppack et al, 1994). Although not a traditional endocrine signal, elevated 

concentrations in the circulation are associated with insulin resistance and 

consequently represent a major determinant of carbohydrate storage and 

oxidation (Randle et al, 1963). NEFAs play an important autocrine role in 

adipose tissue where elevated levels stimulate LpL activity (Amri et al, 

1996) and upregulate uncoupling proteins (Wojtczak et al, 1993). In the 

disease state, namely type 2 diabetes, elevated circulating NEFAs impair 

insulin-stimulated glucose uptake and glycogen synthase in skeletal 

muscle, enhance hepatic gluconeogenesis and stimulate p-cell insulin 

secretion therefore contributing to the development of multi-organ insulin 

resistance and hyperlipidaemia (Frayn, 1996; Kissebah, 1991; Frayn & 

Coppack, 1992).

1.2.9 Resistin

Traditionally, the link between accumulation of fat in the adipose tissue 

and insulin resistance in the muscles and liver was thought to be fatty 

acids; they are higher in obese and have been shown to induce insulin
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resistance (Boden, 1999). Another candidate has now been proposed, the 

novel protein, resistin/ADSF. Resistin is an adipocyte specific protein 

which is overexpressed in obesity and has been shown to be downregulated 

in response to treatment with thiazolidinediones; these are agents which 

have been shown to improve insulin resistance by acting through the 

nuclear receptor, PPARy, which is abundant in adipose tissue (Miles et al,

2000). Neutralisation of the resistin protein improves blood sugar levels 

and insulin action in mice with diet induced obesity and impairs glucose 

tolerance and insulin action in normal mice when treated with recombinant 

resistin (Steppan et al, 2001). During the differentiation of 3T3-L1 cells 

and primary adipocytes to mature adipocytes, the expression of 

resistin/ADSF increases markedly whereas the regulation of expression in 

the mature adipocyte is strictly regulated by nutritional and hormonal 

status i.e. decreased in fasting, with significant increase upon ingestion of a 

high carbohydrate meal and administration of insulin (Kim et al, 2001). 

The conditioned medium from transfected cells secreting this factor is able 

to inhibit the adipogénie potential of 3T3-L1 cells.

Whether resistin will have a profound effect on insulin resistance in muscle 

and liver, where it is most pronounced, or whether it acts solely as a 

regulatory feedback of adipogeneisis remains to be determined.

1.3.1 Regulation of Fat Stores: Energy Balance

Energy balance is a function of a number of factors; food intake, energy 

storage as fat and energy expenditure - energy can be expended through 

metabolism, physical activity and thermogenesis. The net energy balance 

can be either positive or negative depending on the relationship between
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the factors detailed e.g. if food intake exceeds energy expenditure then the 

excess will be stored, in the opposite situation, fat reserves will be 

plundered and adipose tissue mass will decrease. The homeostatic 

regulation of these factors is highly complex and involves the central and 

sympathetic nervous systems and factors influencing appetite and satiety as 

well as the adipose tissue but, despite such a dynamic mechanism, 

profound changes in adipose tissue mass (body weight) are difficult to 

achieve. Humans are highly adept at balancing these two factors resulting 

in a highly stable body weight. One theory suggests that body weight is the 

manifestation of energy expenditure vs. energy intake where both of these 

factors are controlled by a hypothalamic mechanism, which regulates the 

variables to maintain a “set-point” weight (Kennedy, 1953; Harris, 1990; 

Harris & Martin, 1984). This would necessitate a change in the set point 

before any sustainable weight loss could be achieved (Harris et al, 1986). 

In order for this model to be viable, it would require a medium whereby the 

hypothalamus is constantly apprised of the state of the internal fat stores -  

possibly a humoural factor the levels of which are consummate with the 

degree of fat reserves. Following the discovery of leptin, this molecule was 

proposed, and fulfils the criteria for such a molecule in so much as it 

reflects the body’s fat content and has been shown to act as a permissive 

signal for the commencement of energetically expensive processes such as 

puberty or reproduction. In the light of the discovery of resistin, another 

potential humoural adipostatic regulator may have been found which 

signals that fat reserves are too high and modifies energy expenditure and 

appetite accordingly
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In the preceding sections, the afferent and efferent signals derived from 

adipose tissue which determine its role and function have been described. 

In light of recent discoveries in the field of adipose tissue research, this list 

can be expanded to include a repertoire of cytokines and cytokine-like 

molecules.

Cytokines are humoural factors that serve to regulate the immune response 

and co-ordinate the cellular response to invading pathogens. Although lipid 

disruption and weight loss are associated with chronic infection and 

immunological stimulus, the suggestion that cytokines have a role in the 

day-to -day management of lipid metabolism in the absence of pathological 

stimulus is totally novel, although credibility in the suggestion that some of 

these molecules may act as adipocyte regulators acting centrally and/or 

locally is increasing. Cytokines are produced and act locally and such 

localized production and action of a cytokine could provide a mean of 

attaining specificity of action for multifunctional cytokines. Under 

physiological conditions the activity expressed by a particular cytokine 

may be determined by tissue specific interactions which may in turn be 

influenced by other cytokines as part of a regulatory network. Abnormal 

production of a particular cytokine would lead to a perturbation of 

homeostasis and may contribute to a pathogenic state (Tovey, 1988). 

Gathering evidence links cytokine-like molecules such as leptin and TNF- 

a  to a role in adipose tissue function but does not present the complete 

picture. The potential for involvement of other cytokines is high. The 

following sections will address the existing evidence for leptin and TNF-a
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and discuss the evidence for inclusion of a potential new candidate in the 

adipocyte-signalling repertoire.

1.3.2 Leptin

Leptin is an intriguing adipocyte derived protein molecule which has been 

postulated to act as an adipostat which signals the repletedness of the lipid 

store contained in the adipocyte to the feeding centres in the brain. This has 

implications not only for the control of appetite but also as a permissive 

signal for energetically expensive processes such as reproduction, red 

blood cell production and immune function. In conjunction with its central 

and peripheral effects, leptin can also act in an autocrine fashion to 

influence lipid and glucose metabolism in the adipocyte.

Leptin Discovery

The existence of a lipostatic molecule has been postulated since the 1950’s 

but remained elusive. Coleman’s parabiosis experiments in the 1970’s 

identified a circulating factor in normal mice that was absent in the obese 

ob/ob mouse. Joining of the circulation of these two animals resulted in a 

dramatic weight loss in the obese animal. A repeat of this experiment using 

the db/db model of mouse obesity did not elicit such a response in the 

obese animal (Coleman, 1968; Coleman, 1969; Coleman, 1973). From this, 

it was proposed that a circulating factor, absent in the ob/ob mouse and to 

which the db/db mouse was insensitive, was mediating the anorectic effect 

Two decades later, the elusive circulating factor was identified and named 

leptin from the Greek leptos, meaning thin, the product of the obese {ob) 

gene.
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Leptin; Structure

Positional cloning of the mouse ob gene and its human homologue was 

performed by Zhang et al (Zhang, et al. 1994). It is located on the short arm 

of chromosome 7q32 (Geffroy et al, 1995) and contains three exons and 

two introns and is transcribed into a 4.5 Kb mRNA. Leptin, the product of 

the ob gene, is 167 amino acid length protein 16 KDa in size (with a 21 

amino acid signal sequenc^ which is secreted into the circulation. It is 

closely related to the family of Class-1 cytokine-like molecules in structure 

but not in amino acid sequence: the tertiary form is predominantly a four 

a-helical bundle similar to other members of this family including 

interleukin-6 (IL-6), leukaemia inhibitory factor (LIF) and granulocyte 

colony stimulating factor (GCSF) (Tartaglia, 1997).

Cellular Sources of Leptin

The ob gene is expressed principally in WAT (Frederich et al, 1995). 

Observation of leptin secretion in the BAT is attributed to contamination. 

Ob expression occurs only in mature adipocytes and not the stromal 

vascular cells and has been shown in subcutaneous, omental, 

retroperitoneal, perilymphatic and mesenteric fat deposits with a 

considerable variation in the mRNA levels at each region (Masuzaki et al, 

1995: Lonnqvist et al, 1995). Leptin is also expressed in the stomach (Bado 

et al, 1998), placenta (Lerercq et al, 1998) and muscle (Wang et al, 1998) 

albeit to a much lesser extent than the adipose tissue. Recently, using a 

combination of immunohistochemistry, ultrastructural immunogold 

labelling and reverse transcriptase polymerase chain reaction (RT-PCR),
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leptin was isolated on the cellular memebrane of endothelial cells and 

macrophages, isolated from adipose tissue (Bomstein et al, 2000).

Leptin Signalling

The leptin receptor (Ob-R) was identified through expression cloning 

analysis of mouse choroid plexus mRNA (Tartaglia et al, 1995). Analysis 

of the cDNA identified from the above revealed that Ob-R resembles a 

Class-1 cytokine receptor and is most closely related to the gpl30 signal 

transduction sub-unit of the IL-6 receptor. Subsequent analysis revealed 

the existence of at least six splice variants of Ob-R differing in the length 

of their intracellular domain and signalling capacity. These are expressed 

ubiquitously with a tissue specific pattern of expression (Chau et al, 1996; 

Lee et al, 1996; Wang et al, 1998). Ob-Rb is the only isoform possessing 

the full length intracellular domain of 303 amino acid residues and all the 

domains required for activation of the JAK/STAT signalling cascade 

(Bjorbaek et al, 1997; Ghilardi et al, 1996; Vaisse et al, 1996). The 

isoforms Ob-Ra, Ob-Rc, Ob-Rd and Ob-Rf have an attenuated capacity to 

activate JAK but not ST AT. These isoforms are all identical with respect to 

the extracellular domains, the transmembrane regions and the first 28 

amino acids in the intracellular domain. Ob-Re has been suggested as a 

soluble form of the receptor due to the lack of intracellular and 

transmembrane domains (Friedman et al, 1998; Haalas & Friedman, 1997). 

Leptin receptors form homodimers independently of the ligand. One 

molecule of leptin binds the receptor homodimer and activation occurs 

through a ligand induced conformational change (Devos et al, 1997; Fong 

et al, 1998). Leptin signalling through the long form of the receptor is
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propagated through the phosphorylation of two intracellular tyrosine 

residues; Tyr(985) controls the phosphorylation of SHP-2 and Tyr(1138) 

controls STAT3 activation. The two methods of activation control different 

signalling pathways within the target tissue; SHP-2 binding to Tyr(985) 

positively regulates the ERX/c-fos pathway and STAT3 binding to 

Tyr(1138) mediates the inhibitory S0CS3 pathway (Banks et al, 2000). 

The short form of the receptor Ob-Ra has the capability to transport leptin 

unidirectionally across cell membranes (Hileman et al, 2000) which may 

be of particular relevance in the crossing of the blood brain barrier or may 

lead to delivery to lyosomes and eventual degradation of the leptin 

molecule (Barr et al, 1999).

Factors Governing Leptin Levels

At the molecular level, the response elements for cAMP and 

glucocorticoids and the binding sites for CCATT/enhancer and SP-1 

proteins have been identified in the ob promoter (Gong et al, 1996; Hwang 

et al, 1996; Isse et al, 1995; Miller et al, 1996). Functional antagonism 

exists between CAAT/EBP and PPARy2 on at least two sites in the leptin 

promoter region (Hollenberg et al, 1997). This may explain the repressive 

effect of thiazolidinediones on leptin expression. The expression and 

secretion of leptin is thought to be constitutive in the unstimulated state 

(Barr et al, 1997) and is calcium independent, unlike the stimulated 

expression and release which is calcium and potassium flux dependent and 

related to the cellular energy levels. This may couple leptin secretion to 

cellular energy production (Levy et al, 2000). The relative contribution that 

each adipose tissue region makes to the total circulating levels of leptin
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remains to be fully elucidated but it has been shown, at least in thin and 

mildly obese subjects, that there is greater expression of leptin in 

subcutaneous depots compared to omental and that the expression here is 

greater in female subjects than in males (Montague et al, 1997). Levels of 

ob message and circulating protein are greatly increased in obese humans 

and animals and circulating levels strongly correlate with indices of obesity 

(BMI & percentage body fat) suggesting that the leptin levels directly 

reflect the amount of stored lipid in an individual (Frederich et al, 1995: 

Maffei et al, 1995, Lonnqvist et al, 1995: Hamilton et al, 1995: Considine 

et al, 1996). Extraneous stimulus of leptin production has been shown in 

response to a number of effectors. In light of the discordance between the 

magnitude of leptin response following feeding or fasting, it is more 

probable that leptin levels reflect energy balance than fat stores (Ahima et 

al, 1998). Leptin levels also reflect the lean component in men only 

(Fernandez et al, 2000).

In addition to body weight dictated differences, expression and circulating 

levels of leptin demonstrate sexual dimorphism, with levels in women 

being higher than men of similar body fat following adjustment for all 

indices of adiposity (Schrauwen et al, 1997: Hickey et al, 1997: Saad et al, 

1997: Ostlund et al, 1996). This discrepancy in leptin production only 

occurs when female body fat rises above 25% (Kennedy et al, 1997).

This sexual dimorphism could be attributed to influence of the respective 

sex steroids. Leptin release from rat adipose tissue was increased in 

response to oestradial in the medium (Shimizu et al, 1997) and oestradiol 

stimulated leptin secretion in omental fat from women, but not in men,
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whereas progesterone or oestrone had no effect in either sex (Casabiell et 

al, 1998). Menstrual cycle stage has also been shown to influence leptin 

concentrations. Leptin levels have been observed to increase with cycle 

progression reaching a maximum at the luteal phase (Riad-Gabriel et al, 

1998; Ludwig et al, 2000; Yamada et al, 2000). The increase in leptin 

levels is associated with the rise in luetenising hormone (Tiermaa et al,

1998) but not with changes in food intake (Padisso et al, 1999) or estrogen 

or progesterone concentrations (Lin, 1999). The actual role of fluctuating 

leptin levels during the course of the menstrual cycle is unclear. 

Post-menopausal women demonstrate a decrease in the levels of leptin 

compared to pre-menopausal but the levels are still higher than men 

suggesting that the elevated levels in women cannot be ascribed to the 

effects of oestradial alone but could be the net result of androgen induced 

suppression of leptin release and oestradial induction (Rosenbaum et al,

1996). Leptin concentrations demonstrate an inverse relationship to serum 

testosterone and administration of testosterone leads to a decrease in 

circulating leptin levels which is reversed on withdrawal of the androgen 

(Luukkaa et al, 1998). Other factors which could account for sexual 

dimorphism in leptin secretion include an increased female sensitivity to 

leptin secretagogues e.g. insulin, glucocorticoids or dexamethasone (Tritos 

& Mantzros, 1997: Casabiell et al, 1998) or fat distribution alone (Saad et 

al, 1997).

Over a period of 24 hours, leptin levels exhibit a nocturnal rise with a 

nadir occurring around midnight and the early hours of the morning and 

the acrophase around midday to early afternoon. This profile mirrors that
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of prolactin, NEFA and thyrotrophin and precedes the early morning rise in 

ACTH and cortisol. The rise is preserved in both obese and type 2 diabetic 

subjects with the magnitude of increase consummate with the increased 

basal levels for these groups dictated by their fat mass (Sinha et al, 1996). 

On a minute to minute level, leptin in mixed venous samples is shown to 

be pulsatile with 32 pulses over a 24 hour period. Using a small number of 

subjects, pulsatility was shown to be preserved in obese subjects and the 

maximum pulse height was shown to be higher in obese subjects than in 

those of normal body weight. These pulses are also reciprocally related to 

those of ACTH and cortisol which may suggest a mechanism by leptin can 

suppress the production of neuroendocrine signals which have specific 

relevance in stress related substrate utilisation (Licinio et al, 1997). Such 

fluctuations in the levels of leptin, both pulsatile and diurnal are 

characteristic of neuroendocrine signals.

Increases in leptin levels are observed within a few hours of feeding in 

rodents (Harris et al, 1996; Salndin et al, 1995) and a few days after 

overeating in humans (Kolaczynski et al, 1996a; Kolaczynski et al, 1996b). 

Leptin levels rapidly decline in response to fasting in both humans and 

rodents (Boden et al, 1996; Friedrich et al, 1995; Kolaczynski et al, 1996a). 

Fluctuations in leptin levels in response to nutritional challenge are most 

likely to be related, in part, to changes in insulin. Leptin levels peak 

following the peak of insulin during the feeding cycle (Saladin et al, 1995; 

Boden et al, 1996; Kolaczynski et al, 1996a; Segal et al, 1996) and insulin 

directly stimulates leptin expression in adipocytes in vitro (MacDougald et 

al, 1995; Rentsch & Chiesi, 1996). Leptin levels decrease in response to
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insulin deficiency and are restored upon insulin substitution therapy 

(MacDougal et al, 1995). Glucocorticoids have also been shown to 

increase leptin levels in vitro and in vivo, in rodents and in humans at 

physiological concentrations (DeVos et al, 1995; Mukami et al, 1995; 

Dagogo et al, 1997; Larsson & Ahren, 1996; Slieker et al, 1996). This 

response was only observed in response to chronic elevation (Cizza et al, 

1997; Masuzaki et al, 1997) rather than acute changes (Torpy et al, 1998). 

Severe growth hormone deficiency (Fisker et al, 1997), hypothyroidism 

(Pinkney et al, 1988) acute infection , endotoxin and cytokines (Bomstein 

et al, 1998; Finck et al, 1998; Finck et al, 2000; Grunfeld et al, 1996; Janik 

et al, 1997; Sarraf et al, 1997) and Al adenosine receptor activation in fat 

(Rice et al, 2000) all increase leptin concentrations. Hexosamine flux in fat 

tissue has also been shown to stimulate leptin production (McClain et al, 

2000) as has administration of zinc (Chen et al, 2000a) which has been 

shown to increase leptin production despite obese people having higher 

levels of leptin and lower zinc levels than their thinner counterparts (Chen 

et al, 2000b).

Cold exposure and catecholamines (regulated through the p3 adrenergic 

receptor) (Donahoo et al, 1997; Li et al, 1997; Mantzoros et al, 1996; 

Trayhum et al, 1996), melatonin (Rasmussen et al, 1999; Wolden-Hanson 

et al, 2000) and palmitate, 2 bromo-palmitate, free fatty acids and triascin 

C (Shintani et al, 2000) have all been shown to decrease leptin levels. 

Stomach derived leptin is regulated in response to feeding, cholecystokinin 

and gastrin (Bado et al, 1998), muscle leptin in response to glucosamine
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infusion (Wang et al, 1998; Wang et al, 1999) and placental leptin in 

response to hypoxia (Mise et al, 1998).

Central Effects of Leptin

Leptin is a circulating hormone but it is also found in the cerebral spinal 

fluid (CSF) although there is little evidence to suggest that this is the 

source of leptin for neuronal targets (Schwartz et al, 1992; Mantzoros et al, 

1997a). Leptin has been shown to be transported into the rodent brain by a 

saturable process (Banks et al, 2000) possibly through a receptor mediated 

transcytosis (Golden et al, 1997). Short forms of the leptin receptor are 

highly expressed in brain microvessels and are up-regulated in response to 

hyperleptinaemia (Banks et al, 2000; Bjorbaek et al, 1998). Whether these 

act to mediate transport of the protein across the blood brain barrier or are 

involved in leptin clearance consistent with the observed mechanism of 

Ob-Ra (Boado et al, 1998) remains to be resolved. CSF concentrations of 

leptin are approximately 100 fold lower than the circulating concentrations 

and the CSFiplasma leptin ratio is further decreased with obesity (Caro et 

al, 1996; Schwartz et al, 1996). Whether this receptor mediated deficiency 

contributes to the observed leptin resistance seen in obesity and by which 

mechanism it is effected remains to be resolved.

The long form of the leptin receptor is expressed in regions of the brain 

involved with the control of appetite and feeding, energy balance and 

neuroendocrine function and has been co-localised with known targets of 

the leptin molecule e.g. neuropeptide Y, pro-opiatemelanocortin and 

STAT 3 (Baskin et al, 1999; Elmquist et al, 1998; Hakensson et al, 1996; 

Hakensson et al, 1998; Mercer et al, 1996a; Mercer et al, 1996b; Schwartz
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et al, 1996). These areas are primarily located within the hypothalamus. 

Leptin decreases synthesis and release of neuropeptide Y which is a potent 

orexigenic factor. Stimulation of the neuropeptide Y -ergic pathways by 

energy loss, fasting or exercise stimulate the feeding responses via the 

parasympathetic nervous system. This is accompanied by decreased 

sympathetic activity and energy expenditure and net increases in energy 

stores. Suppression of Neuropeptide Y, as observed in response to leptin, 

results in a decrease in appetite, increase in physical activity and 

thermogenesis (the latter not being profound in humans) and increased 

sympathetic stimulation. Decreasing leptin levels result in increasing 

Neuropeptide Y levels and stimulation of sympathetic activity to the 

adipocyte resulting in a decrease in leptin production through the 

adrenergic pathways. Therefore, leptin occupies a role in a feedback loop 

from the centres in the brain responsible for the control of feeding to the 

adipose tissue.

Leptin has been shown to target pro-opiomelanocortin neurones in the 

hypothalamus (Elias et al, 1999). Pro-opiomelanocortin is a precursor for 

melanocortin peptides (adrenocorticotrophin, ACTH, g-endorphin, p- 

lipotrophin, corticotrophin like intermediate peptide, a-, p- and y 

melanocyte stimulating hormone). Leptin as been shown to stimulate the 

POMC producing neurones through binding to the leptin receptor (Ob-R) 

(Basken et al, 1999) as demonstrated positively in ob/ob (leptin deficient 

mice) (Thornton et al, 1997) mice but not in db/db or monosodium 

glutamate/gold thioglucose lesion induced mice (Bergen et al, 1998).
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ACTH has been shown to down regulate the release and expression of 

leptin in vitro as part of a feedback mechanism, the other arm of which 

comprises the downregulation of the expression of POMC, and related 

processing enzymes, by leptin, in the hypothalamus (Renz et al, 2000). 

This result is consistent with the observed in vivo reciprocal relationship 

between leptin and ACTH (Foss et al, 1995).

Additionally, leptin administration^ peripheral and central^ has been shown 

to prevent the reduction in glucagon-like peptide 1 which is a inhibitor of 

feeding (Goldstone et al, 2000) and leptin has also been shown to cause a 

decrease in the levels of intracerebral cannabinoids in mice and rats ( Di 

Maizo et al, 2001). Cannabinoids are highly potent feeding signals which 

trigger hunger pangs. Leptin also induces the cocaine and amphetamine- 

regulated transcript, a satiety factor which blocks the feeding response 

induced by neuropeptide Y in the hypothalamus (Kristensen et al, 1998). 

These neurochemicals are also implicated in the control of other body 

systems, such as reproduction, and this may explain the relationship 

between nutrition and reproductive capacity For a full review of the 

neurological effects of leptin, please see Clarke & Henry (Clarke & Henry, 

1999).

Peripheral Effects of Leptin

In addition to the central nervous system, circulating leptin exerts an effect 

on a number of peripheral body tissues as implicated by the wide 

distribution of leptin receptors. In muscle cells, leptin mimics the insulin 

regulated glucose transport and glycogen synthesis (Berti et al, 1997) and 

in Hep-G2 cells and skeletal muscle myotubules leptin was shown to
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inhibit the phosphorylation of IRS-1 (Berti et al, 1997 & Wang et al,

1997). Leptin has also been seen to disrupt normal lipid metabolism. In rat 

adipocytes, leptin has been shown to inhibit lipogenesis and stimulate 

lipolysis and protein kinase A (PKA) activation in addition to the inhibition 

of the insulin mediated glucose uptake (Muller et al, 1997). Leptin treated 

brown and white adipose tissue show higher activation of the JAK/STAT 

signalling pathway and may contribute to the increased lipolysis and 

glucose utilisation in this tissue (Siegrist-Kaiser et al, 1997). Intracerebral 

and intravenous injections of leptin both increased glucose turnover and 

glucose uptake with no increase in hepatic glycogen storage (Kamohara et 

al, 1997). In an autocrine fashion, leptin appears to have a self-regulatory 

role in its own synthesis where reduced copy number of the functional 

receptor in the adipocyte resulted in an increase in the circulating leptin 

levels (Zhang et al, 1997).

Adenovirus mediated hyperleptinemia results in the loss of body fat 

without the associated elevations in free fatty acids or ketones which 

accompany ketotic fat loss in starvation or insulin deficiency 

(Shimabukuro et al, 1997). Additionally, the fatty acid oxidising enzymes, 

acyl Coa oxidase and carnitine palmitoyl transferase -1 are strikingly 

increased in the adipocyte during the hyperleptinemic induced weight loss 

(Zhou et al, 1997; Zhou et al, 1999). These effects have been shown to be 

a novel form of lipolysis in the adipocyte, induced by leptin, where fatty 

acid synthase expression is decreased accompanied by an increase in 

PPARa, and the enzymes of fatty acid oxidation are increased. In
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comaprison to adrenergic stimulated lipolyisis, the leptin stimulated form 

releases only glycerol from the adipocyte (Wang et al, 1999). 

Immunologically, leptin has a functional role in the enhancement of 

lymphocyte stimulation by encouraging Thl cytokine production e.g.IL-2 

and interferon gamma (Martin-Romero et al, 2000). Also, leptin deficiency 

decreases the production of TNF-a and IL-18 associated with reduced T- 

cell mediated liver damage ((Faggioni et al, 2000).

The recent discovery of the long isoform of the leptin receptor in 

arterosclerotic lesions colocalised with vascular endothelial growth factor 

(VEGF) and matrix metalloproteinase (MMP) supports a role for leptin in 

the neovascularisation of atherosclerotic lesions (Kang et al, 2000).

Leptin Defects

Two primary genetic defects have been identified in the ob/ob mouse 

which abolish its effects. The original cogenic mouse strain C56BL/6J 

contains a nonsense mutation at codon 105 which expressed a 20 fold 

increase in abnormal mRNA. A second mutation was identified in the 

coisogenic SM/Ckc-+ ob̂  ̂ / ob̂  ̂which must lie in the promoter region 

as it completely abolishes ob expression. The insensitivity of the db/db 

mouse is due to a mutation in the leptin receptor (Streamson et al, 1996)..

In humans, leptin gene defects are extremely rare with only one or two 

individuals identified so far, but no common mutation detected. One 

individual possesses a first base methionine to arginine conservative 

substitution which has no phenotypic or splicing impact (Considine et al,

1996). In a Finnish study, two obese subjects had a G144A substitution at 

codon 48 and a G328A substitution at codon 110 respectively. A further
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subject had a common A19G polymorphism in the untranslated exon 1 and 

a non-obese phenotype (Karvonnen et al, 1998). Two cousins have been 

identified who have a homozygous deletion of codon 133 leading to a 

frame shift mutation. This abolishes the essential intra-molecule di

sulphide bond and leads to severe early-onset obesity (Montague et al,

1997) and is associated with the absence of circulating leptin due to 

accumulation of the misfolded protein in the adipocyte cytoplasm which is 

subsequently degraded by proteosomes (Rau et al, 1999). Another ob gene 

mutation which is associated with a leptin deficient phenotype is the 

R105W missense mutation (Strobel, 1998). Leptin receptor defects are 

particularly rare in humans with only one family identified. These 

individuals have a single G to A substitution in the splice donor site of the 

exon resulting in a receptor lacking both the transmembrane and 

intracellular domains (Clement et al, 1998). Individual members of this 

family, homozygous for this mutation are morbidly obese, hyperphagic, are 

unable to attain pubertal development and have thyrotrophin and growth 

hormone impairment.

Leptin as a Permissive Signal

Many of the physiological processes that are energetically expensive 

appear to rely on leptin as a permissive signal. One such example of this is 

the immune system (reviewed by Malaresse, 2000). In particular, T cell 

function is impaired in both ob/ob and db/db mice (Lord et al, 1998). 

Leptin has also been shown to induce proliferation of naïve and memory T 

cells and increase Thl and decreased Th2 cytokine expression. More
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revealingly, administration of leptin reversed the immnnosupressive effects 

of acute starvation (Lord et al, 1998).

In a similar fashion, leptin also appears to act as a permissive signal for the 

process of reproduction. Ob/ob mice are infertile which is reversed upon 

administration of leptin (Trayhum et al, 1996). Injections of leptin into 

mice also accelerates the onset of puberty (Ahima et al, 1997). The impact 

of leptin on the reproductive capacity has been reviewed by Foster & 

Nagatani and Cunnigham et al (Foster & Nagatani, 1999; Cunnigham et al,

1999).

In a similar vein to leptin, another cytokine molecule, which has a large 

impact on normal metabolic processes, is tumour necrosis factor alpha.

1.3.2 Tumour Necrosis Factor-g 

Immunological Effects

Tumour necrosis factor a  (TNFa) is pleiotrophic cytokine and an 

important mediator in the body’s immune response to infection and 

malignancy. It is released by numerous cellular components of the immune 

system in response to myriad stimuli and is analogous to the weight 

reducing protein, cachexin, observed in chronic malignancy (Beutler et al, 

1985). The immunological implications of TNFa action are well 

documented in several reviews (Beyaerd & Fiers, 1994; Tracey & Cerami, 

1994).

Sources of TNF-a

In addition to its immunological cell origins, TNFa is also expressed in 

many other non-immunological cell types, including heart muscle, skeletal
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muscle and myocytes as well as adipose tissue. (Saghizadeh et al, 1996; 

Szatmary, 1999; Tovey, 1998; Luster et al, 1999).

Metabolic Effects

In adipose tissue, it has a profound autocrine effect as well as disrupting 

lipid homeostasis by promoting hypertriglycerideaemia and glucose 

intolerance both implicated in coronary heart disease (Jovinge et al, 1998). 

The development of obesity is accompanied by an increase in the 

expression and production of TNFa in the adipose tissue, which is reversed 

upon weight loss. The fluctuations in expression are however, not reflected 

in the detectable circulating levels (Hotamisligil et al, 1995 & Hauner et al,

1998) which could be indicative of an autocrine/paracrine action of 

membrane associated TNF-a on the adipocyte. In the unstimulated state, 

TNF-a is expressed as a membrane anchored form. Immunological 

stimulation leads to the release of the soluble form. This is suggestive of a 

dual role for this molecule .

Increased adipose tissue expression of TNF-a is associated with 

hyperinsulinaemia (Hotamisligil et al, 1995), increased percentage body fat 

(except in the very obese; BMI>45 kg.m'^), a reduction in the activity of 

LpL (Kern et al, 1995) and an increase in lipolysis at concentrations within 

tumouricidal range (Kawakami et al, 1987) following chronic exposure 

(Green et al, 1994). The TNF-a induced stimulation of lipolysis is thought 

to be mediated through down regulation of a G protein-coupled receptor 

(Gasic et al, 1998) and is only present in the basal state and not in response 

to isoprenaline (Green et al, 1995). In brief, free cellular adenosine in non

lipolytic cells binds to Ai adenosine receptors and activates the G protein.
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Through the receptor action, this inhibits the action of adenylate cyclase 

leading to a reduction in the intracellular concentrations of cAMP and a 

decrease in lipolysis (Scwabe et al, 1973; Scwabe et al, 1975). This 

mechanism may also contribute to the observed TNF-a mediated decrease 

in the perilipin content around the lipid droplets in the adipocyte, 

facilitating access to HSL (Souza et al, 1998a). Treatment with the insulin 

sensitising PPARy agonist, BRL 49653 partially blocked the TNF-a 

reduction in perilipin A, resulting in reducf serum free fatty acids (Souza et 

al, 1998b).

Administration of TNF-a to rats results in an increase in plasma 

triglyceride concentrations and decrease in chylomicron clearance 

although, administration to diabetic animals demonstrates an increase in 

serum glucose, indicative of enhanced hepatic lipogenesis (Feingold et al, 

1989). Administration of neutralising anti-TNF-a antibodies did not 

reverse the lipid abnormalities in Zucker rats (Lopez-Soriano et al, 1997) 

but the lipid disrupting effects were abolished following 8 hours co

incubation of 3T3-L1 cells with TNF-a and the prostaglandin synthesis 

inhibitor, indomethycin (Feingold et al, 1992). The decrease in LpL 

activity was reversed, however, when anti-TNF-a antibodies were 

administered to counter the effects of cachexin administration (Kawakami 

et al, 1987). In addition to lipid dysregulation, TNF-a has profound effects 

on the insulin signalling cascade and the mechanisms of glucose disposal 

(Saghizadeh et al, 1996) with obese TNF-a deficient mice showing 

improved insulin sensitivity. Rodent models, with systemic and locally

raised levels of TNF-a, demonstrated improved insulin stimulated glucose
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uptake following neutralisation of the cytokine (Hotamisligil et al, 1996). 

In skeletal muscle, TNF-a influences insulin stimulated glucose uptake and 

the activity of protein phosphatase-1 which acts to inhibit the uptake of 2- 

deoxyglucose and insulin activated glycogen synthesis, the latter mediated 

through ceramide release (Begam et al, 1995). Prolonged exposure to TNF- 

a  results in a decrease in both the insulin receptor substrate -  1 (IRS-1) and 

GLUT 4 mRNA and protein levels and the levels of the insulin receptor 

(Stephens et al, 1997). At the insulin receptor level, TNF-a decreases the 

tyrosine kinase activity of the receptor whilst increasing serine 

phosphorylation of 1RS-1 resulting in an inhibition of the insulin receptor 

mediated signalling. Mice lacking IRS-1 are resistant to TNF-a effects 

(Hotamisligil et al, 1996). Both TNF-a and high glucose concentrations 

have been shown to inhibit insulin receptor autophosphorylation in cells 

over-expressing this molecule. Studies have revealed that the mechanisms 

of action are highly disparate. TNF-a actions are mediated through the 

substrate phosphorylation, as determined through the use of the 

phosphotyrosine phosphatase inhibitors orthovaline and phenylarsenoxide. 

The glucose effect is mediated through the downstream inhibition of the 

protein kinase C (PKC) (Kroder et al, 1996).

The diabetic effects of TNF-a can be reversed by the peroxisome

proliferator agonist receptors gamma (PPARy) binding agents,

thiozolidinediones (TZDs). PPARy are orphan nuclear receptors

responsible for the regulation of many of the genes responsible for

appropriate adipocyte function. They hetero-dimerise with the retinoic acid

receptor (RXR) once bound to an appropriate ligand (these include
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prostaglandin, fatty acids and fibrates) and bind to specific DNA enhancer 

regions, upstream from their target gene sequence initiating translation. 

The pharmacological PPARy ligands are known as TZDs. Treatment with 

TZDs reduces fatty acid levels and ameliorate insulin resistance in both 

type 2 diabetes and obesity. They have been shown to reduce TNF-a 

induced glycerol release by up to 100% following 24 hour incubation 

without affecting catecholamine mediated lipolysis (Souzas et al, 1998). 

The mode of action of TZDs is through the reduction in TNF-a induced 

inhibition of tyrosine phosphorylation of both insulin receptor substrate 

(1RS) and insulin receptor substrate 1 (IRS-1) but they do not influence all 

the diabetes induced signalling pathway disruptions (Peraldi et al, 1998).

In summary, TNF-a is an important regulator in the development of 

obesity and diabetic related complications especially the accompanying 

dislipidaemia and glucose intolerance in circumstances where fat mass is 

increased. Although circulating levels of this cytokine are not reflective of 

the increased production, the action is profound and most likely instigated 

through the membrane associated isoforms of this molecule. The effects of 

TNF-a are mostly appreciated in the disruption of insulin mediated glucose 

uptake and the autophosphorylation of the insulin signalling pathways. 

While the roles of both leptin and TNF-a in adipose tissue fimction are 

profound and well documented, another cytokine-like molecule with the 

potential to influence adipose tissue fimction is proposed, namely 

Interleukin 6 (IL-6).
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1.3.3 Interleukin-6 (IL-6): Introduction

IL-6 is a pleiotrophic cytokine and an important regulator of the immune 

response. It is produced by lymphoid and non-lymphoid tissue and normal 

and transformed cells including T-cells, monocytes/macrophages, 

fibroblasts, hepatocytes and a variety of tumours. Production of IL-6 is 

regulated positively or negatively by a variety of stimuli including 

mitogens, antigens, lipopolysaccharides, IL-1, TNF, platelet derived 

growth factor and viruses.

Interleukin 6: Structure

The IL-6 gene contains 5 exons and 4 introns and based on its sequence 

and structural motifs, IL-6 is classified as a Class 1 helical cytokine 

(Yakosawa et al, 1987; Tanebe et al, 1988). This family of molecules^ 

which also includes leukaemia inhibitory protein (LIF), granulocyte-colony 

stimulating factor (G-CSF) and leptii^ are thought to be derived from a 

common ancestral antecedent signified by a four alpha-helix bundle. IL-6 

cDNA predicts a 212 amino acid residue protein containing two potential 

N-glycosylation sites. Cleavage of the N-terminal 28 amino acid residue 

signal peptide yields a mature protein of 184 amino acids Avith a predicted 

molecular mass of 21 KDa containing four cysteine residues which is then 

secreted (May et al, 1988; Andersson & Matsuda, 1989; Bauer et al, 1988; 

Navarro et al, 1989; Gross et al, 1989). The promoter and enhancer regions 

upstream of the IL-6 gene contains putative response elements for cAMP 

and the glucocorticoid receptor (Tanabe et al, 1988).
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Interleukin 6: Immunological Actions

The actions of IL-6 are as numerous and varied as the sites of action. It 

promotes differentiation and antibody stimulation in B-cells, co-stimulates 

IL-2 and IL- 2 receptor in T cells and promotes T-cell differentiation. The 

principal function of IL-6 is the orchestration of the acute phase response 

by stimulation of hepatocytes to produce acute phase proteins. These last 

two instances exemplify the crucial role that IL-6 occupies in the 

progression of the body’s response to injury or infection. Elevated levels of 

IL-6 have been reported in cases of autoimmune disease such as arthritis, 

inflammatory bowel disease and in the case of certain malignancies. The 

immunological actions of IL-6 have been compiled in a number of reviews 

(Heinrich et al, 1990;Van Snick, 1990; Ryffel et al, 1993).

Interleukin 6: Metabolic Effects

In addition to its immunological role, IL-6 has been shown to derange 

normal lipid metabolism leading to weight loss in mice which is reversed 

with pre-incubation of anti-IL-6 antibodies (Matthys & Billiau, 1997). IL-6 

can inhibit LPL activity and stimulate lipolysis (Berg et al, 1984; 

Greenburg et al, 1992). It can also promote the oxidation of both fatty acids 

and glucose and promote the release of glucagon and cortisol (Ritchie, 

1990; Stouthard et al, 1995; Grunfeld & Feingold, 1996) The net effect of 

these actions are the decreased deposition of triglyceride in the adipose 

tissue store and a possible increase in futile cycling leading to the depletion 

of fat stores. IL-6 can also stimulate production of insulin in a hamster islet 

cell line (Kern et al, 1995). Pre-treatment with neutralising antibodies can 

also eradicate the transient lipopolysaccharide associated weight loss in
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mice and related fibrinogen increase and hypoglycaemia but not the 

associated hypertriglyceridaemia (this was removed by co-treatment with 

TNF-a neutralising antibodies).

High levels of IL-6 have been shown to increase the basal concentration of 

intra-cellular calcium which down regulates the insulin-stimulated GLUT 

4-dependent glucose transport. IL-6 can also alter phosphorylation of 

GLUT 4 in skeletal muscle therefore blocking the insulin stimulated 

glucose uptake and contributing to further impairment of insulin signalling 

(Sayeed, 1996). IL-6 production is increased in vitro in response to p- 

adrenergic stimulation and has been seen to mimic the cytokine response to 

prolonged exercise. This may be due to the regulatory effect of intracellular 

cAMP has on IL-6 gene transcription along with prostaglandins and LPS 

(Zhang et al, 1988; Dendorfer et al, 1994) although this was observed in 

monocytes which most likely have a different regulatory mechanism to 

adipose tissue. In whole blood samples, the cytokine response was 

diminished in response P-adrenergic stimuli suggesting differential 

regulation of this cytokine depending on the tissue studied.

IL-6 is a potent stimulator of osteoclast development in vivo and in vitro. 

Myeloma cells stimulate cells of osteoblastic lineage to produce large 

amounts of IL-6 which may contribute to the myeloma cell proliferation 

and survival (Karadag et al, 2000). Transforming factor beta has also been 

shown to potentiate the production of IL-6 from osteoblasts (Franchimont 

et al, 2000). Prostaglandin E2 also stimulates IL-6 release but this time 

from mesenchymal cells (Gruber et al, 2000). This appears to be essential 

for the autocrine/paracrine formation of osteoclasts. As adipocytes are
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derived from the same progenitor cells line, it is attractive to speculate that 

the IL-6 effects on these precursor cells could influence the development of 

fat tissue over bone.

Interleukin 6: Receptors

The IL-6 family exert their effects through activation of specific receptor 

molecules on the surface of their target cells. All members of this group 

have a common signalling component, gpl30 leading to redundancy of 

action (Hammacher et al, 2000). The relative members of the family differ 

in the way in which they bind the gpl30 component of the receptor. IL-6 

has no affinity for the gpl30 component per se. Signal transduction is only 

initiated when the ligand binds to a specific IL-6 receptor, gp80 with 

limited affinity, and the subsequent complex binds to a gp 130 homodimer, 

with increased affinity (Taga et al, 1989). Cellular signalling, following 

activation of the receptor, is mediated through the receptor associated 

kinases of the Janus family and recruitment and phosphorylation of 

transcription factors of the ST AT family. These then dimerise and 

translocate to the nucleus and bind to enhancer elements of their respective 

gene targets and initiate transcription. The whole process of IL-6 signalling 

mechanisms has been reviewed in detail by Heinrich (Heinrich et al, 1998) 

and Akira (Akira, 1997).

IL-6 receptors have been identified in the hypothalamus suggestive of a 

central role for IL-6 (Jones & Kennedy, 1993). Indirectly, IL-6 stimulates 

thermogenesis and satiety through the centrally stimulated production of 

prostaglandins, corticotrophin releasing hormone (CRH) release and
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activation of the hypothalamus-pituitary-adrenal axis (HP A) (Maslowska et 

al, 1992).

Based on the evidence above, IL-6 would seem to have a subsidiary role in 

the impediment of fat deposition and promotion of lipid disposal. The net 

effect of this being the loss of fat cell mass. Although it would be 

premature to classify IL-6 as a major protagonist in lipid metabolism, it 

clearly has the capacity to influence the behaviour of the adipose tissue, 

possibly in conjunction with a full scale, systemic immune response. 

Whether this cytokine has any role in the normal homeostasis of lipid 

metabolism acting directly on, or within, the adipose tissue, in the absence 

of any immunological stimulus, remains to be discovered and will be 

examined as part of this body of work.

1.3.4 Cytokine Networks

Cytokines do not work in isolation and a high degree of cross-talk and 

redundancy occurs between cytokines, especially those common structural 

motifs and signalling cascades. A number of common effects of the three 

cytokines examined in this work have already been discussed and the 

metabolic effects have been summarised in table 1.3.4a.

TNF-a has been shown to induce the release of both leptin and IL-6 from 

adipose tissue (Sarraf et al, 1997; Grunfeld et al, 1996; Kohase et al, 1986) 

and mice with TNF-a gene knockout have reduced circulating leptin 

compared to controls (Kirchgessner et al, 1997). TNF-a stimulates the 

release of preformed leptin from human mature adipocytes and existing 

differentiated preadipocytes which may contribute to obesity/infection 

linked hyperleptinemia. Conversely, TNF-a may inhibits leptin synthesis
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through the inhibition of preadipocyte differentiation and induction of 

adipocyte dedifferentiaition (Zhang et al, 2000). IL-6 does not stimulate 

leptin production whereas IL-1 does, in response in response to LPS 

stimulation. (Faggioini et al, 1998). Other interactions between cytokines 

and are summarised in figure 1.3.4a and a summary of the effects described 

so far is shown in figure 1.3.4b

1.4.1 Proposal for Study

This thesis is divided into five further chapters. Chapter 2 will describe the 

process for the development of antibodies to leptin with the ultimate 

intention of using these in the assay for the quantification of leptin in 

biological samples. To optimise the affinity and specificity of the 

antibodies raised, a number of strategies have been employed to 

manipulate the immune response favourably. Chapter 3 deals with the 

development of the assays, using the antibodies produced in Chapter 2, and 

their subsequent validation. Chapter 4 addresses the production of 

cytokine-like molecules in a subcutaneous adipose tissue depot, using a 

sensitive arterio-venous technique. Chapter 5 addresses the production 

from the same depot of the cognate soluble receptors for these molecules. 

This will include a description of the development of a method for the 

quantification of the leptin soluble receptors/binding proteins. Finally, the 

findings of this work will be summarised, discussed and concluded in 

Chapter 6.
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Figure 1.3.4a Network of endocrine actions of adipose tissue derived cytokine-like molecules

Munlple effects

Lfvar

f  ÎSNS

satiety

Leptin IL-6

NEFAIL-6

NEFA ^Adipose tissue Glucose uptake

Leptin
TNFa
L-6

Leptin
TNFa

NEFA Leptin
IL-8

Insulin secfebon 

f  T  7  Faocn»**

in
VO



Figure 1.3.4b Interactions of cvtokine-like molecules, insulin and sympathetic activity
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Figure 1.3.4c Summary of cytokine effects and regulatory factors
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Chapter 2

Production & Characterisation o f  
Antibodies Against Human Leptin
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2.1.1 Introduction

Antibodies form the basis of immunoassays which essentially benefit from 

their specific affinity for the immunogen and their ability to reversibly bind 

to it. The development of assays with the ability to accurately quantify 

leptin levels is a pre-requisite for any study of the molecule. The initial 

work in this thesis focuses on my attempts to produce specific antibodies to 

leptin, displaying adequate affinity, and of sufficient quantity, to make the 

development of an assay to leptin feasible. As leptin demonstrates 

significant conservation between vertebrates, a number of established 

strategies will be applied in the production of the antibodies to manipulate 

the host’s immune response with a view to optimising the antibody 

production. These are detailed in the next section.

2.1.2 Antibody Production Options

Techniques used to raise antibodies exploit the B-cell mediated, humoural 

immune response of a host animal and rely on the ability of the host to 

register the foreign material as non-self and raise antibodies which are 

complementary to, and recognise surface structures (epitopes) in the 

molecule of interest ( Arthur & Massey, 1981) which can be harvested and 

purified.

Material used in the immunisation of the animal is referred to as the 

immunogen and the ability of the immunogen to produce a suitable 

immune response in the host animal is referred to as the immunogenicity. 

Immunogenicity is defined by the intrinsic chemical structure of the 

immunogen and the ability of the host to recognise the compound as non
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self and these factors determine whether the host’s immune system will 

respond to any given molecule.

Antibodies are synthesised by specialised lymphocyte cells known as 

plasma cells which are the terminal stage of B-cell differentiation. 

Production of a strong immune response is controlled by the induction and 

regulation of the differentiation of B-cells into plasma cells. During 

differentiation, B-cells are transformed from immature B-cells, which have 

a modified antibody molecule on their cell surface but do not secrete 

antibodies, to activated B-cells which secrete antibodies, but have no 

cellular surface receptors. The process of differentiation is controlled by 

the presence of the antigen and the cell-cell communication between B- 

cells and helper T-cells and an array of soluble effectors known as 

cytokines (see figure 2.1.3).

Successful immunogens can be obtained from naturally occurring or 

synthetic substances. A good immunogen has three chemical features: it 

must have an epitope recognised by the cell surface receptor on the virgin 

B-cell; it must have one site that can be recognised simultaneously by a 

class II protein and by a T-cell receptor; it must usually be degradable. 

Despite these intrinsic factors, it is usually necessary to coax the host 

animal to produce a good immune response. This can be through 

alterations to the dosage and form of the antigen, the use of adjuvants and 

the possibility of modification or use of facsimiles such as peptides or 

synthetic forms of the natural antigen. Modification of the immune 

response to a particular antigen is usually only contemplated after the 

initial immunisation regime has failed. The mode of intervention can be
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Fig. 2.1.3. Cellular Events in Immune Recognition
(adapted from Roitt, 6̂*̂ Edition, 1988)
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divided into two categories; modification of the antigen or alteration of the 

injection conditions.

Following the initial exposure, a primary humoural response is mounted 

against the immunogen; absolute purity of the immunogen is vital to 

prevent any inappropriate immunological responses. The humoural 

response is characterised by the presence of predominantly IgM molecules 

in the serum after a lag period of approximately seven days. These rise to a 

peak concentration at approximately twelve days, post-exposure and then 

subside. Subsequent booster injections of the immunogen, known as the 

secondary and tertiary immunisations, result in the production of 

predominantly IgG classes of antibody after a shorter lag phase due to
I

rearrangement of B-cell genes. This is refereed to as affinity maturation 

(Siskind & Benacerraf, 1969). The subsequent exposures to the 

immunogen result in an increase in the logarithmic phase of antibody 

production with expected plateau antibody titre of some 10-100 times 

higher and with an extended decay phase than by primary immunisation 

alone.

Failure of an animal to respond to a given immunogen may be due to 

elimination of the appropriate B and /or T-cell populations during the 

development of self tolerance. This is the elimination of cell subset that 

produce receptors capable of binding to host molecules mediated through 

receptor occupancy which prevents T-cell binding and co-operativity 

(Nossal et al, 1994). Consequently, molecules with a high degree of 

similarity to the host’s isoform will be ignored by the immune system. 

Rarely, the animal may not respond due to a particular potential
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immunogen due to the failure of the class II proteins to bind to the antigen 

fragments.

Animals are usually chosen for immunisation using the following criteria: 

how much serum is required; from which species is the antigen isolated 

from; are monoclonal antibodies required; how much antigen is available. 

Antibody production typically relies on two distinct methods: polyclonal 

antiserum and monoclonal antibody production.

2.1.3 Polyclonal Antibodies

Polyclonal antibodies represent the full complement of the secondary 

immune response to an immunogen. This constitutes an heterogeneous 

solution of antibodies recognising all possible epitopes on the accessible 

surface of the immunogen. Each antibody group will vary with respect to 

affinity and titre and the force of attraction for the whole complement is 

termed the avidity. Such an array of antibodies has distinct advantages, 

especially when they are going to be subjected to procedures which have 

the potential to structurally alter the antibody e.g. conjugation to enzymes 

or carrier proteins. The major disadvantages of this technology are the 

potential for a high degree of cross-reactivity with proteins sharing similar 

surface epitopes and the inter-batch variation in the affinity and specificity 

of antiserum. Polyclonal antiserum are routinely used for purification 

protocols e.g. affinity chromatography and quantitative methods e.g. 

enzyme linked immunoadsorbent assays (ELISA) and radioimmuno assay 

(RIA) where there is a requirement to capture the antigen.

During the production of polyclonal antiserum, animals which show a 

positive response to the immunogen are maintained in a state of
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globinaemia by repeated booster injections following the initial 

immunisation and then bled at suitable intervals to harvest the 

immuoglobulins. Choice of animal used in the production of polyclonal 

antiserum is dependent on a number of factors e.g. size of animal which 

will influence the amount of serum available at each bleed and the ease of 

husbandry. Additionally, the immunogen used must be sufficiently 

disparate from the host’s endogenous isoform so as to be recognised as 

non-self and promote an immune response.

2.1.4 Monoclonal Antibody Production

The revolutionary technology for the production of monoclonal antibodies 

was described by Kohler & Millstein (Kohler & Millstein, 1975) and is 

briefly described below.

Monoclonal antibodies are the homogenous secretion product of fused B- 

cells producing antibodies recognising one desired epitope on the target 

molecule and a suitable myeloma cell. These chimeras are termed 

hybridomas and they inherit selective characteristics from each of their 

constituent cell types; immortality from the myeloma cells and the ability 

to produce the required antibodies from the B-cells. Significant advantages 

can be conferred through adopting this method of antibody production 

namely, hybridoma cell lines secreting a useful antibody can be frozen and 

stored to ensure continuing stocks of equitable reliability and reliable data 

can be gleaned regarding the epitopic recognition sites of the antibody.
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2.1.4a Immunisation

Typically, following subcutaneous injections and subsequent boosters, 

spleens are harvested from animals which demonstrate a positive response, 

as determined by screening of ear-bleeds.

2.1.4b Fusion

Fusion of B-cells obtained from the spleens of immunised animals with 

constantly dividing, immortal plasmacytoma cell-lines is usually 

accomplished using polyethylene glycol. Choice of plasmacytoma cells 

from the same species is preferable due to the decreased chromosome 

stability of inter-species fusions and potential loss of non-rodent genetic 

material during cell division (Weiss & Green, 1967: Arthur & Massey, 

1981). Due to the limited number of myeloma cell lines from other species, 

rodent cell-lines are favoured. Typical rodent myeloma cell lines include 

P3-X63-ArgS (Kohler & Milstein, 1975), P3-NSI/l-Arg4-l (Kohler & 

Milstein, 1976), X63-Arg8.653 (Kearney, 1979) and Sp2/0-Argl4 

(Schulman, 1978). Fusion efficiency is influenced by factors such as the 

health of the host animal, myeloma cells must be in the log growth phase at 

the time of fusion and from a cell lineage with a proven record of 

successful fusions. The plasmacytoma cell line P3/X63-Arg.8 is an 8- 

az^uanine-resisitant sub-line of the plasmacytoma MOPC 21 induced in 

BALB/c mice by the injection of mineral oil. This cell line is unique in that 

it spontaneously fuses and grows at very low cell densities. This facilitates 

the recovery of fusion hybrids. The disadvantage of this cell line is that it 

synthesises and secretes the MOPC 21 myeloma protein and therefore, the 

hybrids will secrete myeloma and antibody molecules in addition to
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inactive hybrid molecules. Spontaneous variants of P3/X63-Arg.8 that 

neither synthesise nor secrete immunoglobulin molecules but still retain the 

ability to rescue normal antibody producing cells exist. P3/X63-Arg.8.653 

is one such variant and this was used in this project.

2.1.4c Selection of Hybridomas

Fusion of the B-cells with the plasmacytoma results in a mixed population 

of hybridoma cells; B-cell - B-cell, plasmacytoma - plasmacytoma and B- 

cell -  plasmacytoma hybrids. Additionally, the media will contain unfused 

plasmacytoma and B-cells. From this miscellany of cell types, it is 

necessary to select for only the immortal, antibody producing 

plasmacytoma -  B-cell hybrids of interest. The most common selection 

method involves the use of hypoxanthine aminopterin thymidine (HAT) 

medium (Littlefield, 1964; Ephrussi and Weiss, 1969)

The HAT selection criteria exploits a deficiency in the plasmacytoma cells 

used in the fusion for the purine enzyme, hypoxanthine guanine 

phosphoribosoyl transferase (HGPRT). HRGPT deficient cells are selected 

through culturing the plasmacytoma cells in the presence of a lethal purine 

analogue e.g. 8-aza or 6-thioguanine dye. Enzymatic metabolism of these 

dyes by HGRPT results in the production of toxic intermediary compounds 

and as a consequence, only cells deficient in this enzyme can endure this 

environment.

HRGPT activity is necessary for the Salvage pathway of nucleic acid 

synthesis which utilises endogenous or exogenous pre-formed bases. 

Inclusion of the folic acid analogue aminopterin in the media blocks the 

synthesis of thymidylate and purine analogues thereby preventing the
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unfused plasmacytoma cells and plasmacytoma-plasmacytoma hybrids 

from proliferating.

As plasmacytoma-B-cell hybrids inherit a functional copy of HRGPT from 

their spleen cell partner they are therefore capable of synthesising nucleic 

acids via the Salvage Pathway allowing their proliferation in culture. 

Unfused spleen cells are not immortal and will not proliferate in long term 

culture. These events are summarised in figure 2.1.4c.

2.1.4d Isolation of Single Cells & Colony Development 

Following fusion and HAT selection it is conceivable that a heterogeneous 

mixture of immortalised antibody secreting cells may persist. Additionally, 

as the cells stabilise their chromosome number, the ability to produce 

viable antibodies may be lost allowing non-secreting cells to become the 

predominant cell type to the detriment of the hybridomas secreting the 

antibodies of interest. Isolation and initiation of a cell line from a single 

progenitor ensures homogeneity of the antibody produced. This is best 

achieved using the limiting dilution technique (Normski, 1979). Briefly, 

this involves sequentially diluting the cells demonstrating a positive 

response, at reduced densities over a period of a few weeks to allow for 

environmental adjustment. Eventually, cell densities will reach 1-2 cells 

per well allowing individual colonies to be chosen for continued 

proliferation.

2.1.4e Scale U p  of Antibody Production; in-vivo

Large scale production of monoclonal antibodies was historically achieved 

through in vivo intraperitoneal injection of hybridoma cells into a 

synergenic host. The cells proliferate in the peritoneal cavity of the animal
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Fig 2.1.4c Cell Selection in HAT Medium
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and secrete the antibody in a plasma like fluid known as ascities. This is 

tapped 2-3 times as the animal swells with fluid. This methodology 

typically produces antibody titres in excess of 10̂  (Normski, 1979). Due to 

advances in in vitro protocols, and more stringent regulations governing 

the use of animals in scientific experiments, the in vivo approach to 

antibody production has been prohibited under the Animals (Scientific 

Procedures) Act 1984.

2.1.4f Scale Up of Antibody Production; in vitro

Using the in vitro approach, cells are maintained in continuous culture, 

secreting the antibody product into the culture medium. Typical yields are 

in the region of 5-25 mg antibody per litre of culture medium. This 

methodology is straight forward but does have the disadvantage of 

introducing contaminants into the culture medium which would have to be 

stringently removed before use in therapeutic applications and would have 

implications for infection in long-term cultures.

Industrial bioreactors were initially developed for the scale-up of cultures 

of micro-organisms which, compared to animal cells, have a faster growth 

and product formation rate, require simpler growth medium and contain 

outer cell walls making them more resistant to shear forces. Additionally, 

animal cells require continuous nutrient supply and toxic waste removal 

and environmental control.

Due to their slow growth rate, animal cells have a low productivity (td = 

12-30 hours). The growth kinetics and product formation has been studied 

for different hybridomas. Non-growth related product formation seems to 

be the most typical pattern of kinetics in monoclonal antibody production
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(Miller et al, 1987; Suzuki & Ollis, 1989; Al-Rubeai & Emery, 1990; 

Martens et al, 1993). Synthesis and secretion is restricted to the late Gi and 

early S phases and viable cell population arrested in these stages increases 

as the growth rate decreases (Buell & Fahey, 1969; Byars & Kidson, 1970; 

Garantum-Tjeldsto et al, 1976). Cell size increases as the cell progresses 

from the Gi phase of the cell cycle and as larger cells are more susceptible 

to damage by shear stress (Ramirez & Mutharasan, 1990), it is prudent to 

have a population of cells that arrest at the Gi phase after an initial growth 

phase.

Hybridomas have a limited genetic stability with mutations occurring after 

40-60 generations in continuous culture (Ramirez & Mutharasan, 1990; 

Martens et al, 1993). As confluent cultures do not proliferate, they will 

show enhanced genetic stability over time therefore making it desirable to 

keep the cell destiny high.

Some studies have shown a difference in the physical characteristics of 

antibodies produced in ascities and cell culture (Moellering et al, 1990; 

Monica et al, 1993). Differential glycosylation of the antibody has also 

been observed by changing the environmental conditions (Rothman et al, 

1989; Patel et al, 1992; Monica et al, 1993). These changes may result in 

alteration of the pharmacological characteristics of the antibody (Goochee 

et al, 1991; Liu, 1992): Many options are available for choice of bioreactor; 

whether fed batch or continuous culture is desired. Hollow fibre 

membranes have been used since the 1970’s for the high density culture of 

animal cells (Knazec et al, 1972). The hollow fibre unit comprises 

numerous hollow fibres packed at both ends of a cylindrical tube. Cells are
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inoculated through a port into the extracapillary space and nutrient medium 

is delivered from one end of the cylinder into the lumen of each fibre and 

then longitudinally to the end of the cylinder (Ku et al, 1981). A physical 

barrier is formed by the ultrafiltration layer of each fibre retaining high 

molecular weight material in the lumen. This also acts as a semi-permeable 

membrane for the transfer of ions and gasses and small molecules. The 

hybridomas and antibody product remain in the extra-capillary space, 

facilitating concentration of the product and minimising the contamination 

from medium components (Schonherr et al, 1987; Tyo et al, 1988). As the 

medium is oxygenated in a cell free compartment, problems of shear stress 

damage to the cells are circumvented. Hollow fibre reactors do have 

significant disadvantages namely, loss of pressure across the cylinder 

resulting in concentration gradients of parameters such as pH, oxygen, 

glucose and lactose, and poor mixing in the extracapillary space can lead to 

heterogeneity in cell environments (Ku, 1981; Tharakan & Chau, 1986a). 

These problems can be circumvented by the creation of in-vitro arterial and 

venous flow patterns (Tharakan & Chau, 1986b; Tyo et al, 1988).

Hollow fibre systems, despite the disadvantages, remains the best 

alternative for the laboratory scale production of monoclonal antibodies 

from hybridoma cells. A typical hollow fibre system is illustrated in figure 

2.1.4f.

2.1.5 Leptin as the Immunogen

Southern blot analysis of vertebrate DNA using an ob gene probe reveals a 

high degree of hybridisation, even at moderate stringency. This suggests 

that a high level of inter-species conservation of leptin exists. Furthermore,
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Figure 2>1.4f Schematic of Hollowfibre Bioreactor System
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comparison of mouse and human leptin molecules alone shows that the 

proteins for the two species share a similarity of 84% (Zhang et al, 1994). 

From the data already obtained, the function of leptin in both mice and 

humans is very similar and such conservation of function would preclude 

the molecule’s structure to be akin between the two species. Unfortunately, 

this decreases the potential for the molecule to be recognised as non-self. 

Structurally, leptin belongs to the family of class I cytokine-like molecules 

which also includes IL-6, human Growth Hormone (GH), LIF and GCSF. 

Inclusion in this category is based on the tertiary structure rather than 

homology between the respective protein sequences (Zhang et al, 1997). 

Topological prediction algorithms have also been applied to determine the 

secondary structure including hidden Markov models based on the known 

the topology of the IL-6 molecule (Di-Francesco et al, 1997) and using 

threading analysis (Madej et al, 1995). These have confirmed the validity 

for inclusion of leptin into this category of molecules.

Class I cytokines are identified by a characteristic four alpha helix bundle 

which forms an “up-up-down-down” with helices A&D and B&C 

positioned adjacent to each other with A to B, B to C and C to D joining 

regions (Kline et al, 1997). Leptin is an atypical member of this family as it 

lacks the characteristic kinks in helices A and B indicative of receptor 

interaction in this family of molecules; it has a kink in helix D typical of 

the other members of this family. In the A & B helices conjoining loop, 

leptin has a region of poor density similar to that observed in the human 

growth hormone-human growth hormone receptor complex and this could 

facilitate a conformational change upon receptor binding (Zhang et al,
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1997). The leptin molecule also contains an additional fifth helix, E, which 

acts as a solvent cap for a run of hydrophobic residues situated directly 

underneath, located in the four helix bundle (Zhang et al, 1997)

Structure -  function studies of leptin have shown that the biological 

function with respect to satiety induction and weight loss are concentrated 

in the N terminal region of the molecule. This has been determined by 

administering mutant forms of leptin to the leptin deficient mouse, 

C57BL/6J ob/ob. Loss of the C-terminal end did not result in a loss of 

function but merely increased the concentration of leptin required to be 

effective. This suggests that the C-terminal end enhances the action of the 

N-terminal region. Loss of the disulphide linkage between residues 96 and 

146 in the C-terminal domain had no effect on leptin action but it linkage 

has been suggested that this linkage is critical for the structural integrity 

and stability of the leptin molecule (Rock et al, 1996). Subsequent 

autoradiographic competitive assays using isolated choroid plexus tissue 

confirmed these findings (Imagawa et al, 1998). Inter-peritoneal 

administration of peptide fragments, designed with the complete leptin 

sequence as a template, show that the anorectic effects of the leptin 

molecule is located in the region of amino acids 106-140 confirming that
C

functionality is located in the N-terminal region of the leptin molecule 

(Grasso et al, 1999).

Structurally, the leptin molecule is influenced by the pH of the buffer 

solution it is in (Au et al, 1999) and stability and structural integrity of the 

leptin molecule is thought to be maintained through the intrachain
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disulphide bond (Rock et al, 1996) and oxidation of the four methionine 

residues in the native molecule, especially met 55 (Liu et al, 1998). 

Recombinant human leptin has been produced from E.coli (Altmann et al, 

1995: Fawzi et al, 1996: Vamerin et al, 1998 ) and from baculovirus- 

infected insect cells (Churgay et al, 1997). Commercially, it available from 

R&D Systems (Oxon, UK) and Amgen (CA, USA). All the experiments in 

this thesis used the R&D source of the protein.

2.1.6 Rationale for manipulation of the immune response

At the start of the project, there was no source of human leptin for use as 

the immunogen. To circumvent this and to overcome the potential 

problems with immunogenicity, due to the similarity between the species, a 

number of immunisation strategies were designed to permit and optimise 

the immune response. Specifically, varying the site of immunisation and 

varying the immunogenic material.

2.1.7 Use of Synthetic Peptides as Antigenic Material

The surface of a protein antigen can be considered as a continuous plane of 

discrete regions each of these epitopes varying in immunogenic potential 

(reviewed by Benjamin, 1984). Extrapolation from observations of hapten 

based systems, where well defined molecules which are not immunogenic 

in their own right but will react with preformed antibodies induced by the 

introduction of the hapten with a carrier molecule which itself is 

immunogenic, suggest that the antigenic structures on the surface of a 

macromolecule may well act as haptens in their own right.

With prior knowledge of the crystallographic structure of the protein of 

interest and also a comprehensive understanding of the corresponding
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peptide sequence, it is possible to locate epitopes to their position in the 

linear amino acid sequence. By synthesising short peptides analogous to 

epitopes of interest it is possible to induce a highly focused immune 

response directed at a single epitope on the cognate protein molecule. 

Coupled with monoclonal antibody technology, this approach can be used 

to determine the antibody-antigen interactions to a high degree of 

accuracy.

Experimental and theoretical considerations would discriminate against the 

use of peptides to produce antibodies which recognise epitopes in the 

complete molecule. In the absence of the full complement of the 

electrochemical and stearic forces which dictate the structure of the 

complex protein molecules, small peptides in aqueous solution do not 

readily form stable structures. The success of peptide immunisations was 

initially explained by the “Stochastic Model”. This states that for all the 

multiple conformations a peptide can form in solution, the resulting 

antibodies are reactive only with those conformations which occur in the 

nascent protein molecule. However, the frequency of protein reactive 

antibodies which are produced by peptide immunisations is at least 4 

orders of magnitude greater than can be explained by this model (Niman, 

1983). A revised model was proposed following the successful use of 

peptides in the raising of antibodies to a relatively inaccessible epitope in 

the native protein -  the subunit interface in the trimer of the influenza virus 

hemagglutinin. Accessibility to this site by the antibody could only be 

achieved in a more unfolded conformation of the protein, as the site would 

be inaccessible in the native molecule (Wilson, 1984). This suggests that a
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number of the antibodies produced against peptide molecules would be 

unreactive with respect to the whole protein.

The use of synthetic peptides has proved successful in production of 

antibodies to numerous isoforms of the cytochrome p450 enzymes 

(Edwards, 1998), identification of the disulphide inter-chain region of the 

tetanus toxin (Fischer, 1993), definition of distinct epitopes in the loop 

region of hen lysozyme (Darsley, 1985), enhancement of follicle 

stimulating hormone (FSH) bioactivity (Ferasin, 1997) and as a vaccine to 

hepatitis B directed against the surface antigen (Brown, 1984). These 

examples demonstrate the wide variety of potential for the localised 

immune response provided by peptide fragments.

In contrast to the above examples, our peptides were designed without 

prior knowledge of the leptin structure and are based on the differences 

between the proposed sequences for mouse and human leptin. The peptide 

sequences and their location in the leptin molecule are illustrated in figure 

2.1.7.

2.1.8 Site of Immunisation

The route by which the immunogen is introduced into the host can have 

implications on the immunogenic potential of the molecule. The route of 

immunisation determines the site at which the immunogen is presented to 

the host animal. Generally, intramuscular and subcutaneous injections 

present the immunogen at the secondary lymphoid tissue immediately 

draining the site of injection, while intravascular immunisation results in 

filtering in the spleen and ingestion results in an immune response in the 

mucosal lining. The route of administration and the distribution of the
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Figure 2.1.7 Leptin amino acid sequence showing positioning of synthetic peptides used in immunisation

1 MHWGTLCGFL WLWPYLFYVQ AVPIQKVQDD TKTLIKTIVT RINDISHTQS VS^SKQK^VTGL

DFIPGLHPIL T^LSKMDQTLA VYQQILT>M»P SRNVFQi'^^ND LENLRDl LHV LAFSKSCHJEP

SG Li/'T^W S Lu^GVLEASG’Y STEVVALSRL QGSLQDMLWQ LDLSPGC 167

Peptides denoted by the following colours; peptide 1 = blue, peptide 2 = red, peptide 3= green, peptide 4 = pink, 
peptide 6 = orange, peptide 7 = purple. Amino acid substitutions between human and mouse are denoted by numbers

Key to single letter amino acid code: G = glycine; A = alanine; V = valine; L= leucine; I = isoleucine; S = serine;
T = threonine; F = phenylalanine; Y= tyrosine; W = tryptophan; D = aspartic acid; N = asparagine; E = glutamic acid 
Q = glutamine; L = lysine; R = arginine; H = histidine; C = cysteine; M = methionine; P = proline;
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antigen will determine the microenvironment in which the antigen interacts 

with the antigen presenting cells (Basten, 1977; Underdown & Schiff,1986; 

Brodsky & Guargliardi, 1991). T- and B-cells have preferred 

microenvironments where the majority of the immune response occurs 

prior to migration to the primary lymphoid tissue. Augmentation and 

enrichment of B-cells sensitised to the immunogen may occur at one site in 

preference to another resulting in site dependent differences in the efficacy 

of antibody production.

These differences in immune response could be explained by the essential 

role that lymph nodes play in the activation of T Helper cells (Janeway, 

1987). It is likely that the intimacy of contact in the lymph node 

contributes to the greater degree of T h - B  Cell collaboration which could 

not be accomplished in the spleen. The lymph node may therefore provide 

an enriched reservoir of antigen secreting cells.

Comparison of the fusion efficiency following three routes of 

immunisation (intradermal, footpad and subcutaneous) and two sources of 

lymphocytes (splenic and lymph nodes) have been performed using insulin 

as the immunogen. For this antigen, the B-cells of interest were isolated 

from the inguinal and popliteal lymph nodes which drain the footpad 

following immunisation at this site antigen. Enlarged popliteal and inguinal 

lymph glands, as observed follovdng plantar immunisation, produced 

higher fusion efficiencies than hind leg intradermal injections. 

Additionally, following immunisation, there is no swelling or ulceration of 

the footpad and the animal is not incapacitated. (Mirza, 1987).
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A rapid technique for the production of monoclonal antibodies to mouse 

auto-antigens using the rear footpad as the site of immunogen 

administration and the inguinal and popliteal lymph nodes as the origin for 

the B-cells has been described by Holmdahl (Holmdahl, 1985) with 

subsequent modifications by Coyle (Coyle, 1992). This strategy yielded a 

higher frequency of hybridomas secreting specific antibodies, compared to 

intradermal immunisation followed by fusion of popliteal/inguinal lymph 

node derived lymphocytes or subcutaneous immunisation followed by 

fusion of splenic derived lymphocytes. An enhanced immune response was 

observed in response to insulin, bovine intestinal alkaline phosphatase and 

human lymphoid cell surface antigens. The anatomy of the mouse with 

relation to the immunological tissue an sites of immunisation is shown in 

figure 2.1.8.

2.1.9 Plan of Investigation

1. Production of polyclonal antiserum against human leptin in a 

rabbit host using whole recombinant human leptin as the immunogen.

2. Production of a panel of monoclonal antibodies derived from the 

splenic B-cells of mice immunised with (a) synthetic peptides representing 

the whole leptin molecule and (b) whole recombinant leptin.

3. Production of a panel of monoclonal antibodies derived from B- 

cell populations of the popliteal and inguinal lymph nodes derived from 

mice immunised with whole recombinant leptin.

4. Screening of the above antibodies to assess their ability to bind to 

leptin bound to the solid phase and in free solution.

The rationale is summarised in figure 2.1.9.
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Figure 2.1.9 Schematic of antibody production rational and outcome

MonoclonalPolyclonal

anti-leptin antibodies

Polyclonal
Serum

No viable fusions 5 viable clones 

all IgG subclasses

whole r. leptin

conventional subcutaneous 
immunisation

recombinant whole 
human leptin

Footpad immunisation conventional subcutaneous 
immunisation

peptides

rabbit host

Peptide 3 - all IgG 
Peptide 4 - all IgM 
Peptide 6 - all IgG 
Peptide 7 - all IgM 
Peptide 8 - all IgM

Radioimmunoassay for leptin
Two-site ELISA proposed to 
discriminate between free 

and bound leptin
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Fig» 2.1.8 Position of Principal Lymph Nodes in Mouse
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Methods

2.2.1a Antigens: Peptides

Eight overlapping synthetic polypeptides, approximately 15-20 amino 

acids in length, spanning the entire proposed leptin sequence were 

synthesised and numbered sequentially from the C-terminal residue (ISL, 

Poole UK). Peptides 1 & 5 contained no amino acid differences between 

human and mouse species, peptides 2, 3 & 7 contained one substitution, 

peptides 4 & 8 contained two substitutions and peptide 6 contained 8 

substitutions.

Of the synthesised peptides, only 3, 4 & 6 were soluble in aqueous solvent. 

These were conjugated to both thyroglobin and bovine serum albumin 

respectively ready for immunisation. The other peptides were discarded. 

2.2.1b Conjugation to Carrier Molecule

Each of the three respective peptides named above were incubated in the 

presence of BSA at a molar ration of 1:1.5 and with thyroglobin at a molar 

ratio of 1:2, in the presence of 1 ml 0.8M gluteraldehyde with constant 

agitation, at room temperature for 4 hours. Excess gluteraldehyde was 

removed by PD-10 column and peptide containing fractions were stored at 

-70°C.

2.2.2 Antigens: Leptin

Img lyophilised, human leptin was supplied by R&D Systems (Oxon, UK). 

This was reconstituted in 0.5ml 15mM HCl. Following complete 

reconstitution, 0.3ml 7.5mM NaOH was added to the solution to yield a 

final concentration of 1.4 mg.mf^ at a pH of 5.2.
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2.2.4 Immunisation: Rabbit: Whole Leptin rPolvclonal Immunisation

One female New Zealand white rabbif (age, weight) was immunised with 

200fig r.b.leptin (R&D Systems, Oxon, UK) in Freunds complete adjuvant, 

intramuscularly, on two occasions, fourteen days apart. Earbleeds were 

taken 24 days after the initial immunisation and tested for immune 

response using leptin bound to the solid phase. The animal was then given 

two booster immunisation comprising 250pg r.h.leptin in Freunds 

incomplete adjuvant, administered subcutaneously, fourteen days apart. 

Further earbleeds were taken and screened as before. Serum was then 

removed from the animal by 4x20ml bleeds at fourteen day intervals.

2.2.5.a.i Immunisation: Mouse: Peptides: Conventional Route 

In total, 12 female BALB/c mice, aged 6 to 8 weeks old were used. Pairs of 

mice were injected, subcutaneously, at two sites with each of the peptide- 

conjugate conformations. Each injection consisted of 60pg conjugate in 

lOOpl RiBi adjuvant (Sigma Chemicals, Poole, Dorset, UK). This adjuvant 

system is a stable oil in water emulsion which is recommended for use in 

mice and guinea pigs and is an alternative to conventional Freunds water- 

in-oil emulsion. This adjuvant is composed of Monophosphoryl Lipid A 

(MPL), a highly refined, non-toxic Lipid A isolated from re-mutants of

S.minnesota and the synthetic Trehalose Dicorymycolate (TMD), an 

analogue trehalose dimycolate from the cord factor of the tubercule 

bacillus in 40pl squaline and 0.2% Tween 80 in water. RiBi is 

reconstituted by placing in a water bath at 40-45^C for 5-10 minutes. 1ml 

of saline is injected directly into the vial using a syringe fitted with a 20 or 

21 gauge needle. The vial was vortexed vigorously for 2-3 minutes to form
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an emulsion. Once reconstituted, the adjuvant was stored at +4°C for up to 

60 days.

Inter-peritoneal booster injections were administered three weeks later 

comprising 60pg of each respective conjugate in 200pl RiBi. Ten days 

later, earbleeds were tested for antibody response using peptide coated 

microtitre plates. Animals demonstrating the best response for each peptide 

irrespective of the conjugate initially used were boosted with a mixture of 

both conjugates for each peptide to a total concentration of 300pg in 200pl 

adjuvant intravenously and, on the following day, with the initial peptide- 

conjugate at the same concentration and volume. The remaining animals 

were sacrificed by cervical dislocation. Three days later, the boosted 

animals were sacrificed by cervical dislocation and the spleens harvested 

and used for fusion with plasmacytoma cells.

2.2.5.a.ii Immunisation; Mouse: Whole Leptin: Conventional Route

Two female BALB/c mice, 6-8 weeks old were injected subcutaneously, at 

two sites, with 30pg r.h.leptin (R&D Systems, Oxon, UK) in RiBi adjuvant 

per site. One month later, the animals were boosted with an intraperitoneal 

injection of 30pg r.h. leptin in RiBi. Earbleeds were taken one week later 

and screened and a further booster injection was administered 

intraperitonealy, comprising 30pg r. h. leptin in RiBi. Further earbleeds 

were taken a fortnight later to determine the animals’ responses. A final 

booster injection of 30pg r.h. leptin was given to the animals 

intravenously two weeks later and then intraperitonealy on the following 

day. The animals were sacrificed four days later and their spleens harvested 

and used for fusion.
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2.2.5.a.iii Immunisation; Mouse: Whole Leptin: Footpad 

Immunisation

One animal was sacrificed to locate the popliteal and inguinal lymph 

nodes. The animal was injected in the rear footpad with a 5% solution of 

pontamine sky blue dye in distilled water to enable visualisation of the 

appropriate nodes which drain this site. The popliteal nodes were located 

embedded in fat just above and behind the knee joint.

The remaining two animals were injected in the rear footpad with 30-40pg 

r.h.leptin ( R&D Systems, Oxon, UK) in RiBi adjuvant. The animals were 

sacrificed 11 days post-immunisation and the popliteal and inguinal lymph 

nodes removed and used for fusion with plasmacytoma cells 

2.2.5bFusions

Fusions were performed using a commercially available kit (Immune 

Systems Ltd, Dorset, UK.

2.2.5c Growth and Maintenance of Myeloma Cells

10ml myeloma growth medium was pipetted into a tissue culture flask in 

preparation for the myeloma cells. Myeloma cells were supplied frozen. 

On receipt, the cells were defrosted rapidly under hot running water and 

the exterior of the vial was washed in ethanol. The cells were aseptically 

transferred into the pre-prepared tissue culture flask, the flask was then 

capped and placed horizontally in the incubator and incubated undisturbed, 

at 37°C under 5% CO2, 95% air atmosphere for 24 hours. Following 

incubation, the medium was removed fi-om the culture flask and replaced 

with 10ml fresh myeloma growth medium.
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2.2.5d Sub-culturing of Myeloma Cells

Sub-culturing is necessary to maintain the cells in a healthy growing state 

and to expand their numbers in order to perform the fusion.

Cells were dislodged from the bottom of the culture flask using a sterile 

cell scraper (Life Technologies, Paisley, UK) and suspended in the 

medium in the flask with a gentle swirling action, 2.5ml of the cell 

suspension was pipetted into each of four fresh flasks containing 12ml 

fresh myeloma cell medium. The new flasks were then incubated for 2-3 

days after which, the medium was replaced with fresh myeloma cell 

medium. Following a further 2-3 days, the cells were ready for fusion or 

for further subculture, as described above. Discarded cells were incubated 

in 10% bleach solution prior to autoclaving and then disposed of by 

incineration.

2.2.5e Removal of Spleens / Popliteal / Inguinal Lvmph Nodes

The work area was swabbed liberally with ethanol and 5ml of splenocyte 

medium pipetted into a sterile petri dish in preparation for receipt of the 

harvested organs. Mice were sacrificed by cervical dislocation and 

swabbed with ethanol. For spleen removal, the animals were placed with 

the head facing to the left with the left side of the belly facing upwards. 

The lateral skin midway along the flank was lifted with forceps and a small 

cut made with scissors. The skin was tom on either side of the cut to 

expose the abdominal wall and the spleen identified through the abdominal 

wall as a dark red organ, 1.5cm long, 0.4 cm wide, partially covered by the 

rib cage. The abdominal cavity was lifted with forceps and cut with
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scissors directly above the spleen. The spleen was gently lifted and cut 

away fi-om the underlying tissue and placed in the prepared petri dish.

For removal of the popliteal lymph nodes, the sacrificed animals were 

placed on their back and the skin was lifted with forceps and cut along the 

vertical midline the entire length of the animal to expose the abdominal 

cavity and to the knee in each hind leg to form an inverted Y incision. The 

skin was then pinned back to keep it in place and the gluteal muscle was 

gently lifted to reveal the popliteal lymph nodes just above and behind the 

knee and the inguinal lymph nodes, adjacent to the inner abdominal cavity. 

These were gently lifted using blunt forceps and excised from the 

connective tissue and placed in a pre-prepared sterile petri dish containing 

5ml splenocyte medium.

2.2.5f Preparation of Solenocvtes for Fusion

Harvested spleens or popliteal / gluteal lymph nodes aseptically removed 

from the sacrificed animals were placed individually in sterile petri dishes 

containing 5 ml splenocyte medium. Organs were gently teased apart using 

fine forceps and the cells removed from the connective tissue capsule to 

form a crude suspension. This was filtered through a fine, autoclaved, 

nylon gauze, pre-wetted with culture medium, to remove any remaining 

capsule tissue, into a sterile 50ml tube. The crude suspension was then 

pipetted up and down a few times to break up any lumps of cells. The cell 

suspension was then decanted into a centrifuge tube and spun at 550 x g for 

5 minutes. The supernatant was then discarded and the cell pellet 

resuspended in 5ml splenocyte medium and transferred to a fresh 10ml 

tube.
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2.2.5g Preparation of Myeloma Cells for Fusion

For each of the 4 tissue culture flasks, the cells were dislodged and 

suspended in the medium as described for Sub-culturing of the cells. The 

cell suspensions were then pooled in one 50ml centrifuge tube using a 

10ml pipette. Cells were suspended by gentle agitation and 2.5ml was 

pipetted into a fresh tissue culture flask containing 10ml myeloma cell 

medium. This culture was maintained as described above for future 

fusions. The remaining cell suspension was centrifuged at 300 x g for 5 

minutes and the pellet was resuspended in 5ml fresh myeloma cell medium 

and transferred to a fresh 10ml centrifuge tube.

2.2.5h Estimation of Cell Numbers

Using an improved Nuebaur haemocytometer, the splenocyte, lymph node 

and myeloma cell numbers were estimated. A fresh coverslip was placed 

onto the counting grid of the haemocytometer and a few drops of each cell 

suspension was added to the reservoir using a Pasteur pipette. Using the 

low objective lens of an Olympus 3333 Microscope (Olympus, UK) the 

cell number in 5 of the nine small grid squares were counted and averaged. 

The average number of cells in the counted squares were multiplied by 1 x 

10̂* to give the number of cells per ml suspension. The number of 

splenocytes and the lymph node derived cells were multiplied by 5 to give 

the total number of cells and the volume of this suspension containing 10̂  

cells was pipetted into separate 10ml centrifuge tubes. From the myeloma 

cell estimate, the volume of 1ml containing 10̂  was calculated as above. 

This is the optimum concentration of myeloma cells required for successful
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fusion; lower amounts may result in a reduction of the number of hybrid 

cells obtained.

2.2.51 Cell Mixing and Fusion

10̂  myeloma cells were added to the centrifuge tube containing the 

splenocytes or lymph node derived cells (see above). The cells were 

centrifuged at 550 x g for 5 minutes and the supernatant solution discarded. 

The cell pellet was resuspended in 5ml splenocyte medium and transferred 

to a fresh 10ml centrifuge tube. The cells were then centrifuged as before 

and the medium discarded. The cell pellet was resuspended in a further 5ml 

splenocyte medium. This process was repeated twice more. After the final 

centrifugation, the medium was removed and the pellet resuspended gently 

with 0.8ml polyethylene glycol medium (PEG) using a glass Pasteur 

pipette. Thirty seconds after the addition of the PEG, the pipette was 

removed and the tube shaken gently. Seventy five seconds after adding the 

PEG, 0.5ml HAT medium was gently added and the cell suspension gently, 

but thoroughly, mixed. A further 1ml HAT medium was added and mixed 

at 2, 3 and 4 minutes post-addition. At 5 minutes, 5ml HAT medium was 

added, the tube was capped and then mixed thoroughly, but gently. The 

suspension was then centrifuged at 100 x g for 5 minutes.

2.2.51 Plating out the Cell Fusion

The supernatant solution was pipetted off from the cell pellet and the cells 

were resuspended in 5ml of the plating medium. The cell suspension was 

then transferred to the bottle containing the remainder of the cell plating 

medium, gently mixed and then left to stand at room temperature for 15 

minutes. The cell suspension was then gently mixed and 1 drop added to
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each well of a 48 well plate using a 10ml pipette. Any remaining 

suspension was added to the wells dropwise until it was finished. The 

plates were then incubated undisturbed, for 12 days at 37®C under 5% CO2, 

95% air atmosphere. Following incubation, the cells were examined 

microscopically and with the naked eye; hybrid clones should be visible at 

up to 3mm in diameter. This protocol should yield 1 hybrid in every 2-3 

wells ensuring monoclonal cultures were established at the outset. Medium 

was removed for testing at this stage and positive clones were subcultured 

within 2-3 days to prevent cell death. A further two measurements were 

made on the supernatant solution to monitor antibody production.

2.2.5ka Production of Ascities

Hybridoma derived antibody in quantities sufficient for use were prepared 

by injecting these hybrid lines into histocompatable mice, BALB/c, 8-12 

weeks (Biological Services, UCL, London, UK). 0.5ml Pristane (Gibco 

Ltd, Paisley, UK) was injected into the peritoneal cavity of a mouse with 

two animals being used per selected clone. After 7 days, 10̂  cells were 

injected intraperitonealy into the pristane primed mice. Most of the 

hybridoma lines produced solid tumours or ascities within 10-21 days. A 

syringe with a 19 gauge needle was used to drain the ascitic fluid. The 

animals were generally tapped for ascities a maximum of three times. The 

ascitic fluid was clarified by centrifugation at 500 x g for 15 minutes at 

+4®C and screened for antibody activity prior to aliquoting and storage. 

2.2.5kb Bioreactor Scale up of Hybridoma Cells

Hybrid plasmacytoma-B-cells were grown to a cell density of 10* cells and 

inoculated into the Tecnomouse apparatus (Integra Bioscience). These
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were grown in continuous culture for a period of 8 weeks at 37°C under 

5% carbon dioxide, 95% air, in Dulbecco’s minimum eagles medium 

(DMEM),10% foetal calf serum (Life Technologies, UK). Flow rates were 

optimised to prevent Starling’s effects and from damaging the cell lines, 

yet allowing sufficient nutrient provision to diffuse trough the hollow 

fibres to the cells. Such considerations have been addressed for the optimal 

antibody yield.

The extracapillary space was tapped following the incubation period of 8 

weeks and tested for the presence of the required antibodies.

2.2.6a Screening of Clones :Leptin in the Solid Phase 

An appropriate number of Immulon 4 plates (Nunc, UK) were coated with 

200pl per well of a Ipg.ml'^ r. h. leptin (R&D Systems, Oxon, UK) in 

O.IM Tris / 0.15M Na Cl, pH 9.0 for 1 hour at 37®C. The liquid was 

decanted and the plates tapped dry inverted, onto tissue paper. The plates 

were then blocked with 200pl per well phosphate buffered saline (PBS) / 

1% bovine serum albumin (BSA), pH 8.0 for 1 hour at 37®C. Plates were 

washed 4 times, each with 300pl per well PBS / 0.05% Tween 20. 

Following the final wash, the plates were tapped dry inverted, onto tissue. 

Each respective sample was added to the wells (200pl/well), in duplicate, 

and incubated at room temperature for 2 hours on a plate shaker. Non 

immunised mouse serum was measured as a negative control and anti

human albumin as a positive control. Plates were then washed four times 

with 300pl per well PBS / 0.05% Tween 20. Following the final wash, the 

plates were tapped dry inverted, onto tissue. 200pl anti-Mouse / Rabbit -

IgGAM -  HRPO (Sigma Chemicals, Poole, UK) was added to each well
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and incubated for 1 hour at room temperature on a plate shaker. Plates were 

washed 4 times, each with SOOpl per well PBS / 0.05% Tween 20. 

Following the final wash, the plates were tapped dry inverted, onto tissue. 

lOOpl substrate solution (o-Phenylenediamine Dihydrochloride in buffered 

solution containing urea hydrogen peroxide. Sigma Chemicals, Poole, UK) 

added per well. Colour was allowed to develop for 15 minutes at room 

temperature with gentle agitation and then stopped by the addition of lOOpl 

2M H 2 S O 4 .  Absorbence values were measured at A 4 9 0  using a Dynatech 

plate reader.

2.2.6b Screening of clones; Leptin in the Liquid Phase

lOOpl of each supernatant solution was incubated with lOOpl r.h. leptin -  

(see Chapter 3: lodination of Leptin) diluted in PBS / 1% BSA to give

20,000 counts per minute per lOOpl, in triplicate, overnight at +4®C. Non

immunised mouse serum (lOOpl) was incubated as a negative control / 

non-specific binding (NSB), lOOpl PBS / 1% BSA with r.h. leptin-I*^  ̂was 

incubated as a zero and lOOpl of diluted radiolabel alone as total counts. 

200pl a- mouse / rabbit -  IgG -  Sac Cell (IDS Ltd, Tyne & Wear, UK) 

was added to each tube except total counts and incubated at room 

temperature for 2 hours. Sac-cell is a commercial preparation of sepharose 

conjugated IgG raised to recognise its counterpart from a different species, 

in this case, a goat is immunised with mouse or rabbit IgG. The benefit of 

this product is that antibodies in solution can be isolated and removed 

(bound to their immunogen) with ease by centrifugation due to the 

presence of a solid phase. One ml ice cold deionised H2O was added to

each tube except for the total counts and the tubes centrifuged at 3000 rpm
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for 15 minutes at +4°C. The supernatant solution was decanted and a

further 1ml ice cold d.H20 added to each tube, except total counts. The

tubes were spun again as previously and the last traces of supernatant

decanted. Tubes were counted for 1 minute using a y-counter (Nuclear

Industries, Edinburgh, UK). Counts were expressed as a percentage of the

total counts minus the counts recorded for the NSB tubes.

2.2.7 Classification and Sub-Classification of Antibodies

An appropriate number of Immulon 4 plates (Nunc, UK) were coated with

200)l i1 per well of a lpg.ml'^ r. h. leptin in O.IM Tris / 0.15M Na Cl, pH 9.0

for 1 hour at 37^C. The liquid was decanted and the plates tapped dry and

left to drain inverted, onto tissue paper. The plates were then blocked with

200pl per well PBS / 1%BSA, pH 8.0 for 1 hour at 37®C. Plates were

washed 4 times, each with 300pl per well PBS / 0.05% Tween 20.

Following the final wash, the plates were tapped dry and left to drain

inverted, onto tissue. 200pl of each supernatant solution eliciting a positive

response for leptin in either the solid or liquid phase, or both was added to

each well in accordance with a pre-prepared plan, in four duplicate wells,

respectively and incubated for 2 hours at room temperature with gentle

agitation. Plates were washed 4 times, each with 300pl per well PBS /

0.05% Tween 20. Following the final wash, the plates were tapped dry and

left to drain inverted, onto tissue. To each duplicate of sample, 200pl per

well of a 1:5000 dilution of either anti-mouse IgGi, IgG2, IgG] or IgM in

PBS /1% BSA was added and incubated at room temperature for 1 hour at

room temperature on a plate shaker. Plates were washed 4 times, each with

300pl per well PBS / 0.05% Tween 20. Following the final wash, the plates
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were tapped dry and drained inverted, onto tissue. lOOpl substrate (o- 

Phenylenediamine Dihydrochloride in buffered solution containing urea 

hydrogen peroxide, Sigma Chemicals, Poole, UK) added per well. Colour 

was allowed to develop for 15 minutes at room temperature with gentle 

agitation and then stopped by the addition of lOOpl 2M H 2 S O 4 .  

Absorbence values were measured at A 4 9 0  using a Dynatech plate reader.
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Results 

2.3.1. Rabbit Immunisation Using Whole Leptin

A single earbleed sample was taken from the animal prior to immunisation 

to compare the response. Earbleeds taken subsequent to immunisation, at 

24 day intervals, showed an increasing titre over time as shown in table

2.3.1. A further injection was administered 49 days post-immunisation^^ 

with the intention of enhancing the yield and to prevent a deterioration in 

the response. The titre was maintained but did not increase to any 

significant degree. Antiserum was harvested at fourteen day intervals, 20ml 

per bleed on four occasions to minimise the stress to the animal. Vials were 

stored at -70°C.

2.3.2 Monoclonal antibodies: Peptide Immunisations

Of the two animals immunised with each peptide, the ones exhibiting the 

best response as determined by ear-bleeds were maintained and 

administered with further boosters, according to the protocol. Following 

splenectomy, after terminal anaesthesia, the spleen derived lymphocytes 

were fused with the plasmacytoma cells and incubated for seven days. The 

fusions produced a total of 23 viable hybridoma cell lines initially 

producing the required antibody and with the correct morphology as 

determined by microscopic examination and expanded to 2ml cultures. 

There were approximately equal numbers of positive hybridoma cells for 

each of the three immunising peptides. The supernatant solutions were 

assayed for antibody activity on three separate occasions, seven days apart, 

against leptin in both the solid and the liquid phases. Using these result 

and microscopic examination, nine cell lines were tested for antibody sub-
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Figure 2.3.1 Development of Polyclonal Antibody Response in Immunised Rabbit

Time in Immunisation Course Solid Phase Screen* Liquid Phase Screen̂

Day 0 (pre-immunisation)
o

Day 24 post-immunisation 2.4 xlO'* 2.5x l(r

Day 48 post-immunisation 4.1 X 10' 5.0 X10’

Day 96 post-immunisation 6.1 X 10’ 7.5 xlO ’

* Dilution of antiserum required to give an absorbance value of 1.0 absorbance units
** Dilution of antiserum required to bind 50% ^^I-leptin 

Pre-immune serum gave an absorbance value of 0.3 at a 1:50 dilution and a background cpm of 250



class. Eight of these were selected for production of ascities (one of the cell 

lines was producing IgM indicating an immature immune response and 

was subsequently frozen). Of the antibodies produced from the remaining 

cell lines, one was directed against peptide 3, one against peptide 4 and the 

remaining six against peptide 6. These were successfully used to produce 

ascities in mice and retained their antibody producing ability. Results are 

summarised in table 2.3.2.

2.3.3 Monoclonal antibodies: Whole Leptin Immunisation

Earbleeds from animals demonstrated high titres of antibodies following 

immunisation. After fusion of the spleens of the three animals, 30 

hybridomas were successfully cultured and cloned. These were expanded 

up to 2ml cultures and screened microscopically and with leptin in the 

solid phase only, at seven day intervals. Cells demonstrating a positive 

response were continued in addition to some that had registered a positive 

response earlier on in the screening but not specifically at 21 days. In total, 

16 cell lines were continued through either their antibody production or the 

viability of the cells. Following a final screening, six were producing 

antibodies although these were of a low titre. These were continued for a 

further two weeks without significant improvement in the antibody titres. 

The cell supernatant solutions were removed and stored and the cells 

frozen without further action. Results are summarised in table 2.3.3.

2.3.4. Monoclonal antibodies: Popliteal and Inguinal Derived

Lymphocyte Fusions

Lymphocytes derived from the popliteal and inguinal lymph nodes, 

following footpad immunisations, were fused at a ratio of 4:1 (popliteal :
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Figure 2.3.2. Screening of Hybridoma Supernatants Resulting
from Peptide Immunisations and Initial Elimination

ID a-Peptide Signal 1 Signal 2 Clone

9C3/C8 3 +/”/• X
9F11/G11 3 +/-/“ X
34E5 3 +/+/+ +/+/+ y IgGs ascities/freeze
8G1 3 -/+/- -/-/» X
8B2 3 +/+/+ +/-/- X
9C3 3 -/+/“ X
9F11/E9 3 -/+/- X
9C3/B6 3 -/+/“ X
9C3/A8 3 +/+/+ +/+/+ y IgM freeze
8D6 3 -/+/- X

23H10 4 -/+/- +/-/“ X
20A1 4 +/+/+ +/+/+ y IgG] ascities/freeze
20G11 4 +/-/- X
23H10 4 -/+/- X
20G11 4 +/+/- +/-/- X
211312 4 +/+/- +/-/- X
22F4 4 -/+/- +/+/“ X

15H5 6 +/+/+ +/-/- y " 4  IgGi ascities/freeze
18F12/E7 6 +/+/+ +/+/+ y IgGi ascities/freeze
18D1 6 +/+/+ +/+/- y IgGi ascities/freeze
14H3 6 +/+/+ +/+/- y IgGi ascites/freeze
18F12/E12 6 +/+/+ +/+/- y IgGi ascities/freeze
9F11/E9 6 +/+/+ +/+/+ y IgGi ascities/freeze

Measurements made on three separate occasions using both leptin in the liquid phase (Screen 1) and 
leptin bound to the solid phase (Screen 2) to monitor the progress of antibody production by the 
hybridomas and assess the suitability for ascities production.

Screen 1 = leptin in liquid phase
Positive Control Screen 1 = 2000 counts per 300 seconds
Negative Control Screen 1 = 500 Counts per 300 seconds

+ = net signal >500 counts per 300 seconds above negative control
- = net signal < 500 counts per 300 seconds above negative control

Screen 2 -  leptin in solid phase 
Positive Control Screen 2 = 2.0 Absorbance units 
Negative Control Screen 2 = 0.26 Absorbance units 
Zero value = 0.02 Absorbance units

+ = net signal > 0.5 absorbance units above negative control
- = net signal < 0.5 absorbance units above negative control

Clone y = yes, x = no (cells frozen)
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Figure 2.3.3 Screening of Hybridoma Supernatants Resulting
from Leptin Immunisations and Initial Elimination

I D Screen 1 Screen 2 Continuation Class/Sub

ID4 -/-/%
ID9 +/+/+ positive y IgGz.
IFIO -/-/%
2B7 - /x /x
2D12 - / - /x
2E5 - / - /x
2F1 -/+/+ negative n
2H1 +/+/+ positive y IgG,
3C6 -/+/- negative n
3D12 -/+/-
3E4 +/+/+ positive y IgO,
3G1 - / - /x
4B7 -/+/- negative n
4C6 -/+/- negative n
402 -/+/- negative n
5D10 -/+/* negative n
6B9 -/-/x
6C1 - / - /x
6C4 -/+/- negative n
6D4 -/+/- negative n
6D9 negative n
6D12 -/+/- negative n
6H3 */"/x
7A8 -/-/x
7A12 -/-/x
7B6 -/-/x
7C1 -A/x
7D1 +/-/X
7D6 +/+/- positive y IgG,
706 -/-/x
8F7 +/+/+ positive y IgGzb
8F10 +/+/- positive y IgGza

Positive Control = 2.0 Absorbance units 
Negative Control = 0.26 Absorbance units 
Zero value = 0.05 Absorbance units

Screen 1 = results of three consecutive measurements of antibody activity with leptin bound to 
the solid phase. Key: + = net signal > 0.5 absorbance units above negative control, - = net signal 
<0.5 absorbance units above negative control, x = cell line discontinued.

Screen 2 = results of screening continued cell lines following inoculation in Bioreactor with 
leptin bound to the solid phase. Key: positive = = net signal > 0.5 absorbance units above 
negative control, negative = = net signal < 0.5 absorbance units above negative control.

Continuation: Cell stocks discontinued due to low signal are frozen, an aliquot of cell lines 
continued are frozen. Continued cells are allowed to proliferate in culture for a further two weeks 
and then re-tested.
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P3/X63-Arg.8.653) or 10:1 (inguinal : P3/X63-Arg.8.653) twelve days 

after initial immunisation. Screening of the supernatant solution of cells 

which appeared to be viable from microscopic examination v^th leptin 

bound to the solid phase revealed that none of the cells were producing 

antibodies. The cells were continued for a further two weeks, with no 

change in the result, before the experiment was abandoned. Results are 

summarised in table 2.3.4.
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Figure 2.3.4 Screening of Hybridoma Supernatants Resulting from
Leptin Immunisations and Inguinal and Popliteal Fusions: Initial

Elimination

ID Screen 1 Screen 2 Contin

1F7 <0 <0 n
1H5 <0 <0 n
2B8 <0 <0 n
2D12 <0 <0 n
2F6 <0 <0 n
2H3 <0 <0 n
3D11 <0 <0 n
3E9 <0 <0 n
4A9 <0 <0 n
4C5 <0 <0 n
4D9 <0 <0 n
4H12 <0 <0 n
5A4 <0 <0 n
5A7 <0 <0 n
5E12 <0 <0 n
6F10 <0 <0 n
6D9 <0 <0 n
6H2 <0 <0 n
7A5 <0 <0 n
7D10 <0 <0 n
7F11 <0 <0 n
7A1 <0 <0 n
8D4 <0 <0 n
8B9 <0 <0 n
8G8 <0 <0 n
9H4 <0 <0 n
9H5 <0 <0 n
9C2 <0 <0 n
9G10 <0 <0 n
9H1 <0 <0 n

Screen 1 = leptin in the liquid phase where NSB (normal mouse serum) = 258 cpm, 0 = 630 cpm. 
Total cpm = 18,700, positive control = 6000 cpm at 1:5000 dilution (polyclonal antibody)

Screen 2 = leptin bound to the solid phase where NSB (normal mouse serum) = 0,2 absorbance 
units, 0 = 0.05 absorbance units, positive control >2.5 absorbance units at 1:10,000 dilution.

Continuation: all stocks abandoned due to lack of response.
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Discussion

2.4.1 Polyclonal antiserum

The development of the immune response to human leptin in the rabbit was 

highly successful with titres increasing up to 96 days post-immunisation. 

The rabbit leptin sequence has not been deposited in the Swiss-Prot 

sequence data base, to date, but these results suggest that it is highly 

diverse tfom either the mouse or the human sequences. This could be 

indicative of a different mode of action of leptin in ruminant animals.

2.4.2 Monoclonal antibodies; Peptide Immunisations 

Immunologically, leptin presents a potential problem due to the lack of 

structural diversity observed in vertebrates. Alignment of the leptin 

sequences for human, mouse, chimpanzee, etc. demonstrated a 67% 

similarity between the different species at the most conserved regions i.e. 

the helix forming parts (Zhang et al, 1997). Due to lack of difference in the 

leptin molecule between these species, it is unlikely to be recognised as 

non-self by the host resulting in a lack of, or a poor, immune response. The 

use of synthetic peptides as immunogens was intended to confer a two-fold 

benefit. Firstly, it was expected that the peptides would be immunogenic to 

a higher degree than the native molecule, thus improving the immune 

recognition. Secondly, the use of peptides would clearly define the epitopic 

areas on the native leptin molecule therefore facilitating the choice of 

antibody pairs when developing an assay and providing valuable structural 

information, complementary to that already reported.

The most immunogenic peptide was peptide 6, which stimulated the 

production of six monoclonal cell lines. There are two possible reasons
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why this region is so immunogenic. Firstly, the region relating to peptide 6 

in the native leptin molecule contains the most substitutions of amino acids 

between the mouse and human leptin - 8 in total. This makes this region the 

most diverse part of the molecule and therefore, the most likely to be 

recognised as non-self. Analysis of the amino acid substitutions between 

the two animals reveals that for the most part, they are conservative; that is, 

the substitutions have similar size and physio-chemical characteristics. 

With reference to figure 2.1.7, substitution 1 (histidine -  serine), 

substitution 2 (tryptophan -  glutamine) and substitution 6 (leucine -  

proline) in peptide 6 are not conserved changes. These changes may be 

diverse enough on their own to stimulate the level of antibody production 

reported but it is more likely that to be a combination of this, and the 

second reason postulated which is the position of peptide 6 in the native 

molecule. Peptide 6 juxtaposes the solvent cap which masks the 

hydrophobic residues contained in the four helix bundle. This would place 

this molecule in highly prominent position in the native molecule therefore 

increasing the immunogenicity of this region (Zhang et al, 1997).

Peptides 3 and 4 also proved to be immunogenic, although to a lesser 

extent than peptide 6, producing two and one monoclonal antibody 

respectively.

Peptide 3 has one, conservative substitution between the mouse and human 

species (threonine-serine) rendering it unlikely to be immunogenic in its 

own right. In the native molecule, this peptide juxtaposes two very highly 

conserved regions; the A-B joining region and the first half of the Helix B.
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Such positioning must present the peptide in a prominent position in the 

native molecule.

Peptide 4 is the largest of the peptide molecules (30 amino acid residues) 

and represents a large portion of the leptin molecule; the N-terminal end of 

Helix B, the entire BC joining region and almost half of the C-terminal end 

of Helix C.

This region would probably be masked, or exposed to a very limited extent, 

in the native protein topology. The actual region where the antibody binds 

is most likely to be the conjoining inter-helix region. This region also 

contains one of the two tyrosine residues found in the leptin molecule and 

therefore is a potential site for iodination. Radiolabeling of leptin would 

therefore prevent the binding of this antibody by masking this site, making 

it unsuitable for use in a radioimmunoassay.

2.4.3 Monoclonal antibodies; Whole Leptin Immunisation 

The injection of leptin into the systemic circulation of mice was attempted 

based on the rationale that the small differences between the mouse and the 

human leptin molecules would be sufficient to elicit an appropriate 

response of sufficient magnitude to be useful in an assay context. This was 

deemed to be sufficiently likely in retrospect of the results obtained from 

the peptide immunisations where the region relating to peptide 6 is both 

prominent in the native molecule and is the region that contains the most 

differences. This strategy produced an equitable response to that observed 

as a result of the peptide immunisations yielding six possible monoclonal 

antibodies.
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2.4.4. Monoclonal antibodies: Popliteal and Inguinal Derived

Lymphocyte Fusions

No viable antibodies were produced from plasma cells derived from the 

lymphatic tissue of the hind legs of mice. As leptin is a circulating 

hormone, it is not going to be present in the lymphatic circulation which 

drains the interstitial fluid and filters it through the lymphatic tissue and 

returns to the circulation at the thoracic duct. This drainage can be highly 

localised within the lymphatic vessels and each micro-environment will be 

unique with respect to the response elicited in it. As leptin is not normally 

present in this region, its size excluding it from passing in to the tissue 

infiltrate, by injecting leptin directly into the lymphatics, it is conceivable 

that a response will be mounted without initial splenic involvement. 

Unfortunately, unlike some other antigens which have already been 

described, leptin is not immunogenic to any effective degree.

2.5.1 Summary

In summary, the immunisation strategies which I have employed have 

resulted in a panel of antibodies both monoclonal and polyclonal derived, 

which recognise human leptin. These all have the potential to be 

incorporated into a two-site assay format due to the variety of epitopic 

regions on the surface of the native leptin molecule the antibodies 

recognise, respectively.

The next stage is to determine the most effective antibody combinations 

and to incorporate them into a usable assay format based on their individual 

binding characteristics.
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Chapter 3

Development of Assays to Leptin 
and their Applications
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3.1.1 Introduction

Immunological material has been used widely in the quantitative and semi- 

quantitative analysis of biological molecules due to the highly specific 

nature of antibody recognition. The first reported assay to make use of 

antibodies was a radioimmuno-assay for the measurement of insulin 

(Yarow & Berson, 1959) for which they won the Nobel Prize. 

Immunoassays are now commonplace in the laboratory and numerous 

assays have been developed to measure levels of myriad analytes in a 

variety of biological fluids including serum, plasma, cell culture medium 

and urine.

Immunoassays, as any methodology, must fulfil a number of criteria before 

they can be considered a valid e.g. they must be specific, sensitive, 

accurate and precise. It is also desirable for assays to be easy to use and 

quick in their execution.

Immunoassays can be divided into two categories; limited antibody assays 

and immunometric assays. The relative differences between the two assays 

are discussed below.

3.1.2 Aims of this Study

The aim of this study are to utilise the antibodies produced in the previous 

chapter in the setting up of a radio-immuno assay and two-site sandwich 

ELISA for human leptin.

3.1.3 Limited Antibody Immunoassays

In these assays, the antibody is present in limited concentration ensuring 

that when all antibody molecules are saturated, the antigen is in excess. By 

inclusion of labelled and unlabeled antigen, a competition will be
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established between the two forms of the molecule for binding to the 

limited antibody. Once at equilibrium, equal concentrations of each 

labelled and unlabeled antigen will each be bound to the same number of 

antibody molecules (assuming that the antibody has equal affinity for 

both). Addition of more unlabeled antigen will displace a proportional 

amount of labelled antigen and shift the equilibrium constant accordingly. 

Addition of known amounts of unlabeled antigen to a system which 

contains a fixed amount of labelled antigen allow construction of a 

standard curve by measuring the amount of labelled antigen bound when 

the total complement of antibody molecules are isolated. From this, 

unknown samples can be quantified by comparison of the labelled 

proportion recovered with the antibody fraction (Figure 3.1.3).

Optimal sensitivity of these types of assays necessitates the use of the 

lowest antibody concentration possible, but, as the concentration of other 

reactants decreases, other factors such as reaction speed and accuracy 

become limiting. Therefore, in practice, a compromise is reached between 

sensitivity and antibody dilution.

Ultimately, the sensitivity of the assay will be a function of the affinity of 

the antibody and the error in determining the bound fraction. Affinity 

values typically range from 10"̂ - 10̂  ̂ litres/Mol with affinities increasing 

as the immune response matures (Siskind & Benacerraf, 1969). Even at the 

highest affinity which could be achieved (in the region of 10̂  ̂ litres/mol) 

and Avith the lowest error value unlikely to be less than 1%, theoretically 

the sensitivity limit would be 10̂ "̂  litres/mol. Using Avogardo’s constant.
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Figure 3.1.3 Saturation Immunoassay
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Labeled antigen present in excess quantities; Antibody present in limited quantities resulting in a competition for binding. Binding 
to labeled antigen inhibited by the presence of unlabeled antigen. At equilibrium, level of inhibition dependent on the amount of 
unlabeled antigen present.



the lower limit of detection for this kind of assay would be 10̂  

molecules/ml (Jackson & Ekins, 1986).

3.1.4 Immunometric Assays

This type of assay depends on the use of excess antibody reacting with a 

standard amount of antigen and they were first introduced in 1968 (Mills & 

Hales, 1968). Following reaction, the bound and free antibodies are 

separated and the bound fraction measured. By using sufficient antibody, 

all the antigen will form complexes with the antibody, no matter how low 

the concentration, given sufficient time. With the rate of complex 

formation being equal to Ka [Ag].[Ab], it is theoretically possible to detect 

a single molecule of antigen. One advantage of this assay is the potential to 

use two antibodies recognising distinct, non-overlapping epitopes on the 

antigen. By immobilising the capture antibody to a solid phase, such as a 

microtitre plate, separation of free and bound components is simplified. 

Detection can be achieved using a conjugated second antibody, which will 

recognise an alternative antigenic site on the target molecule, when it is 

immobilised by the capture antibody (Figure 3.1.4). This form of 

“sandwich” assay, referred to as an enzyme linked absorbent assay 

(ELISA), is the format of choice for this type of assay, but is not exclusive. 

Many variations of the ELISA have been developed, mostly differing by 

the detection method.

When the antibody is in excess, additional problems of specificity can arise 

especially when using polyclonal antiserum as the source of antibody. 

Excess antibody in solution increases the probability of cross-reactivity 

with unrelated antigens present in the antigen matrix. The use of highly
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Figure 3.1,4 Two-Site Sandwich Enzyme Linked Immuno-Sorbent Assay
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An excess of antibody, bound to a solid phase, binds one epitope on the antigen while a second antigen conjugated to a enzyme binds 
to an unrelated epitope and enables detection of the bound antigen and subsequent quantification.



purified antibodies (especially derived from affinity chromatography) or 

monoclonal antibodies has largely circumvented this problem and will 

ultimately result in improved assay performance.

3.1.5 Detection Methods

Following production of antibodies and a decision has been made as to 

which type of assay will be developed, it is necessary to apply a signalling 

system into the assay so that comparative determinations can be made 

between standards of defined concentration and samples of unknown 

concentration based on the strength of the signal.

Signals can be colourimetric, created by the conjugation of an enzyme to 

either the antibody or the test molecule and then incubating the complex in 

the presence of an appropriate substrate for the enzyme which will yield a 

coloured end point which can be detected in a spectrophotometer or 

automated plate reader. They can also be fluorimetric which emit light at a 

particular wavelength following excitation by light at a higher wavelength 

(usually UV). Finally detection can be through the incorporation of a 

radioactive molecule which can be measured using y counters or 

scintillation depending on the radionuclide and the type of radioactivity to 

be measured. Either the antibody molecules or the actual molecule being 

analysed can be labelled.

3.1.6 Choice of Label

The detection system incorporated into an assay is dependent on a number 

of factors the number and type of antibodies available for use, the relative 

ability of both the analyte or antibodies to be labelled and the experiences
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and preferences of the inventor. The major two types of label incorporated 

are radioactive or enzymatic.

3.1.6a Radionuclide Incorporation

A number of radioactive markers can be incorporated into biological 

molecules e.g.. ^H, and Radiotracers can be conjugated to

either the immunological molecule in immunoradiometric assays or 

conjugated to the ligand in the limited antibody assays. Assays 

incorporating radioisotopes as a tracer molecule are known as 

radioimmuno assays.

is one of the most commonly used isotopes in radioimmuno assays 

through the ease of iodine incorporation into tyrosine residues. At a pH of 

7 - 8 ,  the aromatic ring of tyrosine residues is conferred in the ortho 

position. This is due to the electron donating effect of the neighbouring 

hydroxyl group and leaves the ring vulnerable to electrophilic attack, 

lodous ions (1̂ ) formed in the presence of an oxidising reagent, act as 

electrophilic agents facilitating the incorporation of the (Bolton et al, 

1979). Improved incorporation has been shown using the oxidising agent 

Chloramine-T in excess (Greenwood et al, 1963). Harsh oxidising 

conditions are damaging to the molecule which is being iodinated i.e. the 

oxidation of methionine to methionine sulphoxide (Alexander and 

Jennings, 1975 and Alexander 1973) and tryptophan to oxindole (Pennisi 

and Rosa, 1969). Oxidative damage, especially to the structure of the 

protein molecule, through the involvement of methionine and tryptophan 

residues will alter the immuno-recognition and bioactivity of the molecule. 

The consequence of this could be a diminished affinity of the antibody for
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the molecule or even, a complete loss of recognition. A milder option is the 

use of the sparingly soluble chloramine 1,3,4,6-teterochloro-3,6-diphenyl 

glycoluril (lodogen) (Salackinski et al, 1981; Greenwood et al, 1963). This 

reagent is milder than ChloramineT and increased incorporation 

efficiencies have been reported when used. One final option, N- 

succinimidyl 3-(4-hydroxy,5[^^^I]/ot/op/ze«y/)propionate (Bolton Hunter 

reagent) is a modification of the ChloramineT methodology which can be 

used for incorporation into extremely labile proteins and those which have 

no tyrosine residues. The radioisotope is conjugated to amino groups via an 

active ester linkage.

The signal produced by tracer molecules is detected using a y-counter. 

The sample is surrounded by and adjacent to a crystal of sodium iodide, 

containing small amounts of thallium. Gamma radiation emitted from the 

sample is absorbed by the crystal and inter-converted into photons which 

are detected by a photomultiplier tube.

Radionuclide incorporation is a preferable option in labelling biological 

materials due to the low natural background in the environment and the 

fact that radioactive disintegration is independent of the chemical or 

physical nature of the assay. On the downside, incorporation of 

radionuclides compromises the sensitivity of the assay. Assay background 

is usually above 30cpm and the detection of efficiency around 50%. 

Assuming that each molecule is labelled with one molecule, a total of

250,000 molecules would be required to obtain a rate of 1 cpm. For 

sufficient signal to noise ratio for this to be a viable option, several million
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molecules will need to be bound as opposed to the theoretical one signal 

molecule needed for immunometric assays.

3.1.6b Enzyme Conjugation

Enzymes are also used as tracer molecules and immunoassays using 

enzyme labelling systems are known as immunoenzymetric assays 

(lEMA).

The use of enzymes as the tracer have a distinct advantage over the use of 

radioisotopes in so much as a single enzyme can convert numerous 

substrate molecules to detectable products per unit time, depending on the 

turnover number of the respective enzyme. Enzyme assays are limited by 

the sensitivity of the detector and the poor optical and chemical 

reproducibility of cuvettes and microtitre plates additional to endogenous 

catalysts present in the sample. Additionally, enzyme generated signals can 

be influenced by the chemical and physical properties of the assay itself. 

Enzyme substrates are usually colourless which are then converted to a 

coloured product through the catalytic action of the enzyme making it 

necessary to chose a substrate system appropriate for the enzyme used and 

one where the product is soluble. To this end, the substrate must be 

dissolved in an appropriate buffer which has the optimum pH and ionic 

strength for peak enzyme efficiency.

Normally, substrate development proceeds for a fixed period of time before 

the reaction is terminated by addition of a denaturing or chaotropic agent 

such as sulphuric acid which can confer a change in the colour of the 

substrate molecule. Detection using this system will require the recording
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device to be able to operate at the end point wavelength rather than the 

initial product of the reaction if appropriate.

Enzymatic reactions can also be used to produce intermediate products 

such as co-factors which are then utilised by a second enzyme to produce a 

coloured end product. This is refered to as a coupled reaction and is 

particularly beneficial when high sensitivity is required. Incorporation of a 

redox system which can continually regenerate a co-factor permit many 

molecules of substrate to be turned over per unit time, effectively 

amplifying any signal. An example of this is described in Chapter 4. 

Commonly used enzymes include Alkaline Phosphatase (B.C.3.1.3.1) and 

Horse Radish Peroxidase (E.C. 1.11.1.7). Alkaline phosphatase cleaves 

organic phosphate groups from molecules and is typically used in 

conjunction with p-nitrophenol as a substrate Here, cleavage of the 

phosphate group produces a coloured product from the colourless 

substrate. Horse Radish peroxidase is used in conjunction with hydrogen 

peroxide and a colourless substrate (e.g. o-phenylenediamine) which acts 

as an electron donor for the reduction of the hydrogen peroxide by the 

enzyme. Subsequent redox reduction of the colourless substrate yields a 

coloured product. Alternatively, an amplification method could be 

employed whereby co-factors necessary for the development of the signal 

are in redox system, for a fixed period of time. This system usually 

incorporates the enzymes diapharose and alcohol dehydrogenase (see 

figure 4.1.10) (Self et al, 1986).

Conjugation of the enzymes to the antibody molecule can be achieved 

through a number of methods. Non-functional glycosylation of alkaline
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Figure 4.1.10 Signal Amplification System Incorporated in R&D Systems
High Sensitivity Cytokine ELISA

Diaphorose

INT" Violet ----------------------------------- ► Formazan

Pi

NADPH ► NADH NAD+
4 -------------------------------------

Alkaline
Phosphatase

Acetaldehyde M------------------------------------- Ethanol

Alcohol Dehydrogenase

Intial enzymatic déphosphorylation o f NADPH provides reduced co-factor necessary for the reduction of INT-Violet dye to coloured end product (Formazan). 
A continuous supply o f reduced co-factor is provided by oxidation of ethanol to acetaldehyde catalysed by alcohol dehydrogenase. All reactions are terminated 
simultaneously by introduction o f a chaotropic agent and colour intensity measured spectrophotometrically at 490 nm (X correction at 650 or 690 run).



phosphatase provides an excellent anchoring point by forming a Schiff s 

base under reducing conditions. Alternatively, heterobifunctional cross- 

linking molecules such as N-succinimidyl 3 -(2pyridoyIdithiol) proprionate 

(SPDP) can be attached to free amine groups without disruption to the 

molecule’s structure or reduction using a homobifunctional cross-linker 

e.g. gluteraldehyde can be used as highly effective conjugating agent 

(Avrameas & Temynck, 1969). These are discussed in section 3.2.18.

3.1.7 Choice of Assay

When deciding which assay format to employ, it is important to examine 

the raw material available for the task. The multivalency of polyclonal 

antiserum allows it to be used in both types of assay although the relative 

affinities of the individual antibody subsets are likely to be considerably 

variable. Despite this, polyclonal antiserum has been used as both capture 

and detector in sandwich ELISA. Monoclonal antibody based assays 

demonstrate improved reliability and reproducibility along with the 

potential for producing high affinity antibodies.

Assays can be solution based or can incorporate a solid phase which to 

which one of the antibodies can be anchored. By having one of the 

antibodies fixed to an insoluble support facilitates the separation of the 

bound and free components prior to detection. Examples of solid phases 

include microtitre plates which are specifically designed for this purpose. 

The ease of label incorporation into one of the assay components is equally 

pivotal on deciding the eventual assay format whether it is the analyte or 

one of the detector molecules. Additionally, the type of label used will be
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largely dictated by the degree of sensitivity required and which analysis 

instrumentation is at the disposal of the operator.

The following strategy will be used for the development of assays for 

leptin;

1. The antibodies produced, as described in the previous chapter, 

will be assessed with regard to their ability to recognise leptin in the liquid 

phase and bound to solid support.

2. Antibodies with an acceptable affinity for leptin in the liquid 

phase will be assessed for their ability to bind to leptin and un- 

iodinated leptin, competitively. Using dilutions of cold leptin, within the 

physiological range, the optimum conditions for competitive binding will 

be determined. The ability to recognise leptin in serum samples

3. Selection of monoclonal antibody pairs capable of simultaneously 

binding to leptin selected on the basis of both their ability to bind and 

recognise different epitopes on the leptin molecule and their relative 

affinities for each epitope and native leptin. Potential detection antibodies 

will be conjugated to horseradish peroxidase and the response to leptin in 

the physiological range and leptin in serum samples will be assessed.

4. Validation of sensitivity, specificity, reproducibility and

response of the respective assays.
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Methodologies

3.2.1 Antibody Collection

Polyclonal antiserum was raised in rabbits, as previously described 

Antibodies were harvested in 4 x 20ml bleeds and tested for leptin affinity 

with the antigen in both the liquid and the solid phases respectively. The 

efficacy of crude antiserum and the isolated IgG fraction were compared 

Monoclonal antibodies were harvested in both ascities and in RPMI (Life 

Technologies, High Wycombe, UK) culture medium collected from the 

bioreactor. Ascities samples were purified according to the protocol for 

serum. Bioreactor medium was typically in a quantity of up to 50ml 

necessitating a concentration step prior to purification.

3.2.2 Antibody Concentration

Antibody was precipitated from culture medium using ammonium 

sulphate. A saturated solution of ammonium sulphate was prepared by 

stirring lOOg of the salt in 100ml d.H2 0  overnight, with gentle heating. The 

solution was then left static for 1 hour and the saturated ammonium 

sulphate poured off from any undissolved salt.

4ml saturated ammonium sulphate solution was added to 10 ml antibody 

solution (30% total w/v), dropwise, with gentle stirring, and incubated at 

+4°C for 1 hour. Samples were then centrifuged at 3500 rpm for 15 

minutes and the precipitate resuspended in 0.2ml d HzO. The resuspended 

precipitate was desalted using a PD-10 (Amersham Pharmacia Biotec, 

Amersham, UK), pre-equilibrated with 20 x volume 0.15M PBS column 

and 0.5ml aliquots were collected and protein containing fractions 

identified using the Lowry Method (Biorad, Hemel Hempsted, UK). Purity
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of the antibody containing fractions was clarified on a 12% SDS- 

Polyacryamide Gel with 5 % staking gel. This separates protein molecules 

according to the basis of their size alone - the charge is masked by the 

inclusion of the detergent sodium dodecylsulphate (SDS) (Llamelli et al, 

1967). lOul of each purification sample was mixed with 30pl loading 

buffer (O.IM Tris, 0.15M glycine, 50% glycerol, 5% SDS, 0.05% 

bromophenol blue, 20% p-mercaptoethanol) and boiled for 4 minutes. The 

total volume was loaded onto the gel and run at a constant lOOV for 1 hour 

accompanied by samples, unpurified medium and molecular weight 

markers (Sigma Chemicals, Poole, UK) . The gel was washed for 10 

minutes in d.H2 0  then stained for 1 hour at room temperature using 5:3:2 

methanol: acetic acid: d.H2 0  mixture containing 0.5% bromophenol blue. 

The gel was then destained for 1 hour and then overnight with a 5:3:2 

methanol: acetic acid: d.H2 0  mixture. The gel was visualised and 

photographed using a Gene Works transilluminator (UVP, Cambridge, 

UK)

3.2.3 Protein G Purification of Crude Antiserum

IgG fractions were isolated from the crude antiserum and ascities using 

HiTrap Protein G Affinity Columns, 1ml (AmershamPharmaciaBiotec, 

Amersham, UK).

Protein G is a 17000 KDa cell surface protein of the Group G streptococci 

which serves as a Type III Fc receptor. This binds to the Fc region of IgG 

through a non-immune mediated method (Guss et al, 1986). The binding is 

similar to that observed using Protein A derived ifrom Staphylococcus 

auras but has a different binding specificity depending on the origin of the
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IgG. Protein G binds more strongly to polyclonal species than Protein A 

and has the added advantage of binding to mouse IgG] (Figure 3.2.3). 

Recombinant Protein G is harvested from E.coli and consists of two IgG 

binding regions and the deletion of the albumin-binding region to prevent 

any deleterious cross reactions. The purified protein is cross-linked to 

agarose beads using the N-hydroxysuccinate method giving high binding 

capacity and high performance. Although dependent on the 

immunoglobulin source, flow rate during application and sample 

concentration, the maximum binding capacity is estimated to be in the 

region of 25mg IgG/ml gel. The gel is stable over pH range 2-10 and 

tolerates all commonly used aqueous buffers and detergents, dénaturants 

and chaotrophic agents.

1ml antiserum was mixed with 2ml binding buffer (20mM Na-phosphate, 

pH 7.0) and taken up into a 5ml syringe. The twist off cap was removed 

from the HiTrap column and the screw cap bottom removed, after the 

column had reached room temperature to allow drainage of the 

preservative before being equilibrated with 1 0 ml binding buffer, at 

equitable temperature. The 3ml serum solution was slowly passed through 

the column, the effluent recollected and passed through the column a 

second time. Non-specific artefacts binding to the column were removed 

by washing with 2 0 ml binding buffer introduced to the column through a 

20ml syringe. Bound fractions were eluted using O.IM glycine-HCl, pH 

2.7. 1ml fractions were collected into 200jnl IM Tris, pH 9.0 to neutralise 

the acidity. Protein containing fractions were identified
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Figure 3.2.3 Comparison of Relative Binding Strengths of Polyclonal 
IgG from Various Species to Protein A and Protein G

Species

Human

Protein G Protein A

IgGl ++ -H-
IgG2 ++ 4__j_

IgG3 "M" -
IgG4 -H- -H-

Rabbit 44-

Cow -H- ■f

Horse 44- -

Goat 44- 44-

Guinea Pig 4" -

Sheep -H- -

Dog 44- 4-4-

Pig 44- 4-4-

Rat -k* -

Mouse 4- (+)'

Chicken

= STRONG BINDING 
+ = MEDIUM BINDING 
- = WEAK OR NO BINDING 
* = Rat IgG binds Protein G bound to a matrix 

** = Mouse IgG, binds Protein G stronger than Protein A
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spectrophotometrically at Azgo, pooled and desalted using a PD-10 buffer 

exchange column (Pharmacia, Sweden) aliquoted, and stored at -70°C.

3.2.4 Protein Estimation

Protein was determined using the modified Lowry method (Peterson, 

1977), which has been further adapted for estimation of protein content in 

detergent containing samples and optimised for use in the microplate 

format (Biorad, Hemel Hempsted, UK). The principle of the assay is that 

alkaline cupric tartrate reagent complexes with the peptide bonds. On 

addition of Folin & Ciocalteu’s phenol reagent, the complexes form a 

blue/purple colour which can be measured at A750. Standards of known 

protein concentration were prepared from crystalline bovine serum 

albumin fraction V (Sigma Chemicals, Poole, Dorset, UK). Reconstitution 

of the standard and subsequent dilution to concentrations appropriate to the 

assay range were conducted in diluent equitable to that of the sample. 

Standards were prepared to give concentration of 1, 0.75, 0.5,0.25, 0.1 and 

0 mg.ml'^ and 5pi standard or sample, in duplicate, was pipetted into a 96 

well microtitre plate in positions allotted according to a pre-prepared plate 

plan. 25pl Lowry reagent was added to each well and allowed to react at 

room temperature with gentle agitation (the presence of detergent in the 

sample necessitates the inclusion of an additional reagent at a 

concentration of 1:44 to the Lowry reagent). 200pl of the phenol reagent is 

pipetted into each well and incubated at room temperature for 15 minutes 

to allow maximum colour development. The absorbence values of each 

well were then determined at A 7 5 0  within 30 minutes and the sample 

concentrations calculated from the response of the standards.
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3.2.5 lodination of Leptin: Modified Chloramine T Method

Leptin was iodinated using a modification of the Chloramine T method 

(Greenwood et al, 1963). 15pl recombinant human leptin (Img.mf*), lOpl 

0.25M Phosphate buffer, pH 7.4, Img.mf* Chloramine T (Sigma 

Chemicals, Poole, Dorset, UK) in 0.05M Phosphate buffer, pH 7.4 and 

18.5MBq Na-I*^  ̂were incubated together, on ice, for 35 seconds when the 

reaction was quenched by the addition of 50pl 0.5mg.ml‘  ̂tyrosine in 0.5M 

phosphate, pH 7.4. Labelled protein was isolated from free iodine using a 

PD-10 desalting column pre-equilibrated with 0.15M phosphate buffered 

saline containing 1% (w/v) bovine serum albumin. 0.5ml aliquots were 

collected and y emissions of lOpl of a 1:100 dilution of the eluates were 

counted for 60 seconds using a NE 1600 gamma counter (Nuclear 

Enterprises Ltd, Edinburgh, UK). The labelled protein was represented by 

the first peak of radioactivity.

3.2.6 Evaluation of Efficiency Of Iodine Incorporation

lOpl of each fraction was removed to a clean, labelled LP3 tube and

diluted with 990pl 0.05M phosphate buffer, pH 7.4. Tubes were mixed and

lOpl from each tube removed to a fresh LP3 tube. All tubes, including the

total count tube, were counted on the Gamma Counter (Nuclear

Enterprises, Edinburgh, UK) for one minute. A further lOOpl 0.5M

phosphate buffer was added to each tube in addition to 1ml 1 0 % (v/v)

trichloroacetic acid (TCA) solution. The tubes were briefly vortexed and

incubated at +4®C for 30 minutes. The tubes were then centrifuged at 350g

for 10 minutes at +4®C and the supernatant decanted. The y-emissions

from the pellets were counted as before and those demonstrating >90%
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perceptible counts per minute were retained. The percentage counts 

precipitated in the total counts tube were considered as a measure of the 

percentage incorporation of label into the protein.

3.2.7 Titration of Antibodies in the Solid Phase

Recombinant human leptin (R&D Systems, Oxon, UK) was coated onto 

the wells of an Immulon 4 microtitre plate (Nunc, Loughborough, UK) at a 

concentration of Ipg.ml'^ in 200pl coating buffer (O.OIM Tris, 0.15M 

NaCl, pH 9.0) for 1 hour at 37°C. Plates were washed once with 400pl per 

well 0.15M PBS/0.05% Tween 20 and then blocked in 0.15M PBS / 3% 

BSA, pH 8.0 for 1 hour at 37®C. Plates were washed 4 times, as before, and 

the remaining traces of liquid removed by gently tapping the plate, 

inverted, onto tissue paper. Crude antiserum or purified antibodies were 

diluted 1:1000 in 0.15M PBS 7 1% BSA, pH 7.4 and then serially diluted 

up to a value of 1: 256,000. 200pl of each dilution was then pipetted into 

the appropriate wells, as dictated by a pre-determined plate plan. Zero 

value control wells contained diluent only, serum from animals prior to 

immunisation was also used, where available, as a negative control at a 

dilution of 1:1000. In lieu of pre-immunised animal serum, commercially 

bought normal serum for the relevant species, at the same dilution, was 

used. Positive controls consisted of known antibody containing solutions 

diluted 1:10,000 in the same diluent as previously stated. The plate was 

incubated for 2  hours at room temperature with gentle agitation and then 

washed 4 times in accordance with the method described previously. 

Secondary antibodies conjugated to the enzyme horseradish peroxidase 

were selected for their ability to recognise the appropriate IgG molecules
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from either mouse or rabbit were diluted in 0.15M PBS / 1% BSA, pH 7.4, 

to the suppliers’ specifications and 200p,l was added per well. The plates 

were incubated for a further 1 hour at room temperature with gentle 

agitation and then washed as previously described and any residual liquid 

removed by tapping the plate, upside-down, onto paper towel. lOOpl 

substrate solution (0.08% o-phenylenediamine, 0.5M citric acid, O.IM 

NaCl, 0.03% H2O2, pH 5.0) is added to each well and allowed to react for 

10 minutes until stopped by the addition of lOOpl 2M H 2 S O 4 .  Colour 

intensity is measured at 490nm using a MR7000 Spectrophotometer 

(Dynatech, UK) and the working dilution of each antibody is estimated 

from the highest dilution giving an absorbance value of 1.5.

3.2.8 Titration of Antibodies in the Liquid Phase

-  leptin was diluted 1:2500 in 0.15M PBS / 1% BSA, pH 7.4 to give a 

total count per minute value of 20,000 in lOOpl. Each antibody, in both the 

crude and purified states, were diluted in 0.15M PBS / 1% BSA, pH 7.4, to 

give values of 0.1, 0.01, 0.001, 0.0001 and 0.00001 m g.mf\ Blank tubes 

contained lOOpl diluent in the place of antibody , non-specific binding 

(NSB) tubes contained lOOpl of non-immunised animal serum in place of 

antibody, total count tubes contained lOOpl -  leptin. lOOpl of each 

antibody dilution was added to an RD40 polypropylene test tube along 

with lOOpl of iodinated leptin. The tubes were briefly vortexed and 

incubated for 4 hours or overnight at +4®C or at room temperature, for 

comparison.

Following each respective incubation, lOOpl of Sac-Cell Solid Phase

Antibody coated Cellulose Suspension (IDS, Tyne & Wear, UK)
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appropriate for the species from which the antibodies were derived was 

added to each tube. Sac-Cell consists of a secondary antibody raised 

against IgG molecules of a specific species, covalently attached to 

cellulose beads. This effectively combines the specificity of a liquid double 

antibody procedure with the speed, precision and simplicity of a solid 

phase separation.

The tubes were vortexed briefly and incubated at room temperature for 1 

hour. 1ml ice-cold H2O was added to each tube and all tubes were 

centrifuged at 5000 rpm for 15 minutes at +4®C. All liquid was aspirated 

from the tubes and a further 1ml ice-cold H2O was added to the tubes and 

the process repeated.

Cell pellets were counted for 1 minute and expressed as a percentage of the

total counts added to the tube once corrected for the background counts.

3.2.9 Displacement of Cold Leptin by Iodinated Leptin

100|il polyclonal antibody, diluted 1:5000 in 0.15M PBS/1%BSA, and

lOOpl cold leptin diluted in 0.15M PBS/1%BSA, to give concentrations of

40, 20, 8 , 4, 2 & 1 ng.mf' respectively were incubated, overnight, at room

temperature, in triplicate. Non-specific binding was assessed with lOOp.1 of

non-immunised rabbit serum in place of the antibody and zero counts, by

substitution of lOOpl diluent for sample. lOOpl of iodinated leptin diluted

1:4000 in 0.15M PBS/1 %BSA to give 20,000 total counts per minute per

lOOpl was added to each tube and left to incubate for a further 24 hours at

room temperature; total counts tubes contained lOOpl iodinated leptin

alone. Following the further incubation period, 200pl anti-rabbit IgO-Sac

Cell (IDS Ltd, Tyne & Wear, UK) was added to all tubes, excluding the
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total counts, and incubated for a further 2  hours at room temperature. 

Tubes were washed (except total counts) with 1ml ice-cold H2O and then 

spun for 15 minutes at 2700 rpm. The supernatant was aspirated and the 

wash step repeated. The last traces of moisture were removed from the 

pellets and they were counted for 1 minute in the Gamma Counter (Nuclear 

Industries, Edinburgh, UK).

3.2.10 Preparation of Standard Stock

Recombinant human leptin (R&D Systems, Oxon, UK) was reconstituted 

to give a 2 mg.ml’* solution. This was diluted 1:1000 in PBS/1%BSA and 

then further diluted 1:20. The final concentration of 100 ng.ml'* was used 

as a top standard and serially diluted in PBS/1%BSA to give a range of 

standards representative of the range observed in human subjects i.e. 1 0 0 - 

<0.5 ng.ml'\

3.2.11 Determination of Optimum Time and Temperature for 

Radioimmuno Assay

Polyclonal antiserum was diluted in 0.15M PBS/1 % BSA to dilutions of 

10̂ , 5x10^, 10\ 2.5x10 \ 5x10"̂  & 7.5xlO\ lOOpl of each dilution was 

incubated with lOOpl I^^^-leptin. Non-specific binding was assessed with 

non-immunised rabbit serum and total counts with label only. Tubes were 

incubated at room temperature for 4 hours or at +4®C for 4 hours or at 

room temperature. Following each respective time course, 200|l i1 anti

rabbit IgG Sac Cell was added to each tube and incubated at room 

temperature for 2 hours. Tubes were washed (except total counts) with 1ml 

ice-cold H2O and then spun for 15 minutes at 2700 rpm. The supernatant 

was aspirated and the wash step repeated. The last traces of moisture were
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removed from the pellets and they were counted for 1 minute in the 

Gamma Counter (Nuclear Industries, Edinburgh, UK).

3.2.12 Optimisation of Displacement Assay

Anti-leptin antiserum was diluted 1:5000 in 0.15M PBS/1%BSA and lOOpl 

incubated with either 1^^ -̂leptin diluted 1:4000 in 0.15M PBS/1 %BSA to 

give total counts per minute of 20,000 per lOOpl or an equivalent amount 

of leptin standard as diluted from the above stock solution to final 

concentrations of 100, 80, 40, 20, 8 , 4, 2, 1, 0.5, 0.25 & 0.125 ng.ml'^ 

respectively. NSB was assessed with non-immunised rabbit serum in place 

of the antiserum, blank with diluent only and total counts with lOOpl of the 

label only. All tubes were incubated overnight at room temperature before 

addition of either lOOpl labelled leptin or lOOpl of the each of the 

unlabeled standards, respectively. Tubes were vortexed briefly and then 

incubated overnight at room temperature . 200p,l anti-rabbit IgG Sac Cell 

(IDS Ltd, Tyne & Wear, UK) was added to each tube except for the total 

counts and incubated at room temperature for 2 hours. Tubes were washed 

(except total counts) with 1ml ice-cold H2O and then spun for 15 minutes at 

2700 rpm. The supernatant was aspirated and the wash step repeated. The 

last traces of moisture were removed from the pellets and they were 

counted for 1 minute in the Gamma Counter (Nuclear Industries, 

Edinburgh, UK).

3.2.13 Polyclonal Antibody Based Radioimmunoassay for 

Quantification of Leptin

Standards were prepared from the standard stock in 0.15M PBS/1 %BSA to 

give nominal concentrations of 50, 25, 12.5, 5, 2, 1, 0.5, 0.25 & 0.1 ng.ml'^
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respectively. Zero standards contained diluent alone. lOOpl of each 

standard was pipetted into a RT 40 tube, in duplicate. lOOpl of each 

respective serum sample or quality control sample were also added, in 

duplicate, into RT 40 tubes. Anti-leptin polyclonal antiserum was diluted 

1:5000 in 0.15M PBS/1% BSA and lOOpl added to each tube except for 

NSB tubes which contained non-immunised rabbit serum. Tubes were 

vortexed briefly, and then incubated at room temperature for 4 hours. 

Chloramine T iodinated I^^^-leptin was diluted to give 20,000 counts per 

minute per lOOpl and lOOpl added to each tube, including total counts 

tubes, which contain tracer alone. All tubes were vortexed briefly, and then 

incubated overnight at +4®C. 200pl anti-rabbit Sac Cell was added to each 

tube, except total counts and all tubes were incubated at room temperature 

for two hours. Tubes were washed (except total counts) with 1ml ice-cold 

H%0 and then spun for 15 minutes at 2700 rpm. The supernatant was 

aspirated and the wash step repeated. The last traces of moisture were 

removed from the pellets and they were counted for 1 minute in the 

Gamma Counter (Nuclear Industries, Edinburgh, UK).

3.2.14 Determination of Inter- and Intra-assav coefficients of variation 

and recovery of leptin

High and low control samples were constructed by spiking charcoal treated 

pooled serum with recombinant human leptin to final concentrations of 5 

and 20 ng.ml'\ Four duplicates of each of these samples were run per assay 

for 5 assays.
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3.2.15 Comparison of Performance of assay to commercially available 

assay

24 samples were assayed simultaneously using the in-house assay and the 

leading commercially available assay. Performance between the two assays 

was compared using Spearman correlation coefficient (rs).

3.2.16 Determination of Binding Site of Anti-Leptin Antibodies 

Despite the majority of the antibodies produced with potential usefulness 

in an assay were as a result of the peptide immunisations, the epitopic 

region of the leptin molecule needs to be determined in the polyclonal 

antibody serum and the antibodies produced from immunisation with the 

whole leptin molecule. Additionally, it is necessary to determine whether 

there is any overlap between epitopes in the nascent molecule.

Each of the peptides used in the immunisation schedule detailed in Chapter 

2 were diluted to a concentration of lOp-g.ml'  ̂ in coating buffer (O.OIM 

Tris, 0.15M NaCl, pH 9.0) and 200pl of each peptide was added to the 

wells of an Immulon 4 microtitre plate (Nunc, Loughborough, UK) and 

incubated for 1 hour at 37°C. Plates were washed once with 400pl per well 

0.15M PBS/0.1% Tween 20 and tapped dry. 200pl blocking buffer (0.15M 

PBS/1%BSA, pH 8.0) was added to each well and incubated for a further 1 

hour at 37®C. Plates were washed 4 times as before and 200pl of each 

antibody, diluted to concentrations of 1 , 0 .1 , 0 .0 1 , 0 .0 0 1  and 0 .0 0 0 1  

mg.ml'^ respectively in PBS/1 % BSA, pH 7.4 were added to a row of each 

respective peptide plate. Blank samples consisted of diluent alone. The 

samples were incubated overnight at room temperature and the plate then 

washed as before. 200pl of either anti-rabbit or anti-mouse IgG -  HRPO
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conjugate, diluted 1:5000 in PBS/1%BSA, pH 7.4 was added to each well,

as appropriate and incubated for 3 hours at room temperature, with gentle

agitation. Plates were washed as before and lOOpl substrate solution

(0.08% o-phenylenediamine, 0.5M citric acid, O.IM NaCl, 0.03% H2O2, pH

5.0) added to each well. Colour was allowed to develop for 30 minutes

before the addition of lOOpl 2M  H 2 S O 4 .  Absorbance values were recorded

at 490 nm using a MR7000 spectrophotometer (Dynatech, UK).

3.2.17 lodination of Antibodies; lodogen Method

The monoclonal antibodies 18F12, 34E5 and 18F12 were iodinated using

the iodogen method for use in a two-site ELISA for leptin.

A solution of iodogen, 1 mg.ml'\ in dichloromethane was prepared and

dispensed into 20pl aliquots in polypropylene tubes. The dichloromethane

was then evaporated by rotating in a water bath at 37^C to produce an even

film of iodogen in the tube and does not form a suspension which would

result in variable iodinations. The iodogen coated tubes were stored at -

IQpC in the dark for a maximum of 6  months. 1 mg of each respective

antibody in lOOpl 0.5M phosphate buffer, pH 7.0 and 18.5 MBq of

(IMS 30, Amersham Pharmacia Biotech, Amersham, UK) were added to

one of the iodogen coated polypropylene tubes. The solution was incubated

at room temperature for 15 minutes. The reaction was terminated by the

removal of the liquid to a fresh, uncoated tube. lOpl of the iodination

mixture was added to a tube containing 900pl phosphate buffer and lOOpl

of this dilution was transfered to a jfresh tube containing 900pl phosphate

buffer. lOpl of this final dilution was used as a ‘total counts' tube. The

remainder of the iodination mixture was applied to a Sephadex-G25
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column (Amersham Pharmacia Biotech, Amersham, UK), pre-equilibrated 

with 0.5M barbitone buffer containing 0.1% bovine serum albumin, pH 

8.0. The column was eluted into twenty 0.5ml eluates which were diluted 

1:100 in barbitone buffer and lOpl of each dilution counted for one minute 

using a gamma counter (Nuclear Industries, Edinburgh, UK). The first 

peak of radioactivity measured identified the eluate containing the 

radiolabeled antibody. Efficiency of radiolabel incorporation was assessed 

as described in section 3.2.6.

3.2.18 Conjugation of Antibody to Horseradish Peroxidase

A number of methods are available for the modification of functional 

groups in protein molecules. These usually utilise bi-functional reagents 

which have two reactive groups with the capacity to react with, and to 

bridge side chains in particular amino acids in the protein molecule 

(Hartman & Wold, 1967). There are two forms of cross-linking reagent 

available; homo-bifunctional which have identical reactive groups 

(Zaborsky, 1976) and hetero-bifunctional where the reactive groups are 

directed to different functional groups, necessitating the coupling and 

crosslinking to be performed in stages (see figures 3.2.18a & 3.2.18b for a 

summary of the stages).

In this instance, a synthetic hetero-bifunctional reagent was used for 

conjugation to the monoclonal antibody 34E5; N-succinimidyl 3-(2- 

pyridoyldithio) proprionate (SPDP) (Nillson et al, 1981). The N- 

hydroxysuccinimide ester moiety reacts with the amino groups and the 2 - 

pyridyl disulphate reacts with aliphatic thiols. The antibodies of choice 

were 34E5 & 18D1.
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Figure 3.2.18 Conjugation of antibody to HRPO using SPDP; 
attachment of cross-linker and activation
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Figure 3.2.18b; Conjugation of antibody to HRPO molecule using SPDP; specific oxidation of activated groups
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Initially, the 2-pyridyl disulphate groups are introduced onto both the 

horseradish peroxidase molecule and the antibody. The antibody is diluted 

in coupling buffer (0.2M phosphate, 0.9% NaCl, pH 7.4) to give a 

concentration of 2 mg.ml’̂  Similarly, horseradish peroxidase (Sigma 

Chemicals, Poole, UK) is reconstituted in coupling buffer to a 

concentration of 1 mg.mf*. Low molecular weight contaminants are 

removed from both protein solutions by gel filtration using a PD-10 

column (Pharmacia, Sweden) pre-equilibrated with coupling buffer. The 

void volume eluted from the column is made up to a total of 2  ml with 

coupling buffer and lOpl of 20mM SPDP (Img.mf^ in methanol) was 

introduced to the stirring solution, dropwise. The reaction was left for 30 

minutes at room temperature before separation of un-reacted SPDP using a 

PD-10 column.

The horseradish peroxidase-2-pyridyl disulphide derivative was then 

converted into a thiol derivative by specific reduction of the 2 -pyridyl 

disulphide groups with IM dithiothreoitol for 10 minutes. Unreacted 

dithiothreoitol groups were removed using a PD-10 column.

The antibody-2-pyridyl disulphate derivative was then reacted with the 

thiol derivative enzyme for 20 hours at room temperature. Conjugated 

antibodies were separated from non-reacted components on a PD-10 

column pre-equilibrated with 0.15M PBS and stored with the inclusion of 

1% (w/v) BSA, 0.01% (w/v) sodium azide at +4®C.

3.2.19 Titration of HRPO conjugate

Recombinant human leptin is coated onto the wells of a microtitre plate 

(Immulon 4, Nunc, Loughborough, UK) at a concentration of 2pg.ml'^ in
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coating buffer (O.OIM Tris, 0.15M NaCl, pH 9.0) and incubated for 2 

hours, at 3?V. Plates were washed once with 400pl per well 0.15M 

PBS/0.1% Tween 20 and tapped dry. 200pl blocking buffer (0.15M 

PBS/1 %BSA, pH 8.0) was added to each well and incubated for a further 2 

hours at 37^C. Plates were washed 4 times as before. 34E5-HRPO^/Jj^ IJ 

conjugate was diluted in 1:500 in 0.15M PBS/1% BSA, pH 7.4 and then 

serially diluted to 1:256,000 dilution and 200pl of each dilution added to 

the wells of the plate, according to a pre-determined plate plan. Zero values 

were represented by diluent alone. This was incubated for 4 hours at room 

temperature and then washed 4 times, as previously described. 200pl 

HRPO substrate (0.08% o-phenylenediamine, 0.5M citric acid, O.IM NaCl,

0.03% H2O2, pH 5.0) was added to each well. Colour was allowed to 

develop for 30 minutes before the addition of lOOpl 2M H2SO4 . 

Absorbance values were recorded at 490 nm using a Dynatech 

spectrophotometer (Dynatech Industries, Berkshire, UK). The value giving 

approximately 1.5 absorbance units was taken as the working dilution.

3.2.20 Two-site IRMA for the quantification of leptin 

The following antibody combinations were investigated: 32D12 or 34E5 as 

capture antibody, I-18F12 as detector; either 32D12 or 34E5 as capture 

antibody with either 1-32D12 or I-34E5 as detector (opposite to that 

used for capture).

All capture antibodies were diluted to 2pg.mf' in coating buffer (O.OIM 

Tris, 0.15M NaCl, pH 9.0) and 200pl of each antibody solution was added 

to the wells of a microtitre plate with detachable strips (Immulon 2, Nunc,

UK) and incubated for 2 hours, at 37^C. Plates were washed once with
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400^1 per well 0.15M PBS/0.1% Tween 20 and tapped dry. 200pl blocking 

buffer (0.15M PBS/1%BSA, pH 8.0) was added to each well and incubated 

for a further 2 hours at 37^C. Plates were washed 4 times as before and r.h. 

leptin, at 200ng.mf‘ and subsequently serially diluted in 0.15M 

PBS/1 %BSA, were added to the wells, according to a pre-determined plate 

plan, in duplicate at a volume of 200pl. Plates were incubated, overnight at 

+4^C and then washed as before. Each of the respective radiolabeled 

antibodies were diluted to give approximately 2 0 ,0 0 0  count per minute in 

200|l i 1 in 0.15M PBS/1% BSA, pH 7.4 and 200pl added to each well and 

plates incubated overnight at room temperature. Plates were washed as 

previously described and then left to dry . The wells were broken off and 

counted for 1, 2 and 5 minutes respectively using a gamma counter 

(NE 1600, Nuclear Industries, Edinburgh, UK).

3.2.21 Two-site ELISA for the quantification of leptin 

The anti leptin antibody, 3E4, was diluted to give a concentration of 

2pg.mr‘ in coating buffer (O.OIM Tris, 0.15M NaCl, pH 9.0) and 200pl of 

each antibody solution was added to the wells of a microtitre plate 

(Immulon 2, Nunc, UK) and incubated for 2 hours, at 37^C. Plates were 

washed once with 400pl per well 0.15M PBS/0.1% Tween 20 and tapped 

dry. 200pl blocking buffer (0.15M PBS/1 %BSA, pH 8.0) was added to 

each well and incubated for a further 2 hours at 37^C. Plates were washed 

4 times as before and r.h. leptin, at lOOng.mf* and subsequently serially 

diluted in 0.15M PBS/1 %BSA, were added to the wells, according to a pre

determined plate plan, in duplicate, at a volume of 200pl. Plates were

incubated, overnight at +4^C and then washed as before. The 34E5-HRPO
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conjugate, as prepared above in section 3.2.14 was diluted 1:1000 in 0.15M 

PBS/1%BSA, pH 7.4 and 200pl added to each well. The plate was 

incubated for 4 hours at room temperature with gentle agitation and 

washed as previously described. 200pl HRPO substrate (0.08% o- 

phenylenediamine, 0.5M citric acid, O.IM NaCl, 0.03% H2O2, pH 5.0) was 

added to each well. Colour was allowed to develop for 30 minutes before 

the addition of lOOpl 2M H2SO4. Absorbance values were recorded at 490 

nm using an MR7000 spectrophotometer (Dynatech Industries, Berkshire, 

UK).

3.2.22 Assigning of values to standards used in the two-site ELISA

A standard curve was made up from the standard stock in 1% BSA (see 

section 3.2.10) and assayed using the in-house radioimmunoassay. The 

nominal concentrations of the standards were; 100, 50, 25, 12.5, 6.25, 

3.125,1.56 & 0.78 ng.ml''.

3.2.23 Samples and controls for validation of the two-site ELISA

Serum samples, of known leptin concentration (determined using the in- 

house radioimmunoassay) were assayed using the two-site ELISA. These 

were collected from 11 subjects, following an overnight fast (4 male, 3 

female; age, 27 years [23-45] years; BMI, 26 kg.m"  ̂ [22-36] kg.m'^; % 

body fat, 20% [9-34]% {figures quoted as median [interquartile range}). 

The same samples, but collected in the either EDTA, lithium heparin or 

citrate were also analysed to determine the effects of anticoagulants.

Pooled plasma was treated with 0.25% dextran coated charcoal (Sigma 

Chemicals, Poole, UK) overnight at +4®C and then centrifuged at 10,000 

rpm for 30 minutes to pellet the adsorbent and the supernatant removed.
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Spiked samples were prepared using the depleted charcoal and the standard 

stock solution (see Section 3.2.22). Nominal spike concentrations were 20, 

10 & 5 ng.ml'\

3.2.23 Affinity measurements on antibodies used in assays 

lOOpl iodinated r.h.leptin diluted in 0.15M PBS/1 % BSA to give 20,000 

counts per minute was co-incubated with lOOpl “cold” leptin diluted to 

concentrations of 1, 0.1, 0.01 and 0.001 mg.mf' and lOOpl of each of the 

antibodies used in the respective assays e.g. unpurified polyclonal 

antiserum and purified polyclonal antibodies plus the monoclonal 

antibodies 34E5 and 3E4 diluted to 0.1 mg.ml'\ respectively. All samples 

were set-up in triplicate along with NSB samples containing no antibody 

and total counts tubes containing label only. Samples were incubated at 

room temperature for 24 hours before the addition of lOOpl anti-rabbit or 

anti-mouse IgG-Sac Cell (IDS Ltd, Tyne & Wear, UK). Samples were 

briefly vortexed and incubated for a further 90 minutes at room 

temperature before being washed by the addition of 1ml ice-cold H2O. 

Tubes were centrifuged at 5000 rpm and water aspirated and the wash 

procedure repeated. Tubes were drained of any residual water and then 

counted for 1 minute using y-emission counter NE1600 (Nuclear 

Industries, Edinburgh, UK). Binding per tube was expressed as a 

percentage of the total counts added to each tube and plotted against the 

antibody concentration using linear regression analysis. The value of the 

slope was used to assess the strength of the antibody affinity.
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Results

3.3.1 Antibody Collection

Eight sets of ascities were collected from the peptide immunisation of mice 

with synthetic peptides which contained monoclonal antibodies; 34E5 & 

9C3 (anti-peptide 3), 20A1 (anti-peptide 4) and 15D5, 18F12, 18D1, 14H3 

& 9F11 (anti-peptide 6 ). 9C3 and 20A1 were discarded as they were IgM 

class; the product of an immature immune reaction and polyvalent. These 

were purified using protein G affinity chromatography (see below) along 

with the 80ml polyclonal serum recovered from the rabbit. The elution 

profiles are detailed in figure 3.3.1a.

Subsequent testing revealed that the purification of the polyclonal 

antiserum attenuated the efficiency of binding to leptin (data not shown). 

The remainder of the assay development will use unpurified polyclonal 

serum.

Six technomouse culture media containing monoclonal antibodies raised 

against whole r.h. leptin were collected; ID9, 2H1, 3E4, 7D6, 8F7, 8F10. 

These were purified using ammonium sulphate precipitation of IgG 

resulting in four antibodies producing enough precipitate to be of use (3E4, 

7D6, 8F7 & 8F10).

The protein concentrations recorded for all these antibodies and the total 

volume recovered are presented in figure 3.3.1b. along with the standard 

curve for the Lowry Protein Assay standard curve in figure 3.3.1c.

3.3.2 lodination of Leptin: Modified Chloramine T Method

The profile of the eluates recovered from the PD-10 column (Amersham 

Pharmacia Biotech, Amersham, UK) following iodination of r.h. leptin are
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Figure 3.3.1a Protein G elution profiles of purified antibodies
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Figure 3.3.1b Protein concentrations and volumes recovered for antibodies

lentiier Volume Protein Conc (mg.mM)

34E5 2 ml 1 1 .0 0

15H5 2 ml 3.57
18F12 2 ml 5.00
18D1 2 ml 8.93
9F11 2 ml 6.40

3E4 0.5ml 1 .0 0

7D6 0.5ml 1 .2

8F7 0.5ml 1 .2

8F10 0.5ml 0 .6

Polyclonal 1 0 ml 1.23



Figure 3.3.1c Standard Curve for the Estimation of Protein Concentration 
from Absorbance Value iLowrv Methodi
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Y axis represents absorbance values ( A530) obtained for known protein concentration represented on the X axis (mg.ml**). 

= 0.992. Unknown concentrations determined from mean of duplicate samples.



presented in figure 3.3.2. The peak of radioactivity, representing the 

labelled protein, was located, in all instances, in fraction 7 and to a lesser 

extent, fraction 8. The absence of any significant radioactivity in the 

subsequent peaks suggests a successful iodination of the protein. 

lOpl of 1:100 dilution of fraction 7 typically gave counts per minute of 

between 70, 000 -  80,000 necessitating a 1:4000 dilution of these samples 

to give a working concentration of 20,000 counts per minute in lOOpl.

3.3.3 Evaluation of Efficacy of Iodine Incorporation

Measurement of the counts per minute contained in the protein component 

of a lOpl of each fraction was used to assess the efficiency of the 

incorporation of into the r. h. leptin. In all instances, the counts in the 

precipitated protein were 90-98% of the total counts recorded. The 

remaining 10-2% protein not iodinated represents 75-375 pg.mf^ in the 

final dilution and is negligible and unlikely to influence the assay results. 

The results are also shown in figure 3.3.2.

3.3.4 Titration of Antibodies in the Solid Phase

The antibodies derived from the peptide immunisations and the polyclonal 

serum were assessed for their capacity to bind to r.h. leptin bound to a solid 

phase (see figure 3.2.4). The antibodies derived from the immunisation of 

mice with whole leptin were not analysed by this method due to the small 

amounts of preparations available.

The polyclonal serum had the highest affinity for leptin with approximately 

50% binding of leptin at Ipg.mf* concentration. The monoclonal antibody 

18F12 demonstrated reasonable affinity for leptin in the solid phase with
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Figure 3.3.3 Elution of iodinated product from PD-IO column and 
protein content within each fraction
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Figure 3.2.4: Solid Phase Titration of Anti-Leptin Monoclonal
Antibodies:Peptide Immunisations & Polyclonal Serum
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50% binding at a concentration of O.Smg rnl'  ̂ with the others 

demonstrating less than 50% binding at maximum concentration.

3.3.5 Titration of Antibodies in the Liquid Phase

The results from the titration of the antibodies is detailed in figures 3.3.5 a 

& b. The polyclonal antiserum demonstrated the highest affinity for 

iodinated leptin in the liquid phase with approximately 50% binding of 

iodinated leptin at 0.05mg.ml'\

The monoclonal antibodies obtained from the immunisation of mice, with 

whole leptin, and those derived from the peptide immunisations 

demonstrated a low affinity for leptin and would thereofre be required at a 

high concentration to be efective at binding leptin in the liquid phase. This 

would necessitate the use of large amounts of the antibody solution and 

would restrict the number of assays significantly. Consequently, the 

remainder of the developmental work for the radioimmunoassay (limiting 

dilution) will concentrate solely on using the polyclonal antiserum.

3.3.6 Optimisation of time and temperature for leptin binding

The determination of the optimum time and temperature for polyclonal 

antiserum to bind iodinated leptin was evaluated to ascertain the minimum 

amount of time necessary for maximum binding. The results are shown in 

figure 3.3.6. From the graphs, there is no difference in binding between the 

different times and reaction conditions investigated, therefore, fiirther 

experiments will be carried out at room temperature for 4 hours.

158



Figure 3.3.5a Liquid Phase Titration of Anti-Leptin MonoclonalAntibodies:
Peptide Immunisations and Polvclonai Sérum
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\

Figure 3.3.5b Liquid Phase Titration of Anti-Leptin Monoclonal
Antibodies: Immunisation with Whole Leptin
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Figure 3.3.6: Optimisation of Time & Temperature for Leptin Binding
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3.3.7 Displacement of Iodinated Leptin with Cold Leptin

As the radioimmunoassay will require the labelled and non-labelled leptin 

to compete for binding to limited antibody, it is necessary to ascertain that 

the two molecules can compete with each other.

The curve shown in figure 3.3.7. shows the competition between the 

labelled and unlabeled at concentrations of leptin within a limited part of 

the expected physiological range. This demonstrates that both forms of 

leptin are able to compete for binding to the limited antibody, in solution, 

within the human physiological range and that this is theoretically suitable 

for development of a limited immunoassay up to a value of approximately 

40ng.ml'\

3.3.8 Determination of Optimal Conditions for Displacement of Leptin

The next stage is to attempt to expand the range of the assay to above and 

below the maximum and minimum expected physiological limits 

respectively and also to determine the correct order for the addition of the 

labelled and unlabeled leptin. As can be seen in figure 3.3.8, “cold” leptin 

is unable to displace the radiolabeled leptin from the polyclonal antiserum 

but the opposite is feasible. The upper range of the assay is still only 

approximately 50 ng.ml"  ̂ which is adequate for measurement of leptin 

concentrations in most individuals but, would be too low for the more 

obese subjects; any subjects with an expected leptin concentration above 

this value would require prior dilution as predicted by their BMI equation.
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Figure 33.7; Displacement of cold leptin bv iodinated leptin
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Figure 3.3.8 Optimisation of leptin displacement curve II Determination of label addition order
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3.3.9 Polyclonal antibody based radioimmunoassay for the 

quantification of leptin: assay performance and comparison

The standard curve for the quantification of leptin is shown in figure 3.3.9. 

The response is calculated from values recorded for each of the standards 

in the form of counts per minute from the gamma counter were plotted as 

follows; Log [concentration ] Vs Response [ B/Bo ]. The curve was fitted 

using a spline fitting algorithm. The slope value recorded was 0.250 and 

the intercept 1.00. No difference in assigned values were observed between 

serum samples and those containing the anticoagulant EDTA.

3.3.10 Assay characteristics

The radioimmunoassay proved to be reliable and robust. Assay sensitivity 

was confirmed by measuring twenty replicates of the zero standard. The 

limit of detection was defined as the mean of these measurement plus 3 

standard deviations. Assay validation measurements are detailed in section 

4.1.5.

3.3.11 Comparison of in-house assay to Linco kit

Random samples from 24 subjects (median {interquartile range} BMI; 

(33.6 { 26.9 - 46.1 } kg.m-2, age; (53 ( 34 - 63 }) years were assayed for 

serum leptin by the in-house method and compared to levels obtained using 

the commercially available assay from Linco Systems. The median 

(interquartile range) recorded for these samples were; in-house RIA (41.4 

( 29.8 - 57.7 })7 ng.ml'^ vs. Linco (37.6 (19.4 - 59.3 }7 ng.ml'^; Spearman 

correlation coefficient for the values recorded for each assay (rs) = 0.93). 

The recovery of leptin by the in-house RIA compared to the Linco Assay
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Figure 3.3.9 Standard Curve for radioimmunoassay for leptin
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was 101 { 85.2 - 141.4 } % (see figure 3.3.11). See figure 3.3.11 for 

correlation curve.

3.3.12 Determination of binding site of anti-leptin antibodies

The antibody repertoire obtained from the immunisation of mice with the 

respective synthetic peptides and the polyclonal serum from the 

immunisation a rabbit with nascent leptin were tested to determine the 

affinity they have for then* immunogens and to determine any cross 

reactivity between epitopic sites. Following previous studies into the 

ability of the antibodies to recognise leptin in both the liquid phase and 

bound to a solid support, the antibodies 3E4, 8F10, 34E5, 18F12, 18D1, 

14H5 and the polyclonal antiserum were analysed for epitope recognition 

using the original peptides used to immunise the animals or r.h. leptin 

bound to a solid support. Additionally, a commercially available 

monoclonal antibody to leptin was also screened against the in-house 

antibodies, as a control The results for this experiment are detailed in 

figure 3.3.12.

In summary, all the monoclonals raised against peptides reacted against the 

immunising peptide and leptin with no cross-reaction between peptides 

observed except for 34E5 which demonstrated cross-reactivity with peptide 

6. This only occurred at a high concentration of the antibody (lOpg.mf*). 

Subsequent dilution of the antibody resulted in the loss of the cross

reactivity, at concentrations which are still far in excess of those used in 

the assay. The monoclonal antibodies raised against whole leptin 

recognised leptin but none of the peptides and the polyclonal serum 

recognised only peptide 6 in addition to leptin. The commercially available
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Figure 3.3.11 Correlation of Response of in-house RIA compared to Lin ko
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Figure 3.3.12 Determination of Cross-Reactivity of Antibodies
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antibody recognised only whole leptin and at a lower affinity than that 

demonstrated by the in-house polyclonal antibody.

3.3.13 Iodination of anti-leptin antibodies

Antibodies were iodinated using the iodogen method for use as detector 

molecules in a two-site immunoradiometric assay (IRMA). The antibodies 

selected were 18F12 and 18F12 based on their performance in the liquid 

and solid phase screening and 34E5 on the basis that it recognises a 

different peptide to the other antibodies. All iodinations were successful 

with the first peak of radioactivity representing the iodinated product with 

negligible radioactivity present in subsequent elutions. Radiolabel 

incorporation was approximately 75% in all cases (data not shown) 

ensuring the uniodinated antibody present in the sample would have a 

negligible effect on the detection and sensitivity of the assay.

3.3.14 Standard curves for two-site IRMA combinations

The standard curves obtained from the IRMAs for leptin are displayed in 

figure 3.3.14. These are the optimised curves with respect to pH and 

incubation conditions. The maximum response to leptin at the highest 

concentration was approximately 12-20% of the total counts per minute 

added to each well. Additionally, in the curves obtained from 32D12 

capture/18F12-1̂ ^̂  detector, 34E5 capture/18F12-1̂ ^̂  detector and 34E5 

capture/3 2D 12-1 the sensitivity was too low to be useful in the

physiological range. The most successful curve incorporated 32D12 as 

capture and 34E5-I^^  ̂as detector. This was sensitive to 0.39 ng.mf^
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Figure 3.3.14 Standard curves for two-site radio-immunoinetric assays 
for the detection of human leptin
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Figure 3.3.15 Two-site Monoclonl Antibody Based 
ELISA for Leptin ; Standard curve
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although the maximum response at the highest concentration was only 12% 

of the counts per minute added.

All these combinations proved to be unusable due to the fact that they did 

not recognise leptin in human serum or plasma; all samples analysed were 

reported below the blank.

3.3.15 Two-site ELISA for the determination of leptin

Using the antibody combination of 3E4 (raised against whole recombinant 

leptin) as a capture antibody and 34E5 (raised against peptide 3) as a 

detector molecule an ELISA for the quantification of leptin has been 

developed. The detector antibody has been conjugated to the enzyme 

horseradish peroxidase (see section 3.2.18). The response of the assay to 

standards of known leptin concentration is shown as a standard curve in 

figure 3.3.15.

3.3.16 Standard values as determined bv in-house RIA

The standards used in the ELISA were assayed using the in-house RIA 

which recognises the total complement of leptin. The actual values 

recorded were; 50, 25, 12.5, 6.25, 3.125, 1.56 & 0.78 which were assigned 

to the standards.

3.3.17 Samples and controls; performance in ELISA

Charcoal depleted serum spiked with r. human leptin to concentrations of 

20,10, 5 & 0 ng.ml'^ respectively were assayed using this ELISA. The 

recorded values for these were 10, 5, 2.5 & 0 ng.ml'\ The linearity of the 

response to the spikes was r = 0.998 using linear regression analysis (see 

figure 3.3.17). The results demonstrated a two-fold under-recovery
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Figure 3.3.17 Linearity of response of spiked samples in in-house two-site ELISA
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consistent with each assay run and the calculation of results was amended 

appropriately.

Samples of known leptin concentration (assayed using the in-house RIA) 

were analysed in the presence or absence of anticoagulants and the values 

obtained from the in-house ELISA compared. Samples containing the 

anticoagulants sodium citrate or lithium heparin did not register any 

response. Samples collected into the anticoagulant EDTA showed a higher 

value than those collected in plain serum. Upon comparison with the 

known values, the samples collected into EDTA were comparable with the 

RIA results.

Samples were collected and were assayed for leptin using both the in-house 

one-site and in-house two-site assays simultaneously. Leptin 

concentrations, as measured by the one-site assay, were correlated 

significantly with the indices of obesity (Spearman correlation coefficients; 

vs. BMI rs=0.745, p=0.021: vs. % body fat rs=0.869, p=0.001). Leptin 

concentrations as measured by the two-site ELISA were not significantly 

associated with the indices of obesity (Spearman correlation coefficients; 

vs. BMI rs=0.562, p0.072: vs. % body fat rs=0.499, p=0.118). The two-site 

results were consistently lower than those for the one-site. Comparison of 

the difference for the leptin values obtained for the two assays against the 

indices of obesity demonstrated a significant association (Spearman 

correlation coefficients: difference vs. % body fat, rs=0.952, p<0.0001, 

difference vs. BMI, rs=0.814, p=0.014).

The reduced values for leptin obtained from the one-site assay could be 

dismissed as an inability of the antibody pairs to adequately recognise
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leptin in physiological medium had it not already been shown that the 

antibody pair recognise leptin spiked serum samples. One option is that the 

antibody pairs may be able to discriminate between the free and bound 

leptin compartments in a sample i.e. the free molecule and the leptin 

complexed to a soluble form of the receptor of non-specific binding 

protein. This explanation would be consistent with the reported data that in 

lean individuals, the majority of leptin circulates in the bound state.

In the absence of a commercial source for the leptin binding protein 

/soluble receptor isoform, an indirect approach was employed to examine 

the possibility that this assay can discriminate between the bound and the 

free leptin. This involved re-examination of the binding characteristics of 

the antibody pair, 3E4 and 34E5, which were used in the ELISA using a 

western ligand blot (see Chapter 5 for methodology). As can be seen from 

figure 3.3.17, the detector antibody, 34E5-HRPO, is able to recognise 

leptin which has been blotted to a nitrocellulose membrane to the same 

degree as an unrelated antibody, 18F12, which has previously been shown 

to have affinity for leptin (see Chapter 2). 18F12 is also able to bind to 

leptin when the leptin molecule is complexed to serum extracts which 

contain an affinity purified complement of proteins which have an affinity 

for leptin. This suggests that the binding site for the 18FI2 antibody binds 

to a region of the leptin molecule which is not required for complex 

formation. This region is also the epitope where the capture antibody, 3E4 

binds the leptin molecule (see Chapter 3, section 3.3.14). Conversely, the 

detector antibody, 34E5, cannot recognise leptin when it is simultaneously 

bound to its binding protein /soluble receptor. One reason for this lack of
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Figure 3.3.17 Western Ligand Blot of Leptin Binding Proteins 
Using 18F12 and 34E5 as Probing Antibodies
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recognition could be that peptide 3, which was used as the immunogen for 

34E5, is close to the binding site in the native leptin molecule and 

therefore, can only bind to the uncomplexed leptin.

3.3.18 Assessment of biding affinity of antibodies to leptin

The affinity of the individual antibodies used in the assays described so far 

in this chapter was assessed by their respective ability to bind iodinated 

leptin and for the iodinated leptin to be displaced by ‘cold’ leptin. Figure

3.3.18 shows the percentage displacement of the iodinated leptin. The 

unpurified polyclonal antiserum demonstrates the highest affinity for 

leptin, followed by the purified polyclonal antibodies. The monoclonal 

antibodies demonstrated less affinity for leptin with 3E4 demonstrating a 

greater affinity for leptin than 34E5.
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Figure 3,3.18 Displacement curves for antibodies utilised in assays: 
competition between iodinated and cold leptin

100 -  

90 - 
80 - 
70 - 
60 - 
50 - 
40 - 
30 - 
20 -  

10 -

CL4̂

Q.

10.001 0.10.01
Concentration of “cold leptin” added (mg.mH)

The above shows the displacement of iodinated leptin by “cold” leptin for the antibodies used in the assays for leptin 
Red line = polyclonal antibody (unpurified); Yellow line = polyclonal antibody (purified); Blue line = 3E4 Green line = 34E5;.



3.4.1 Discussion

The aim of this chapter and the previous chapter was to produce antibodies 

by using polyclonal and monoclonal antibody production protocols and to 

set up an assay for human leptin. Assays for leptin have been previously 

reported including polyclonal antibody radioimmunoassays (Lucinio et al, 

1997; Slieker et al, 1995; Ostlund et al, 1996; Ma et al, 1996; Considine et 

al, 1996), immunoprécipitation (Maffei et al, 1995) as well as polyclonal 

based ELIS As (Schwartz et al, 1996) and monoclonal based ELIS As 

(Imagawa et al, 1998). These have all been employed to measure leptin 

levels in reported studies. The assays developed for this thesis have an 

advantage over these assays in so much as they identify the actual epitopic 

site on the leptin molecule where the antibody binds; whether as a 

consequence of the immunogen used initially or through subsequent 

analysis. This, coupled with the reported data pertaining to the structure of 

leptin is particularly useful when taking into account the various states of 

circulating leptin i.e. whether it is in the free or bound state.

As would be expected, of the antibodies used in the assays, the antibodies 

raised against the whole leptin molecule demonstrated higher affinity to the 

nascent leptin molecule compared to those raised against synthetic 

peptides. Additionally, the antibodies derived from the mouse host, using 

whole leptin as the immunogen, demonstrated less affinity for leptin than 

those derived from the rabbit host. Such differences may be attributed to 

the lack of diversity between the mouse and the human as discussed in the 

previous chapter’s conclusions. Based on these conclusions, the polyclonal 

antiserum is the logical choice for the basis of the RIA where the ligand is
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in solution and chances of the antigen and antibody meeting are reduced. 

Additionally, even with a lower affinity for leptin, the monoclonal 

antibodies can be successfully used in an assay for this molecule by choice 

of the appropriate assay format.

Using a combination of the results described in this chapter, and the 

available information pertaining to the structure of leptin, it can be said 

with some degree of confidence that the antibody used in the 

radioimmunoassay described in this chapter recognises the total 

complement of leptin (free and bound). This is derived through the 

knowledge that the antibody recognises peptide 6 which is in a prominent 

loci at the C-terminal end of the native leptin molecule, removed from the 

proposed receptor binding which would permit simultaneous binding of the 

antibody and receptor to the leptin molecule. As the assay described 

compares favourably with the Linco assay, and the majority of the 

antibodies produced as described in Chapter 2 also bind at this region, it is 

possible that most of the available assays use antibodies which recognise 

this epitope or part of this epitope. The one-site assay has been 

successfully used to determine the regulation of leptin production in a 

number of studies with results which are consistent with, and add to, the 

reported data on leptin. The abstracts for these are contained in the 

appendix for this thesis.

The monoclonal antibody based assay incorporates two monoclonal 

antibodies raised through different methods; 3E4 in response to 

immunisation with whole recombinant leptin and 34E5 which was raised 

against the synthetic peptide 3 (see section 2.1.3). Although located
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proximally to the N-terminal region of the leptin molecule, where the 

bioactivity is thought to be contained (Imagawa et al, 1998), it does not 

encompass the receptor binding site in the linear amino acid sequence. In 

the folded molecule, it is conceivable that peptide 3 would be close enough 

to the receptor binding site to either inhibit leptin binding to the receptor or 

be inhibited from binding to leptin when it is in-situ in the bound state. 

Good linearity was observed from dilutions of recombinant human leptin 

in charcoal depleted serum using this assay, although the assay consistently 

under-recovered leptin across its valid range.

Using a modification of the Western blot, which is described in detail in 

Chapter 5, the antibody 34E5 was unable to detect leptin when it was 

simultaneously bound to the immobilised binding protein. On the same 

membrane, the antibody was able to recognise leptin samples to the same 

degree as another monoclonal antibody, 18F12, which has been shown to 

have affinity for peptide 6 and was able to detect the leptin-immobilised 

leptin binding protein complex on the membrane. The presence of a 

circulating isoform of the soluble form of the extracellular portion of the 

leptin receptor, for which no conclusive function has been ascertained (Liu 

et al, 1997), implies that measurement of the total complement of leptin 

may be an incomplete way of interpreting circulating leptin data. 

Determination of circulating leptin concentrations to date, has relied on the 

assessment of the total complement of leptin, as is the case with many 

cytokine-like molecules which have cognate binding proteins. The 

presence of bound and free molecules confounds the absolute definition of
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the function of these molecules unless the precise role of both forms is 

known.

Although the antibodies appear to display the correct specificity to detect 

free leptin, they are drawn from a panel which has low affinity for leptin. 

This is reflected in the low sensitivity of the assay. This problem is 

compounded by the consistent under-recovery and the small concentrations 

of leptin which need to be quantified i.e. total leptin is in the low nanogram 

range in lean individuals therefore, the free leptin component may be ten or 

more times lower. Additionally, as no commercial source of the binding 

protein is available, further validation would necessitate the use of 

alternative methodology such as HPLC analysis to determine categorically 

the ratio of free leptin to the bound fraction in a sample. Due to these 

considerations, only the one-site assay has been used to determine the 

regulation of leptin in humans (the abstracts for these are contained in the 

Appendix).

The following Chapter will describe the application of the one-site assay, 

along with commercially available assays for the cytokines IL-6 and TNF- 

a , in the examination of the release of cytokine-like molecules from the 

adipose tissue.
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Chapter 4

Production of IL-6, TNF-aand 
leptin from abdominal adipose tissue
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4.1.1 Introduction

The involvement of adipose tissue in the production of cytokine-like 

molecules and in turn, the regulation of adipose tissue function by these 

cytokines is a novel area of research. Leptin is the dynamic neuroendocrine 

product of the ob gene which is expressed in adipocytes and acts to 

influence satiety and regulate energy balance via peripheral and central 

effects on metabolism. Circulating levels parallel the degree of adiposity 

and are influenced by sex hormones resulting in a sexual dimorphism in 

circulating leptin concentrations. TNF-a has also been shown to impact on 

lipid and glucose metabolism, both centrally and locally, but this most 

probably acts through an autocrine/paracrine mechanism in the relevant 

tissues (see Chapter 1).

With the exception of leptin, the systemic influence of locally derived 

cytokines e.g. originating from the abdominal adipose tissue is 

questionable and to date, no data exists pertaining to the in-vivo release of 

these molecules from this depot and their impact on the whole body 

metabolism. Confirmation of the release of IL-6 and TNF-a from the 

abdominal adipose tissue bed into the circulation would further strengthen 

the suggestion that they both have a role in systemic and adipose tissue 

metabolism. To this end, a technique will be employed using which, the 

output of a particular organ or tissue bed can be determined by sampling 

the venous effluent from this depot. Comparison with the levels of the 

target analyte in the systemic circulation with those in the vessels draining 

the tissue bed of interest will provide evidence for in-vivo release of the 

analyte from this depot. This technique, known as the arteriovenous

185



difference, has been used to study secretory products in vivo (Frayn et al, 

1998). Arteriovenous difference studies are ideal for disseminating the 

output of a particular organ but as adipose tissue is heterogeneous in 

composition, both in terms of depot specific differences as well as in terms 

of cellular make-up, the output of this organ as a whole is therefore not 

necessarily reflective of the products of the adipocyte alone.

Both leptin and TNF-a mRNA have been demonstrated in isolated 

adipocytes and in the case of leptin, shown to be secreted from this cell 

type. Should IL-6 be seen to be produced from the adipose tissue, the 

precise cellular source of this molecule will need to be determined. To 

accomplish this, we employed a minimally invasive surgical biopsy 

technique (which had been developed by our departmental surgeon. Dr 

Ataullah Rawesh). This yields a small sample of the adipose tissue from 

each of our subjects which can be analysed using immunohistochemical 

techniques for the production site of IL-6. Additionally, the mouse pre

adipocyte cell lines 3T3-F442A and 3T3-L1, was cultured and 

differentiated, using established protocols. RNA was harvested from cells 

at various time points during the differentiation process separated on an 

agarose gel and then blotted and fixed to a nylon membrane and analysed 

using a specific IL-6 probe radiolabeled with

4.1.2 Objectives

The following chapter details the methods employed to investigate the 

release of the cytokine molecules EL-6, TNF-a and leptin from the 

abdominal adipose tissue bed, in vivo. Initially, the novel methods 

employed for studying these cytokines will be discussed, in detail, as well
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as the underlying theory and the actual methodology applied in the clinical 

setting. Comparative analysis vAll be made by analysing the same 

cytokines across a forearm depot. In the event of IL-6 production by this 

tissue being confirmed, the precise cellular source of this molecule will be 

determined by mRNA analysis and immunohistochemistry on cultured 

mouse adipocytes and explanted human adipose tissue, respectively.

4.1.3 Sampling Techniques

Assays are typically used for the quantification of specific molecules, or 

their stable metabolites, in either biological fluids or models designed to 

approximate biological systems e.g. cell culture. Normally, assays are 

applied to urine or blood samples, the latter can be in the form of serum or 

plasma depending on the collection method. Blood samples are usually 

taken from peripheral vessels which are easily accessible and can be 

visualised or palpated through the overlying skin, most commonly where 

veins rise to the surface at the ante-cubital fossa. The disadvantages of this 

sampling technique is that the analyte will be significantly diluted in the 

circulatory system and a significant proportion of the analyte could have 

been eliminated, bound to circulating binding proteins or soluble receptors 

or even cellular surface receptors. Although this state is probably more 

physiologically correct vdth regards to what is actually presented by the 

circulatory system to the effector organs, it is of little value when 

attempting to look at the individual contribution an organ or tissue bed 

makes to the net circulating levels.
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4.1.4 Arterio venous Difference Studies

Arterio-venous difference studies are capable of looking at the net release 

of a molecule from a specific organ bed. By sampling the venous effluent 

from the required site it is possible to determine the magnitude of local 

release of the desired analyte prior to dilution in the circulation. As the 

arterial circulation constitutes the afferent supply to the tissue bed, by 

expressing the difference in concentration from the two sampling sites the 

net contribution, or clearance, can be determined.

The sampling of venous effluent in most organ systems is problematic due 

to inaccessibility of the relevant vessels and is mostly an unacceptable 

option. The subcutaneous, white adipose tissue, anterior to the abdominal 

wall is, however, easily sampled in comparison due to the accessibility 

near to the surface and the gross anatomy of the vasculature in this region. 

Venous drainage from this tissue flows towards the groin in initially 

superficial veins which merge and become increasingly larger vessels. 

These drain into the saphenous vein at the femoral triangle. The 

musculature underlying this fat is completely isolated from it by a sheet of 

avascular fibrous tissue preventing any contamination from muscle effluent 

(see figure 4.1.4a). Potential limb sampling sites are shown in figures 

4.1.4b and c, respectively. This technique has been successfully employed 

previously, to determine the metabolic fate of glucose, NEFA, glycerol and 

lactate in this site (Frayn et al, 1989). Previous work has shown that venous 

blood from superficial epigastric veins approximates the effluent from an 

adipose tissue bed and arterio-venous differences across abdominal tissue 

yields results in agreement with those obtained from microdialysis studies
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Figure 4.1.4a Vesssels of the Abdomen
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Figure 4.1.4b Major arterial vessels of the arm
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Figure 4.1.4 Major Veins of the Arm
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(Summers LK et al, 1998: Amer et al, 1993). Arterio-venous difference 

data must be expressed relative to the local blood flow to the organ being 

studied, according to the Pick Principle e.g. the product of the arterio

venous difference and the local plasma flow (Pick & Gifford, 1986; Butler 

& Home, 1989). Plasma flow is calculated as the product of the local blood 

flow rate and the heamatocrit (Whittington Hospital Haematology 

laboratory).

4.1.5 Blood Flow Measurement

Although informative, arterio-venous difference studies can only be used 

to measure relative differences when taken in isolation. The values 

obtained are a more valid index when corrections for blood flow are taken 

into account. The ^^^Xenon washout technique was utilised for the 

determination of blood flows (Larsen et al, 1966). Xe is a radioactive 

inert gas isotope with a half-life of 5.3 days. Due to its gaseous 

physiochemistry, Xe is freely diffusible in the tissues permitting the 

formation of an equilibrium between the tissues and the blood as it passes 

through. The rate of Xe removal from the tissues is proportional to the 

flow of blood through the organ with only negligible losses to the skin 

surface, making it an ideal method for blood flow assessment in 

subcutaneous tissues.

Xe is administered through subcutaneous injection in saline (in which it 

is sparingly soluble). Due to a 10 fold solubility in adipose tissue compared 

to blood, the subcutaneous tissue will act as a sink, resulting in an eventual 

accumulation of the gas in the subcutaneous compartment over time. 

Therefore, the washout of Xe is bi-exponential; the first component
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being the loss from the cutaneous to subcutaneous tissue and the second, 

the loss from subcutaneous to blood.

The actual washout model assumes a constant loss of Xe from the tissue 

compartment effluent via the underlying tissue blood supply, with which it 

is in equilibrium. As the venous effluent from the adipose tissue passes 

through the lungs before the next passage through the subcutaneous 

adipose tissue, all residual ^^^Xe is exhaled.

The remaining Xe from the injection site is measured as a function of 

the radioactive emissions released upon disintegration which are of the 

form of (3-, y- and X-ray emissions, y-emissions can be recorded using a 

Nal scintillation detector coupled to a y-spectrometer with a detector 

positioned 15-20 cm from the deposit to minimise the effect on the 

counting efficiency of the diffusing tracer. Alternatively, using a Cadmium 

Telluride (Chloride) detector with a shorter counting distance of l-20mm 

can be used.

Calculation of blood flow can be made from the rate constants of output 

from both compartments using the equation below (Seijson et al, 1968).

f = In2 .ti/2”̂ A, 1 0 0  (ml. (100g.min)’̂ )

where ln2 is the natural logarithm to 2; X  is the tissue to blood coefficient which for 

adipose tissue is 10 (Summers et al, 1996); t i n  is the half-time for X in the mono

exponential components obtained by graphic resolution of the tissue. The factor 100 is 

introduced to express results per lOOg tissue.
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The use of other radioisotopes in the calculation of blood flow are 

problematic due to the lack of equilibrium between the tissue and flowing 

blood and lack of free diffusion. Helium uptake is hindered by the 

epidermal resistance to gas diffusion and heat conduction is inefficient due 

to the loss of heat through the skin. Venous occlusion plethysmography 

does not account for cutaneous blood flow and Doppler techniques are only 

semi-quantitative and can be easily influenced by many uncontrollable 

factors such as changes in cellular composition.

These considerations were influential in the decision to use the ^̂ ^Xe 

washout as the method of choice.

4.1.6 Estimation of Fat Mass

The accurate assessment of total fat mass is vital in the study of obesity; 

the associated health risks are related to the actual fat weight rather than 

the total body weight. A number of methods exist for the assessment of 

body fat of varying efficiency, complexity, technological reliance and 

expense. Possibly the least invasive and most widely used is the Body 

Mass Index (BMI). This is a measure of the total weight in kilograms per 

metre squared height expressed as kg.m'^. The WHO guidelines suggests 

that individuals with BMI< 18.5 kg.m*  ̂are classified as underweight, 18.5- 

24.9 kg.m'^ as a healthy weight, 25-29.9 kg.m'^ as overweight, 30-39.5 

kg.m'^ as obese and a BMI>40 kg.m'^ as morbidly obese. BMI values at 

the lower and higher ends of the spectrum see an increase in the risk of 

coronary heart disease (Willet et al, 1995) and with mortality risk in 

smokers and non-smokers (Manson et al, 1995). All cause mortality was 

shown to be increased in men with a BMK20 kg.m'^ and a BMI>30 kg.m'^
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but risk of death by cardiovascular event or diabetes related complications 

increased progressively from a BMI>20 (Shaper et al, 1997). These 

gradings are arbitrary and do not take into account the distribution of fat or 

the fact that lean tissue weighs more than fat and therefore, subjects with 

pronounced musculature will have an over estimated BMI value whereas, 

those with an ectomorphic body shapes or elderly subjects who have a low 

lean mass (reflected by a low BMI) and a high proportion of fat tissue. 

Despite these reservations, BMI is still a useful and robust index for the 

bedside measurement of body fat and total body weight.

Another credible method of body fat assessment is the use of Bioelectrical 

Impedance Analysis (BIA). The basis behind this technique is that the 

body’s lean compartment is associated with significantly more electrolytic 

water (73%) compared to the fat compartment (5-10%) conferring a 

different resistance (impedance) to electrical conductivity on these two 

tissues proportional to the amount of water associated. The impedance 

value to a high frequency current will therefore reflect the resistance 

experienced by the current and this can be expressed numerically. This 

number, along with anthropometric data relating to the subject’s height, 

weight, age, gender and activity level are incorporated into regression 

analysis which produces a statistical report on the individual’s body 

composition.

BIA can be performed at the bedside using a portable instrument. It is a 

non-invasive procedure which is contraindicated by only a few pre-existing 

conditions (early stage pregnancy, arrhythmias and pacemakers).
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Dehydration and oedema can adversely affect the results due to 

dysregulation of tissue water content overestimating fat and lean tissue 

readings respectively. The parameters input into the machine e.g. height 

and weight must also be accurately measured to ensure correct estimation 

of the relevant compartment sizes. At present, the instrumentation employs 

a single frequency of 50 kHz to assess the level of impedance in intra- and 

extracellular environments. By using multiple frequencies ranging from 5 

to 300 kHz it would be possible to distinguish the two compartments.

No method of body composition analysis is completely without adverse 

considerations. Methods such as hydrostatic weighing, magnetic resonance 

imaging (MRI) and computer assisted topography (CAT) analysis are 

probably the most accurate and the latter two can distinguish fat 

distribution but require large and prohibitively expensive equipment and a 

higher degree of patient co-operation.

4.1.7 Waist Hip Ratio

Measurement of the thickness of the layer of fat under the skin at pre

determined sites is an acceptable measure of body fat in lean subjects but 

does not account for intra-abdominal fat. The ratio of waist to hip 

circumference or waist circumference in isolation is a good indicator of 

intra-abdominal fat and reduction in the circumference is associated with 

improvements in cardiovascular risk factors (Han et al, 1997).

The waist measurement is taken, in triplicate, at the level of the umbilicus 

and the hip, also in triplicate, at the level of the great trochanters. A waist 

circumference > 94cm in men and > 80cm in women is the upper 

acceptable limit with action limits at >102 and > 88cm for each gender,
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respectively. These last two methods suffer from considerable inter- 

operator variability and measurements should be made by the same 

individual, who has been trained, and should always be performed in 

triplicate.

4.1.8 Biochemical Analyses; Leptin, NEFA. Insulin. Glucose

Leptin concentrations were measured using the in-house radioimmuno 

assay, the development of which is detailed in Chapters 2& 3. NEFA levels 

were calculated using a commercially available colourimetric assay 

(Roche, Mannheim, Germany). Briefly, fatty acids are converted by ATP 

and coenzyme A, in the presence of acyl Co-A synthase, into acyl-CoA. 

Acyl-CoA is oxidised to 2,3-enoyl-CoA and H2O2, catalysed by acyl-CoA 

oxisdase. The hydrogen peroxide converts 2,4,6-tribromo-3-benxoic acid 

(TBHB) and 4-aminoantipyrine to a red dye, in the presence of peroxidase. 

The dye intensity is measured at 546nm. Insulin is measured using a 

commercially available specific two-site oligoclonal immunoassay (Dako 

Diagnostics, Cambridge, UK). Glucose is measured using a Glucose 

analyser (Beckman, London, UK). Briefly, this method employs an oxygen 

rate analyser to determine the rate of oxygen consumption when p-D- 

glucose is oxidised to gluconic acid in the presence of H2O, by the catalytic 

action of glucose oxidase. The rate of glucose consumption is proportional 

to the amount of glucose in the sample. Residual H2O2, in the presence of 

ethanol and the enzyme catalase forms acetylaldehyde preventing 

reformation of glucose (Kadish et al, 1969).
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4.1.9 Biochemical Analysis: Interleukin-6 and TNF-a

The measurement of these cytokine molecules was made using 

commercially available assays purchased from R&D Systems (R&D 

Systems, Oxon, UK).

These assays comprise a high sensitivity, two-site ELISA using a 

combination of monoclonal antibodies as a capture molecule, precoated 

onto a microtitre plate and an alkaline phosphatase conjugated polyclonal 

antibody as a detector molecule. The presence of alkaline phosphatase in 

the substrate solution, along with alcohol dehydrogenase, amplifies the 

signal and increases the sensitivity (Self, 1985). Cytokine standard solution 

is composed of recombinant human IL-6 or recombinant human TNFa , 

both expressed in E.coli and diluted to give values within a range 

comparable to those found in plasma or urine. Samples or standards are 

pipetted into the appropriate wells and any of the cytokine molecules 

present will bind to the immobilised capture antibody, which is present in 

excess. Follovsdng removal of all other unbound components via a wash 

step, the detector antibody conjugate is added and after incubation for the 

optimum reaction time, unbound components are removed by washing and 

the substrate solution is added to the wells and allowed to react for a fixed 

period of time; this generates the NADH cofactor necessary for the second 

stage of the reaction. Amplifier solution is added to the wells and colour 

development proceeds with the intensity being proportional to the amount 

of cytokine molecule bound to the capture antibody (see figure 4.1.10). 

Following a fixed period of time, the reaction is stopped and the colour 

intensity is measured spectrophotometrically. Unknown sample
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Figure 4.1.10 Signal Amplification System Incorporated in R&D Systems 
High Sensitivity Cytokine ELISA
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concentrations are calculated from the intensity of colour produced 

compared to the response from known cytokine concentrations using a 

standard curve.

Comparison of the response obtained from dilutions of naturally occurring 

and recombinant TNFa and IL-6 is linear, but both of these assays are 

insensitive to the addition of recombinant soluble forms of the free 

receptors for these cytokines (p50 for IL-6 and p55 & P75 for TNFa [the 

structure and proposed functions of these will be discussed in the following 

chapter]). Accordingly, it is highly likely that both these assays recognise 

the full complement of each respective cytokine i.e. the free fraction and 

the portion bound to the soluble form of their respective receptors. 

Consequently, no inference can be made to activity of these cytokines due 

to the different possible effects of the respective cytokine receptors i.e. the 

TNF-a soluble receptors are thought to be mainly antagonistic to the 

cellular receptors whereas, the IL-6 receptors are thought to be mainly 

agonistic to the cellular receptor.
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Subjects and Methods

4.1.1 Anthropometric Measurement

Obese subjects were recruited from Dr Simon Coppack’s weight 

management clinic and normal weight subjects were recruited from 

advertisements and from the departmental staff.

All subjects attended the Department of Medicine between 0800 and 0900 

hours following an overnight fast of at least 10 hours. Following informed 

consent, subjects were weighed in light clothing and their height recorded. 

From these measurements, BMI was calculated (kg.m‘̂ ). Body 

composition was measured using electrical bioimpedence (Biostat, 

Douglas, UK) or by dual photon absorbtiometry (Lunar Instruments, 

Madison, WI, USA) in the subjects investigated for forearm skeletal 

muscle cytokine release. Waist hip ratio was measured using a steel tape. 

Insulin, free fatty acid, NEFA and glucose levels were measured in the 

baseline to verify the normality of the subjects included.

Subjects were dichotomised on the basis of their BMI measurement; 

BMI>30 kg.m"  ̂(non-obese group), BMI<30 kg.m'^ (obese group).

All studies were performed with the prior approval of the local ethics 

committee.

4.1.2 a Cannulas; Arterial

The radial artery was palpated and an Arrow Radial Artery 

Catherterisation set comprising a 4.45cm 20 gauge catheter over a 22 

gauge introducer needle with an integral 0.46mm dia-spring guide wire 

(Arrow Int. Inc, Reading, PA) was inserted, under local anaesthetic, into 

the artery. Once the blood reached the designated line on the cannula
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assembly, the guidewire was placed in-situ and the cannula fed into the 

artery and the insertion apparatus withdrawn. This was then connected to 

an isotonic saline drip via a three way sampling adapter and connected to 

500ml isotonic saline (Macopharm, London, UK) via a Baxter Flo-Guard 

extension set which was maintained at a pressure of 240 mmHg.

4.1.2 b Epigastric Vein Cannulation

The abdomen of the patient was heated for 30 minutes with a heating pad 

to dilate the superficial veins and to visualise them. A 22 gauge Abbocath 

T catheter (Abbot, Sligo, Eire) was gently inserted into one of the most 

prominent veins until blood drips from the lumen. Deeper veins were 

cannulated using a Hydrocath Mid-Line Peripheral Venous Catheter 

(Ohmeda, Swindon, UK) designed for use in the Seldinger Technique. The 

20cm guidewire was removed from the 22 gauge catheter assembly and 

inverted. This was then introduced into the 22 gauge Abbocath T, already 

in situ, and gently fed into the venous infrastructure, using sterile isotonic 

saline as a lubricant. Once this had been inserted to a suitable distance, the 

Abbocath T was removed, ensuring that the guide wire was kept in 

position. The accompanying 22 gauge catheter was then gently eased over 

the guidewire to a maximum distance of 10cm as determined by the 

graduations on the side of the catheter, ensuring that it did not progress 

further than the position equivalent to that of the inguinal ligament which 

anatomically marks the boundary of the adipose tissue drainage. Once in 

place and secured, the guidewire was removed and the vein kept patent by 

slow infusion of isotonic saline.
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4.1.2 c Mixed Venous

A tourniquet was applied to the upper arm and a superficial vein under the 

skin at the ante-cubital fossa was identified by palpation. A 18 gauge 

Venflon (Beckton Dickson, Sweden) was inserted into the vein and the 

cannula inserted contra-laterally into the vein over the needle. The needle 

was withdrawn and the cannula held in position with micropore tape. The 

cannula was flushed with 10ml normal saline and the injection port 

capped. The tourniquet was released and the patient rested for 15 minutes.

4.1.3 Blood sampling

Under local anaesthetic, cannulae were inserted into a radial artery and a 

superficial epigastric vein draining the subcutaneous abdominal adipose 

tissue. This procedure has been described in this chapter (sections 4.1.2a & 

b). Lines were kept patent by slow infusion of isotonic saline. Samples 

were taken from both sites simultaneously, separated and frozen within 30 

minutes of collection. Post-absorptive baseline samples were taken 

between 1100 and 1400 hours corresponding to an overnight fast of 13-15 

hours and then at specified intervals. Oxygen saturation measurements in 

the samples taken from deep veins were measured to confirm correct siting 

of the cannulae. Samples treated, post-extraction, in accordance with the 

recommendations for sample handling for subsequent analysis of TNF-a, 

IL-6 and leptin (Flower et al, 2000).

4.1.4 Blood Flow Measurements

Adipose tissue blood flow was determined using the Xê ^̂  washout 

technique as previously described (section 4.1.5). Measurements were 

taken at baseline and immediately prior to blood sampling. Plasma flow
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was calculated as the product of local blood flow and haematocrit. The 

local cytokine production by adipose tissue was calculated as a product of 

the arterio-venous difference and plasma flow and is quoted as

production/ml/min/lOOg adipose tissue.

Forearm blood flows were measured using venous occlusion

plethysmography (Coppack et al, 1996; Moller et al, 1989) (Hokansen

system, P.M. S. Instruments, Maidenhead, UK). Plasma flow was

calculated from blood flow and heamatocrit.

4.1.5 Biochemical Assays - Characteristics

Leptin was assayed using the in-house radioimmuno assay. This assay has 

a detection limit of 0.1 ng.ml'\ an intra-assay coefficient of variance (CV) 

between 8 - 5 % and an inter-assay CV between 2 - 5 %  (range 1.5 -  20 

ng.ml'^).

The assay for TNFa had a limit of detection of 0.10 pg.ml'\ an intra-assay 

CV between 8.8 - 5.3 % and an inter-assay CV between 16.7 -  10.8 % ; 

range 2.4 -  14 pg.ml \  The IL-6 assay had a limit of detection of 0.09 

pg.ml'\ an intra-assay CV between 11.1 -  3.8 % and an interassay CV 

between 29.5 -  7.1 %; range 0.36 -  7.94 pg.mT\

All samples taken from an individual were always run on the same assay. 

Insulin was assayed specifically using a commercial kit (Dako Diagnostics, 

Ely, UK). The detection limit of the assay was 3 pmol.L"\ the intra-assay 

CV was 7.5-5.1% and the inter-assay CV was 9.3-4.2% over the detection 

range.
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NEF A were assayed using a commercial assay kit from Roche as 

previously described in section 4.1.9. (Shimizu et al, 1983; Harris et al, 

1974). Plasma glucose was determined using glucose oxidase reagent 

(Beckman, Brea, CA).

4.1.6 Statistical Analysis

The data were analysed using the Statistical Package for Social Sciences 

(SPSS). Cytokine concentrations at baseline and subsequent time points 

were expressed as a mean of two samples, assayed. Local cytokine 

production was calculated according to the Pick principle. Data for age and 

measures of adiposity are expressed as median (interquartile range) except 

in figures which are quoted as means and SEMs for clarity. The strength of 

independent associations between cytokine production and continuous 

variables relating to adiposity were calculated using Spearman correlation 

coefficients (rs). Comparisons between sites were made with Wilcoxon’s 

paired tests for nen-parametric data and Kruskal Wallis non-parametric test 

for skewed data. Trends with time were made using ANOVA. 

Investigations

4.2.1 Arterio venous Differences across a Forearm Depot

A deep antecubital vein was cannulated in 8 lean male subjects of the 

above population ( age 26 years [interquartile range, 22-34 years]; body 

mass index (BMI) 23.8 kg.m'^ [range, 21.8-25.6 kg.m'^] based on the 

premise that this site would have significantly lower levels of adipose 

tissue. Oxygen saturation at samples taken from this site were below 60% 

confirming sampling from a deep vein. Samples were taken from this site 2
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minutes after the inflation of a wrist cuff which approximate the venous 

effluent from skeletal muscle.

4.2.2 Effect of Sampling route on Cytokine Measurements

Blood samples were taken using routine venipuncture and an indwelling 
) i V

cannula (at least 15 minutes prior to sampling) in eleven volunteer subjects 

(5 men, 6 women; age 31 years [range, 24-36 years]; BMI 22.4 kg.m'^ 

[range, 21.5-24.1 kg.m'^]) . lL-6 and TNFa concentrations were compared 

to assess the effect of indwelling cannulas on cytokine production per se.

4.2.3 Blood Flow Measurements

Following palpation of the peri-umbilical area, a suitable injection site was 

chosen and marked with washable marker. A dose of Xe, equivalent to 

5 MBq, as calculated from the time elapsed, the reference date and total 

dosage supplied, was injected into the adipose tissue underlying this site. 

The patient was then rested for 30 minutes to allow adequate equilibrium 

of the gas between the tissues. Using a Mediscint Xenon detector, with the 

probe distance adjusted to register 20,000 counts per minute from the 

injected gas and then fixed in place, the washout of the gas was detected. 

This was determined from the decay in counts, per unit time, as measured 

over a period of 30 minutes. Blood flow measurements were taken at the 

baseline and at least 30 minutes prior to each instance of blood sampling.

4.2.4 Baseline Arterio venous Differences in Cvtokine-Iike Molecules 

Baseline post-absorptive levels of leptin and TNF-a and lL-6 were 

measured in all subjects (see tables 4.1.1 and 4.1.2 respectively, for 

subject details).
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Table 4.2.4a Characteristics of subjects studied for arterio venous 
difference in leptin levels

n = 47 

Male:Female —12:35

Age = 43 (range; 29-51) years 

Waistihip ratio = 0.96 (range; 0.85-1.03)

Body mass index = 35.9 (range; 25-47.9) kg.m*  ̂ §

% body fat = 46.75 (range; 46.75 -55.65) % 

Total body fat = 47.45 (range; 21.43-65.13) kg

Figures quoted as median {interquartile range}



Fig. 4.2.4 b Anthropometric characteristics of patient group studied 
for arterial-venous differences in IL-6 and TNF-g

N = 28

Age = 45.4 (22.75-52.00) years 

Male:Female =11:17 

BMI = 43.6 (27.60-56.00) kg.m-2 

WaistiHip Ratio = 0.895 (0.82-0.97)

% Body Fat = 47.3 (28.8-56.0) %

Total Body Fat = 56.36 (27.4-81.9) Kg 

Systolic Blood Pressure = 138 (127-149) mmHg 

Diastolic Blood Pressure = 82 (74-91) mmHg

Figures quoted as median (interquartile range)
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4.2.5 Feeding Studies

The influence of a high carbohydrate meal on the arterial and venous levels 

and the production of leptin was investigated in a subset of 22 subjects for 

7 hours postprandial. The subjects were dichotomised as described in 

section 4.1.1.: BMK30; n=5, M:F = 5:0, age = 27.0 [23.5-42.0] years, BMI 

= 20.8 [19.8-25.0] kg.m'^ percentage body fat 11.7 [8.6-14.5] %, waist hip 

ratio 0.89 [0.84-0.95], total body fat 9.3 [6.3-11.1]: BMI>30, n=17, 

M:F=5:12, age=50 [44.5-52.5] years, BMI=43.7 [32.3-47] kg.m \ 

percentage body fat =47.3 [41.9-51.9] %, waist hip ratio=0.98 [0.90-1.0], 

total body fa1r=56.4 [37.6-64.1] kg.

The arterial and venous levels and the production of IL-6 in nineteen 

subjects (9 male and 10 female; BMI 33.2 kg.m'^ [range 25.0-46.0 kg.m'^]; 

age 46 years [range, 27-52 years]) was measured, for the same time period. 

Dietary information was sent to these subjects two weeks prior to the study 

day with details of foods containing a high percentage of carbohydrate and 

recommendations for changing their diet. Food diaries were compiled, by 

the patients for three consecutive days immediately before the study: these 

revealed a 10% increase in the consumption of carbohydrate rich food. 

Post-absorptive samples were taken, as before, and the patients were given 

lunch comprising 70% carbohydrate, 20% fat and 10% protein representing 

50% of their total recommended daily calorific intake (as determined by 

Bioelectrical impedence). Samples were taken from both sites, 

simultaneously, at 1 hour, 3 hours and 5 hours postprandially. These 

corresponded to 1200-1400 hours, 1300-1500 hours, 1500-1700 hours and 

1700-1900 hours, respectively, in real time.
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4.2.6 Fasting Study

9 subjects (see figure 4.2.6) attended the department at 0800 hours 

following an overnight fast of at least 12 hours for assessment of 

production of adipose tissue derived IL-6 and circulating levels in response 

to prolonged fasting. Additionally, thirteen obese female subjects (BMI

48.6 kg.m'^ [range, 36.7-52.7 kg.m" ]̂; age 49.0 years [range, 39.0-58.5 

years]; percentage body fat 56.7% [range,45.2-59.5%]) were studied to 

assess the same criteria for leptin. Blood samples were taken following an 

overnight fast of between 12 and 14 hours at baseline and then after 1 hour 

(13-15 hours fast), 3 hours (15-17 hours fast) and 5 hours (17-19 hours 

fast). These time points correspond to between 12-2 pm, 1 & 3 pm, 3 & 5 

pm and 5 and 7 pm, respectively, in real time and were chosen to be 

analogous to the postprandial time points in the above study.

4.2.7 Adipose Tissue Biopsies

Biopsy of the abdominal subcutaneous adipose tissue was performed by 

Dr. A Rawesh, our departmental surgeon. The peri-umbilical area was 

palpated for evidence of hernia and then sterilised by liberal swabbing with 

Butadiene solution. The superficial skin at the proposed biopsy site was 

anaesthetised using 1% lignacaine solution in an insulin syringe. Once 

numb, the underlying tissue was then anaesthetised by direct injection of 

1% lignacaine / 1:20,000 adrenaline using a 10ml syringe and 21 gauge 

needle. A 3 cm lateral incision was then made through the dermal layers to 

expose the underlying adipose tissue. The adipose tissue was separated 

from the connective tissue and held in a clamp while the surrounding tissue
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Figure 4.2.6 Characteristics of fasting sub jects studied for IL-6 levels during fasting

Age =  43.0 [33-58] years 

Waist hip ratio =  0.89 [0.85-1.04] 

BMI =  29.9 [23.95-46.70] kg/m^

% body fat =  39.7 [37.55-53.7] % 

Total body fat =  33.9 [ 22.5-69.9] kg

Figures quoted as median [interquartile range]



was cut. The removed tissue was weighed, wrapped in aluminium foil and 

immediately frozen in liquid nitrogen. Approximately 5g of adipose tissue 

was recovered per biopsy. The incision was closed and sutured using 

absorbable, plain surgical catgut internal sutures (Ethicon Ltd, Edinburgh, 

UK) and braided silk, nonabsorbable sutures (Mersilk) for superficial 

closure (Ethicon Ltd, Edinburgh, UK). The subject was provided with 

prophylactic antibiotics. The stitches were removed after seven days and at 

the same time, the area was examined for any indication of infection.

4.2.8 Biopsy Processing

Biopsy samples were paraffin embedded and cut into 0.2|Lim slices using a 

microtome and microscope slides were prepared. For each biopsy, one 

slide was stained with haematoxylin and eosin to visualise cellular 

components and photographed (Pathology Department, Whittington 

Hospital).

4.2.9 Immunohistochemistrv

Paraffin embedded adipose tissue samples, fixed to microscope slides were 

soaked in xylene for 5 minutes to remove the paraffin and then rehydrated 

by sequential incubation in an alcohol series (100%, 90%, 75%) for 5 

minutes respectively. The sections were then incubated in water for 5 

minutes and then in phosphate buffered saline (PBS) for a further 10 

minutes. Using a wax pen, an area around the rehydrated tissue sample was 

isolated and the endogenous peroxidase activity destroyed by incubation 

with methanol/0.02% H2O2 for 20 minutes at room temperature. The slides 

were washed in H2O and then PBS for 5 minutes each and then blocked at 

room temperature for 20 minutes with 5% normal rabbit serum in PBS.

2 1 2



The slides incubated for 1 hour at room temperature with the primary 

antibody (goat anti-human Interleukin 6 IgG (R&D Systems Ltd, Oxon, 

UK) diluted to a concentration of 0.5pg.ml"^ in PBS or goat anti-hepatitis B 

surface antigen [HbsAg] (Dako Diagnostics, Cambridge, UK) diluted 

1:1000 in PBS as a control). Slides were washed three times for 5 minutes 

each with PBS and incubated with the secondary antibody (anti-goat IgG- 

HRPO [Sigma Chemicals, Poole, UK] diluted 1:25 in PBS) for 30 minutes 

at room temperature. The tissues were then washed with PBS each for 5 

minutes, three times and excess liquid removed. 1ml substrate was added 

to each sample (3,3’-diaminobenzidine, O.Smg.ml'  ̂ Sigma fast [Sigma 

Chemicals, Poole, UK)) and incubated at room temperature for 10 minutes. 

Samples were washed as before and then counterstained with haematoxylin 

for 5 minutes. Samples were washed in H2O and then dehydrated by 

incubation in an ascending alcohol series (75%, 90%, 100%) and a 

coverslip attached using transparent resinous mount. These were left to dry 

for 1 hour and then photographed with an Olympus SC-35 camera 

(Microscope Service & Sales, Surrey, UK) attached to an Letz Wetzler 

microscope (Microscope Service & Sales, Surrey, UK) at a magnification 

ofX160.

4.2.10 Adipocyte Cell Culture and Differentiation

The murine pre-adipocyte cell lines used for these experiments, 3T3- 

F442A and 3T3L1 (Green & Kehinde, 1976) (a kind gift from Gokhan S 

Hotamisligil, School of Public Health, Harvard University, Boston, USA) 

were grown to near confluence in Dulbecco’s minimum essential medium 

(DMEM) (Life Technologies, High Wycombe, UK), 10% bovine calf
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serum (Life Technologies, High Wycombe, UK), at 37®C in an atmosphere 

comprising 10% CO2/90% air in 225 cm'^ flasks. Cells were harvested and 

re-plated in 6 well plates at a density of 6 x lO"̂  cells per well and 

incubated for 24 hours. The medium was changed to DMEM, 10% cosmic 

calf serum (Hyclone, Utah, USA) and the cells incubated for further 24 

hours.

The cells were induced to differentiate by incubation with DMEM, 10% 

cosmic calf serum, 0.5mM isobutylmethylxanthine (IBMX), IpM 

dexamethasone, SpM.ml'^ insulin for 72 hours. Cells were then maintained 

in DMEM, 10% cosmic calf serum, SpM.ml'^ insulin for a further 14 days, 

with the medium changed on alternate days.

4.2.11 RNA Extraction

Cells from three wells per intervention were collected into 1.5ml Tri- 

Reagent (Sigma Chemicals, Poole, UK) and the RNA extracted as per the 

manufacturer’s instructions (Chomczynski et al, 1987; Chomczynski et al, 

1993). RNA pellets were quantified at A260 and then stored at -70®C.

4.2.12 Northern Blotting

20pg total denatured RNA per cytokine intervention was run on a 1% 

agarose gel ( Ig w/v agarose, 97ml 2-[N-Morpholino]ethanesulfonic acid 

(MOPS) [0.05M MOPS, SmM sodium acetate, ImM EDTA], 3ml 37% 

formaldehyde) for 2 hours at lOOV. Following separation, the RNA was 

capillary blotted to nylon membrane (Biotrans, UK) for 18 hours in lOX 

SSC buffer. Blotted nucleic acids were UV cross-linked (120,000 J/cm'^ x 

2) and then baked dry at 80®C for 15 minutes. Probes were prepared from 

plasmid DNA extracted from E.coli JMIOI. Briefly, cells transformed with
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pue 19 plasmids containing an insert specific to the IL-6 message were 

lysed and the genomic DNA precipitated. Plasmid DNA was purified by 

phenol chloroform extraction and precipitated with 100% ethanol. Inserts 

were spliced from the vehicle DNA by overnight incubation in the 

presence of EcoRI restriction endonuclease in optimised buffer (Roche, 

Germany) at 37°C. Plasmid inserts were isolated on a 1% agarose gel (2g 

w/v agarose, 200ml TBE buffer [O.IM Tris, M boric acid, 0.5M EDTA] 

and bound to pre-activated DEAE membranes (Scherlinger & Schoer, 

Wembley, UK) placed in the path of the insert in the gel. Membranes were 

washed for 15 minutes at room temperature in 1ml low salt buffer [50mM 

Tris-HCl, lOmM EDTA, 1.0 M NaCl, pH 8.0] and then incubated for 1 

hour at 65®C in 200pl high salt buffer [50mM Tris-HCl, lOmM EDTA, 

0.15M NaCl, pH 8.0]. An equal volume of phenol: chloroform: isoamyl 

alcohol (25:24:1) was added to the high salt buffer and vortexed for 30 

seconds and then incubated at room temperature for 30 minutes. The 

samples were then spun for 10 minutes at 10, 000 rpm and the upper 

aqueous layer removed. Two volumes 100% ethanol and 1 volume lOM 

Ammonium Acetate were added to the aqueous phase and incubated at - 

20°C overnight. Samples were spun at 10,000 rpm for 30 minutes and the 

supernatant removed. Insert DNA was then resuspended in 20pl 0. IM Tris- 

HCl, pH 8.0 and stored at -70°C.
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Results

4.3.1a Forearm Production Rates

No significant arterio-venous differences were observed in TNFa or IL-6 

concentrations across the forearm in eight subjects: TNFa (arterial 1.22 

pg/ml [range, 0.74-2.76 pg/ml] vs. forearm venous 0.99 pg/ml [range, 0.69- 

1.70 pg/ml]); IL-6 (arterial 1.87 pg/ml [range 1.57-2.31 pg/ml] vs. forearm 

venous 2.34 pg/ml [range, 1.28-4.09 pg/ml]). Therefore, there is no net 

release of cytokines at this site. No significant expression or production of 

leptin has been reported from this site, consequently this molecule was not 

measured in these samples.

4.3.1b Effect of Cannulation on Cytokine Production

No effect of sampling method on IL-6 and TNFa concentrations was 

observed in the 11 paired sample taken via venipuncture and indwelling 

cannula (data not shown).

4.3.2 Plasma Flow

Plasma flow in the subjects studied at baseline was 1.43 ml.min'^ (range, 

0.89-2.56 ml.min'^). The rate did not significantly change during the course 

of the prolonged studies in the applicable subjects.

4.3.3 Baseline Biochemical Measurements

Plasma glucose concentrations were 5.10 mMol.L'^[range, 4.73-6.48 

mMol.L'*]. Baseline specific insulin concentrations were higher in the 

artery (59.31 [range, 33.53-81.55] pg.ml'^) than in the venous (41.33 

[range, 25.79-67.74] pg.ml'^), (p < 0.0001). This suggests that insulin is 

being degraded by the adipose tissue. Free fatty acid concentrations were
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significantly higher in the postabsorbtive venous concentrations compared 

to the arterial ( arterial 0.59 mMol.l'^ [ range, 0.48-0.83 mMol.l'^ ]: venous 

1.07 mMol.r' [ range, 0.82-1.50 mMol.l'^ ]: p< 0.0001). This suggests that 

the subjects are in the postabsorptive state and are releasing stored fat in 

the absence of insulin.

4,3.4 Baseline Arterio-venous Differences in Cytokines 

Venous concentrations of leptin were higher in the vein than in the artery 

in the postabsorptive state in 47 subjects ; arterial 28.45 ng.ml'^ [ range, 

9.64-50.64 ng ml'^] v.s. vein 35.28 ng.ml*̂  [range, 12.65-61.44 ng.ml'^ ], p 

< 0.0001. (Figure 4.3.4.). IL-6 concentrations in the post-absorbtive state 

were significantly higher (p< 0.001) in the abdominal venous sample than 

in arterial samples [arterial 2.33 pg/ml ( range; 1.36-3.77 pg/ml ) ] v.s. [ 

venous 6.06 pg/ml ( range; 3.28-9.43 pg/ml )]. Concentrations of TNFa 

between the artery and the vein were found to be similar (arterial 1.79 

pg/ml [range, 1.20-2.26 pg/ml] and venous 1.67 pg/ml [range, 1.33-2.22 

pg/ml], p= 0.446). These are summarised in figure 4.3.4.

Indices of obesity correlated significantly (Spearman’s correlation 

coefficient) with both circulating and venous concentrations of leptin 

(except waist hip ratio which was only significant in the male cohorts) (see 

section 4.3.4b). Circulating concentrations of IL-6 were observed to have a 

significant relationship with a number of indices of obesity as detailed in 

(4.3.4c) but not with either glucose or insulin concentrations.

There was no significant relationship between released concentrations of 

TNFa and indices of obesity, baseline levels of insulin or fasting plasma 

glucose (4.3.4.C).
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Fig.4.3.4 Site specific differences in cytokine concentrations as 
determined by A-V difference studies
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Figure 43.4b Association of indices of obesity with baseline circulating leptin levels

Index Venous  Arterial

Waist: Hip Ratio -0 .0 1 3 b -0 .0 5 9 b

Body Mass Index 0.8W 0.834®

Percent Body Fat 0.898® 0.890®

Total Body Fat 0.887® 0.881®

Correlation of indices of obesity with circulating levels of leptin (arterial and venous)  ̂= p<0.0001 ; 
 ̂= association stronger in the male cohorts only: arterial (r=0.565, p=0.05), venous (r=0.571, p=0.050



Fig. 4.3.4c Correlation of circulating levels of cytokines with indices of obesity 

Index________________ TNF________________ IL-6

W:H ratio 0.130 0.473

BMI 0.190 0.532*

% Body Fat 0.074 0.652>>

Total Body Fat 0.121 0.711*

Figures quoted as Spearman rank correlation coefficients of adiposity indices against 
baseline arterial concentrations of cytokines. * = p<0.05; *> = p< 0.005; = p<0.001
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Figure 4.3.5 Arterial & venous concentrations for 5 hours following 
a high carbohydrate meal and fasting for the same period
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Figures quoted as mean (SEM). Triangles represent arterial concentrations, squares represent 
venous concentrations. Coloured symbols represent subjects who consumed a high carbohydrate 
meal and open symbols represent subjects who continued to fast for the same time period.



Baseline production of leptin was 4.68 ng/lOOg adipose tissue/min/ml and 

was significantly associated with; BMI (rs= 0.443, p = 0.021); % body fat 

(rs= 0.441, p = 0.024); total body fat (rj= 0.397, p=0.045); circulating 

specific insulin levels (rs= 0.545, p=0.003); venous specific insulin 

concentrations (rs= 0.483, p=0.011) and, in male subjects only, waist hip 

ratio (rs= 0.770, p= 0.015). Baseline in-vivo production of IL-6 from the 

abdominal adipose tissue bed was 3.84 (range, 1.86-11.6) pg/lOOg/min/ml 

and was higher in subjects with increased waist hip ratio (rs = 0.56, p < 

0.001 ).

4.3.5 Carbohydrate Study

The change leptin concentrations and production are shown in figures 4.3.5 

a and b. Arterial and venous concentrations were higher in the obese 

subjects at all time points compared to the lean subjects: arterial (Kruskal 

Wallis p < 0.002 for all), venous (Kruskal Wallis p < 0.014). Additionally, 

venous concentrations were higher than arterial at all time points, in both 

groups (p=0.003-0.001).

In the obese group, neither arterial or venous levels of leptin differed 

significantly from the baseline values with both measures remaining 

relatively static over the study period. In the lean cohorts, both arterial and 

venous concentrations of leptin rose (following a slight decrease at 1 hour 

postprandial) over the time period studied , but not significantly. In both 

groups, the arterial and venous concentrations rose in parallel.

Production rates rose in both groups in response to ingestion of the meal 

with the obese group demonstrating a blunted response in comparison to 

the lean with nearly a two-fold higher increase at 5 hours (% increase in
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Figure 4.3.5a: Effect of feeding on arterial. venous and production of leptin in 5 non-obese subjects
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Figure 4.3.5b Arterial, venous and production of leptin in response to feeding in obese subjects
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production compared to baseline (mean percent change [± percentage 

SEM]; obese group baseline 100% [± 18%] vs. lean group baseline 100% 

[± 57%], p=NS; obese group 1 hour, 117% [± 41%] vs. lean group 1 hour, 

85% [± 51%], p=NS; obese group 3 hours 122% [± 33%] vs. lean group 3 

hours 119% [± 100%] p=NS; obese group 5 hours 170% [±50%] vs. lean 

group 5 hours 320 % [± 70%] p=NS. The net production rates did not 

increase significantly from baseline in either group.

Concentrations of arterial and venous IL-6 were higher in the afternoon 

and evening (up to 1800-1900 hours) than those taken in the morning (p < 

0.01, by Repeated Measures ANOVA), These changes were not related to 

changes in blood flow which were similar in both groups and remained 

constant over this period. The local production rates of IL-6 increased 

significantly (both groups p<0,05) in the afternoon compared to morning 

{woduction rates (160% [range, 120-200%]).

TNFa concentrations in both the artery and vein did not differ even after 

prolonged fasting or after eating. No trend was observed with regard to 

arterio-venous differences of TNFa with obese individuals no more likely 

to show net release than lean subjects.

4.3.6 Fasting Study

The arterial and venous concentrations and the production rate of leptin are 

shown in Figure 4.3.6. No significant difference was observed between the 

arterial and venous samples in the patient population during the study.

The arterial values did not differ significantly from the baseline levels, or 

the value recorded for the previous time-point, during the study period. A
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Figure 4.3.6 Effect of prolonged fasting on leptin concentrations and fasting
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steady increase in the arterial levels was observed from 15-17 hours and 

this trend continued, at least, until the end of the study.

No significant decrease in venous levels from the baseline levels was 

observed during the study period. Venous levels mirrored the arterial levels 

until at approximately 19-21 hours of fasting after which, the venous levels 

fell below those observed in the artery and remained so until at least the 

end of the study period.

Leptin production was not significantly different from baseline at 13-15 

hours fasting (baseline; 5.4 ng/ml/min/lOOg [range, 1.5-17.6] vs. time- 

point 1; 7.0 ng/ml/min/lOOg [range, 2.0-18.8], p=0.889) and then declined 

significantly at time-points 2 & 3 compared to the baseline value (time- 

point 2; 2.9 ng/ml/min/lOOg [range 0-7.8], p=0.012: time-point 3; 1.5 

ng/ml/min/lOOg [range, 0-5.0] p=0.028). The initial lag in the decline of 

leptin production in obese women undergoing prolonged fasting has been 

demonstrated in collaboration with this group (Klein et al, 1998). 

Following this, the production rate rallies and is no longer significantly 

different from baseline at the end of the study (time-point 5; 4.7 

ng.ml.min.lOOg [1.3-15.5], p=0.180).

Analysis of 6 age and weight matched women from both the fasted and the 

fed groups demonstrated a similar increase in local IL-6 production rates 

regardless of whether the subjects had eaten or not.

Due to the considerable variation between leptin concentrations observed 

between individuals, at al time points, 9 obese subjects from the fasting 

group and 9 age and weight matched subjects form the fed group were re

analysed. The trends observed for leptin concentrations in the vein and
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artery, inaddition to the production rated demonstrated the same trends as 

already displayed (data not shown).

4.3.7 Whole body adipose tissue leptin & IL-6 production rates

Due to the reported heterogeneity of the adipose tissue depots with respect 

to the molecules secreted e.g. leptin (Montague et al, 1997) and IL-6 (Fried 

et al, 1998), the contribution to the total complement of circulating levels 

of these molecules made by whole body adipose tissue cannot be 

determined equivocally. Certainly, with respect to IL-6, which is secreted 

by numerous cell types, the adipose tissue contribution would most likely 

be minimal especially during activation of the immune system when IL-6 

levels will increase considerably. Conversely, although leptin is secreted 

by other cell types, the major source of endogenous leptin is the adipose 

tissue with the subcutaneous depot contributing more over the other depots. 

In obesity, fat accumulates centrally in both sexes despite the sexual 

dimorphism observed in the distribution of fat. Therefore, the production 

of leptin from this depot is likely to constitute the origin of a majority of 

the circulating leptin observed in men and in all obese subjects.

4.3.8 Immunohistochemical staining of adipose tissue

The results of the immunohistochemical staining experiments show that the 

majority of the adipose tissue derived IL-6 is derived from the cell types 

ancillary to the adipocytes in the adipose tissue as a whole. This is shown 

in figure 4.3.8. which is presented in black and white for clarity. The dark 

areas signify the localisation of IL-6, while the adipocytes are clearly 

visible. It is here that the differences in the morphology of adipocytes is
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Figure 4.3.8 Paraffin Processed Adipose Tissue Biopsy Samples 
Immuno-Stained for IL-6
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Immuhohistochemical staining of paraffin processed biopsy specimens from abdominal adipose tissue for IL-6. 
Specific anti-IL-6 binding visualised using insoluble stain and counterstained with haemotoxylin.



clear with the non obese male subject having smaller, more rounded 

adipocytes compared to the obese subjects where the adipocytes are larger 

and amorphous. Although these results show clearly that the adipose tissue 

derived IL-6 is present in the cells other than the adipocytes in the adipose 

tissue, this does not preclude the possibility that IL-6 is not expressed, and 

even secreted by the adipocyte. To this end, studies into the expression of 

IL-6 in the adipocyte were investigated.

4.3,9 Northern blot of adipocyte RNA for IL-6 message 

In the two mouse adipocyte cell lines investigated, IL-6 mRNA was 

present in the undifferentiated cells and declined as these cells matured into 

adipocytes. These results are shown in figure 4.3.9. This suggests that IL-6, 

in the basal state and in vitro, is produced by the preadipocyte cell 

component, but not to the exclusion of the other cell types, excluding the 

adipocytes. This result corroborates that seen for the immunohistochemical 

staining.
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Figure 4.3.9 Differentiation time course dependent expression of murine IL-6 in two adipocvte- 
like cell lines and compared to stimulated and unstimulated macrophages
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Northern blot of mouse RNA derived from two cell types and compared to LPS stimulated macrophage RNA for IL-6 message.Samples taken from pre-adipocytes and at 
periods during differentiation. Total RNA blotted to nylon membrane and probed with specific p̂  ̂IL-6 probe. Exposed to photographic film for 1 week.



4.4.1 Discussion

The involvement of adipose tissue derived cytokine-like molecules has 

been investigated using a sensitive arterio-venous balance technique. Using 

this procedure it is possible to examine the actual production of leptin, IL-6 

and TNF-a by the abdominal adipose tissue bed in-vivo, in response to 

various nutritional stimuli, in a subject population of obese and lean 

individuals.

The production of proteins by the adipose tissue is not a novel concept. To 

date, the complement of proteins shown to be released from adipose tissue 

comprised LpL (Coppack et al, 1996), adipsin (Cianflone et al, 1996) and 

leptin (Klein et al, 1996). Additionally, TNFa mRNA has been isolated 

from the adipocyte but actual release from this tissue has not been 

demonstrated.

These data presented here demonstrate the production of leptin and IL-6, 

but not TNF-a from an abdominal adipose tissue bed. Leptin production by 

adipose tissue has been shown previously but this is the first instance that 

IL-6 production has been shown by this depot (Stephens et al, 1992; 

Purohit et al, 1995). IL-6 production from ex vivo adipose tissue biopsies 

(subcutaneous and omental) has been demonstrated (Fried et al, 1998) 

which complements the findings presented here. TNFa is strongly 

implicated in the development of obesity related dislipidaemia and insulin 

resistance. These results would suggest that these actions are mediated 

through a paracrine/autocrine mode rather than through an exocrine route 

as these data shown no net release of this cytokine or association between 

the circulating levels and the measured indices of obesity. TNFa and IL-6
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are both comparatively short-lived in plasma consequently, comparison of 

the circulating levels to the effluent of any depot producing this cytokine 

would reveal a marked difference (Pick & Gifford GE, 1986). TNFa is 

secreted in a membrane form as well as in its soluble state. It is possible 

that abdominal adipose tissue released TNFa and may persist anchored to 

its producing cell rather than being released. Adipose heterogeneity may 

also contribute to the lack of release observed. It is feasible to speculate 

that one adipose tissue depot may preferentially secrete one complement of 

cytokine molecules that is absent in another as has been observed for leptin 

and IL-6 (Montague et al, 1997; Fried et al, 1999).

TNFa, leptin and IL-6 form a triad of self regulating molecules with TNFa 

stimulating the synthesis of the other two molecules (Sarraf et al, 1997; 

Grunfeld et al, 1996; Stephens et al, 1992; Kern et al, 1995). The 

production of IL-6 and leptin from the abdominal adipose tissue, coupled 

with the significant association of the circulating levels of these molecules 

with the measured indices of obesity is suggestive of an adipostatic 

regulatory role for both of these cytokines. Leptin and IL-6 are both 

classified as class-1 cytokine-like molecules, through comparative 

structural features rather then sequence similarity (Zhang et al, 1997). As 

shown, they are both released by abdominal adipose tissue at 

concentrations which reflect the degree of adiposity in an individual and 

they are both candidate adipostatic hormones. An adipostatic role for leptin 

is well documented and summarised in the first chapter of this thesis i.e. it 

is produced by adipose tissue and can influence the regulation of 

metabolism to restore energy balance.
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In addition to the immunological role of IL-6, it has a number of peripheral 

functions which make it a candidate adipostatic regulator. IL-6 receptors 

have been located to the hypothalamus (Jones & Kennedy, 1993) which 

may suggest a central role for this cytokine. The leptin receptor (ob-R) and 

the gplBO component of the IL-6 receptor have significant structural 

homology, although it has been shown that receptor cross signalling 

between these molecules does not occur (Tartaglia et al, 1997; Devos et al, 

1997). The presence of both receptors in the hypothalamus may be 

indicative of a synergistic role in regulation of appetite and energy balance 

for these two candidate adipostats (Jones & Kennedy, 1993).

IL-6 release has been shown from 3T3-L1 cells, pericardial fat pads and 

mammary glands. It reduces LPL activity in vivo and in vitro which may 

lead to decreased triacylglycerol deposition in the adipocyte and increased 

futile cycling (Berg et al, 1994; Greenburg et al, 1992). IL-6 also 

stimulates thermogenesis and satiety mediated through prostaglandin 

synthesis and corticotrophin releasing factor (Rothwell, 1994). IL-6 also 

modulates the action of the key enzyme in the metabolism of oestrogen, 

aromatase. Estrogens are well known for their effects on satiety and 

adipose tissue distribution (Purohit et al, 1995).

As these data show, the production of IL-6 and the systemic concentration 

increases during the progression of the day independently of nutritional 

stimulus but this does not preclude the role of other effectors in alteration 

of IL-6 release from this depot. As shown, the mature adipocytes do not 

appear to be the source of the adipose tissue derived IL-6. This data has 

been coroborated in vitro with isolated adipocytes secreting only 10% the
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level of IL-6 secreted by adipose tissue (Fried et al, 1998). Rather, this 

molecule appears to be expressed, in-vitro, by the pre-adipocytes with a 

loss of secretion as these cells develop into mature adipocytes. The 

secreted IL-6 may work in a paracrine fashion on the adjacent adipocytes 

in fat deposition. Alternatively, the IL-6 may be influential on the adequate 

provision of a pre-adipocyte cells through the recruitment of these from 

their progenitor cells; IL-6 is known to direct these cells towards a pre

proadipocyte cell lineage in favour of an osteoblastic one (Gordis et al, 

1995).

Leptin mRNA levels and circulating concentrations of leptin have been 

shown to be influenced by regulators of satiety and feeding: food intake, 

insulin and glucocorticoids positively effect leptin message and circulating 

levels (Cusin et al, 1995; DeVos et al 1995; Trayhum et al, 1995b) whereas 

noradrenaline and neuropeptide Y have the opposite effect on these 

parameters (Stephens et al, 1995; Trayhum et al, 1995a). However, the 

effects of insulin (Kolaczynski et al, 1996b) or ingestion of food or fasting 

(Boden et al, 1996; Kolaczynski et al, 1996a) do not acutely regulate either 

ob mRNA or circulating leptin levels and adipose tissue and ob mRNA 

levels are in discordance plasma levels (Ranganathan et al, 1998). Leptin is 

cleared from the circulation by the kidney in a partially glomemlar 

filtration independent manner and is degraded by this organ (Meyer et al, 

1997; Cumin et al, 1996). Exogenous leptin removal from the circulation 

can be described by a three compartment model where up to 77% of 

exogenous leptin is lost within the first 5 minutes, 24% is lost in the 

subsequent 25 minutes and the remainder persists for up to 3 hours
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following administration (Cumin et al, 1996) and significant enrichment of 

circulating levels is observed with passage across the splanchic bed 

(Garibotto et al, 1998). Circulating leptin levels are also higher in patients 

with liver cirrhosis (Shimizu et al, 1998). Leptin circulates mostly in the 

bound form in lean individuals and is mostly free in the obese. The 

increased residence time of leptin in the serum has been attributed to the 

binding of the molecule to a circulating carrier protein and the abrogation 

of reactive leptin by the binding of the molecule to peripheral tissues which 

contain one of the non-signalling receptor isoforms (Hill et al, 1998). 

Administration of leptin as a pharmacological agent has shown some 

success as an anorectic agent in obese subjects (Heymsfield et al, 1999). 

One possible explanation for this is that the large free pool of leptin in 

obese subjects is lost through renal clearance before it is effective or 

abrogated, therefore, supplementation will increase the residence time 

leading to the enhanced action. As the assay used to obtain this data most- 

likely recognises the total complement of leptin i.e. free and bound, the 

arterial and venous levels will contain a mixture of the two. Any 

interpretations must also take account of the diurnal fluctuation in leptin 

levels (Coleman & Herrmann, 1999). Therefore, studies which rely on the 

interpretation of circulating concentrations of leptin to assess effects on the 

expression of the ob gene will be confounded by these post-translational 

effects. The data presented here support the evidence suggesting 

discordance between leptin production and the circulating levels. During 

prolonged fasting, production of leptin declines without an appreciable 

decrease in the circulating levels. Production only increases when the
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levels in the vein draining the adipose tissue fall below those of the 

circulating levels. Whether this coincides with the depletion of leptin stores 

held, or is a physiological mechanism to maintain leptin levels remains to 

be determined. If the latter is true, then the observed delay in leptin 

production observed in obese subjects could be due to higher levels of 

leptin in the system as a whole -  obese individuals have higher circulating 

leptin levels and have comparatively larger organs than leaner counterparts 

and would therefore have larger reserves.

Lean individual also experience a pronounced peak in leptin production, 5 

hours after the ingestion of a high carbohydrate meal which is absent in 

their obese counterparts. As this coincides with the rise in production of 

leptin in the obese subjects who continued to fast, it is difficult to 

determine whether this is a nutritional effect or part of the physiological 

cycling of leptin e.g. in response to a postprandial low in cortisol levels 

with a blunted response in obese individuals - the timing of this peak is too 

early in the day to signify the diurnal rise in leptin observed in the early 

hours of the morning. What is clear however, is the lack of influence this 

peak has on the circulating levels, which remain static.

Such a sluggish response in production of leptin was also observed in 

obese subjects (including a representation from the subjects presented here 

in addition to a cohort of subjects recruited in the States) in response to 

fasting compared to lean cohorts (Klein et al, 1998). A blunted response is 

also observed in obese subjects in response to short term fasting with 

regard to whole body SNS activity (Jones et al, 1996) and glucose 

metabolism (unpublished data). These observations are consistent with a
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lethargic metabolism, accompanying obesity, wherein regulatory 

mechanisms become attenuated.

The studies described for the regulation of leptin would have benfited from 

an increase in subjects and a better mix of subjects. The data pesented here 

pertains mainly to female, obese subjects. This was the consequence of 

recruiting patients from the Whittington Hospital obesity clinic, who are 

predominantly female, coupled to the invasive nature of the procedures. 

The clinic patients were more compliant when asked to fast and were more 

willing to undergo the necessary interventions than thinner and younger 

couterparts. Obese men were less likely to visit the obesity clinic and 

younger, thinner men were reluctant to undergo the restrictions necessary 

for the study. Another compounding issue is the wide variation in both the 

production of leptin and the arterial and venous levels of leptin in the obese 

subjects. This has produced some anomalous results with respect to the 

statistical significance of some of the comparisons. This not withstanding, 

the results presented here demonstrate for the first time, the in vivo 

discordance between the production of leptin and the circulating levels of 

this molecule. Additionally, the release of IL-6 from an abdominal adipose 

tissue depot has been demonstrated. This is only the second cytokine-like 

molecule shown to be released from an adipose tissue depot which has the 

capacity to act in an adipostatic fashion; leptin being the other one. 

Production of IL-6 from this depot increases during the afternoon 

independently of whether food is ingested or not and increases relative to 

increased body weight. The source of this cytokine has been determined as 

the pre-adipocytes, but not exclusively. Whether this cytokine acts in a
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lipid housekeeping role, to ensure an ample provision of adipocytes for 

differentiation or contributes to the circulating pool of immuno-active IL-6 

remains to be determined. No net release of TNF-a has been observed 

across this depot, despite conflicting expression data. This may be due to 

the secretion of a membrane bound form of this molecule.

Adipose tissue cytokine production is regulated in a different manner to the 

immunological cytokine response. When presented with an antigen, a 

pronounced and acute peak of cytokine release is observed in the blood. 

This subsides as the immune response progresses. In the adipose tissue, the 

release of IL-6 and TNFa is chronic and at levels which would be 

described as sub-clinical; even at the higher levels observed with 

increasing adipose tissue mass. These low levels of IL-6 and TNFa would 

be below the threshold of sensitivity of an ordinary assay and therefore, 

unquantifiable.

All the cytokine molecules investigated here have their actions modulated 

differentially by the presence of soluble forms of their cellular receptors. 

Therefore, any interpretation of their actions must account for the potential 

effect of these molecules. The next chapter will investigate the production 

of the cognate soluble receptor isoforms from the same adipose tissue 

depot and rationalise the efficacy of the cytokine molecules released from 

this depot with respect to the proposed role for the soluble receptors.
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Chapter 5

Production of cytokine soluble receptors
from

abdominal adipose tissue
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5.1.1 Introduction

In the previous chapter, it was demonstrated that the cytokines IL-6 and 

leptin, but not TNFa, were produced, in vivo, from an abdominal adipose 

tissue depot and their production at this site was consolidated to possible 

local and central effects. Any interpretation of possible local and central 

roles of these cytokines would be incomplete without considering factors 

which influence their activity, most notably, cytokine binding proteins and 

in particular, soluble forms of the respective cellular cytokine receptors. 

Many cytokine-like molecules circulate bound to proteins e.g. a  2- 

macroglobulins, extra-cellular matrix proteins, monospecific binding 

proteins and secreted soluble domains of cytokine receptors. These 

function in a variety of ways which includes altering the clearance rate of 

the ligand, modulating the bioactivity and inducing sensitivity to the ligand 

in otherwise insensitive cell lines (McCarthy, 1994; Heaney, 1993; Bonner 

et al, 1995; Kluth & Rees, 1996). The functions of these soluble receptor 

isoforms are idiosyncratic to each cytokine and can either augment or 

attenuate the cytokines’ functions accordingly.

Soluble cytokine receptors are transcribed from the same gene as their 

membrane anchored isoforms but typically lack their intra-cellular 

signalling domain and either lack or have truncated versions of the 

transmembrane region. Soluble receptors are produced either by 

differential splicing of the receptor mRNA (Holub et al, 1999), the action 

of proteolytic enzymes located in the endoplasmic reticulum called
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shedases/secretases (Hooper et al, 1997; Schwager et al, 1998) or through a 

combination of these two distinct processes (Thabard et al, 1999).

In keeping with the cytokines studied in the previous chapter, this chapter 

will concentrate on the production of IL-6, TNF and leptin soluble 

receptors from abdominal adipose tissue.

5.1.2 Interleukin 6 Soluble Receptor

The IL-6 receptor is composed of two chains, the signal transducing gpl30 

component and the ligand binding gpSO (IL-6R) component. While the 

former is situated mostly in the cell membrane and intracellularly, the latter 

is predominantly extracytoplasmic. Initially, IL-6 will bind to membrane 

bound IL-6R, with restricted affinity, permitting the binding to a gpl30 

dimer; gpl30 has no inherent affinity for IL-6. Binding of the IL-6:IL-6R 

complex to the gpl30 dimer results in an increased affinity for the IL-6 

molecule by the complex and subsequent signal propagation through the 

JAK/STAT signalling pathway (see figure 5.1.2.) (Hirano, 1998; 

Kishamoto et al, 1992)

Soluble forms of both gpl30 and gp80 have been isolated (Diamant et al, 

1997; Galillared et al, 1999; Padberg et al, 1999). The soluble gpl30 

receptor is thought to have an inhibitory role by binding the IL-6:soluble 

IL-6R complex in solution and thereby inhibiting the binding to the 

membrane isoform or by binding soluble IL-6R and preventing binding of 

IL-6 to the complex (Gaillard et al, 1999). As the gpl30 component is not 

unique to the IL-6 signalling repertoire, this study will examine only the 

gp80 domain. The soluble form of IL-6R is a 50 KDa protein (gp50/IL- 

6sR) produced through the proteolytic cleavage of the gp80 molecule,
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Figure 5.1.2: Interleukin 6 Signalling cascade; membrane bound and soluble receptor induced mode of action
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although it has also been produced through the insertion of termination 

codons in the IL-6R cDNA prior to the region coding for the extracellular 

domain (Lust et al, 1995). It has been isolated from the urine of normal 

humans (Novick et al, 1989), cerebral spinal fluid (CSF) of individuals 

with multiple sclerosis (Padberg et al, 1999), human milk (Beuscher & 

Malinowski, 1996), and plasma (Muller-Newen et al, 1996).

Production of IL-6sR by human breast cancer cells demonstrates binding to 

IL-6 in solution and augmentation of IL-6 activity through increased 

probability of binding to gpl30 domains, especially in cells which only 

express the signalling component therefore expanding the complement of 

cell types IL-6 can act upon (Oh et al, 1996). Low levels of production of 

IL-6sR are thought to act in an autocrine/paracrine manner whereas, higher 

concentrations influence IL-6 locally and systemically (Peters et al, 1997). 

Consequently, the role of IL-6sR is most probably agonistic on the action 

of IL-6. Regulation of the shedding of the IL-6sR is positively influenced 

by C-reactive protein (Jones et al, 1999), suggestive of an indirect 

autologous enhancement of IL-6 activity (Oldenburg et al, 1993). It has 

also been shown to be produced in parallel to IL-6 in pathological states 

(Thabard et al, 1999) and can induce a calcium flux in fibroblasts in 

conjunction with the other signalling components (Sporri et al, 1999).

The Câ "̂  ionophore, ionomycin activates the shedding of gp50. This was 

inhibited by TNF-a protease inhibitor 1 (TNF-a) but not in the basal state 

where neither of these had an effect (Jones et al, 1998). This indicates 

different mechanisms by which the action of sheddases and differential 

splicing produce IL-6sR.
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5.1.3 TNF Soluble Receptors

The many biological actions of TNF are implemented through binding to 

one of two forms of cellular receptors; TNFRI (gp55) (Dembic et al, 1990; 

Tartaglia & Goeddel, 1992) or TNFRII (gp75) (Schall et al, 1990; 

Loetscher et al, 1990; Tartaglia & Goeddel, 1992). Of which, at least one 

type of these receptors is present in all cell types. Both forms exhibit high 

affinity for TNF-a and TNF-P (Grell, 1995).

The two receptor types are distinct in both their intracellular and 

extracellular domains with some similarity observed in the patterning of 

cysteine residues in the extracellular domain. The signalling pathways are 

apparently unrelated suggesting a differential function for each of these 

receptors. TNF binds these receptors in a trimeric configuration (Dembic et 

al, 1990) Figure 5.1.3.

Both types of receptor have soluble isoforms which have been isolated 

from the serum and urine of healthy individuals (Seckinger et al, 1989; 

Olsson et al, 1989; Engelmann et al, 1990). These soluble forms have been 

designated TNFsRI and TNFsRII and are proposed to arise through the 

shedding of the extracellular domains of the cellular receptors (Aderka et 

al, 1992; Chouaib et al, 1991). The levels of both types of soluble receptor 

fluctuate considerably between individuals but remain stable over time 

(Aderka et al, 1992). In pathological states, the shedding of soluble 

receptors have been observed to rise in tandem with the rise in TNF with 

the shedding of each receptor type being independently regulated (Spinas 

et al, 1992).
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Figure 5.1.3. Schematic of TNF release and signalling mechanisms in the cell
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The actual role of the shedded forms of the cellular receptor is unclear. 

Binding of TNF to its soluble receptor is thought to negate the action of the 

cytokine suggesting a custodial role for the soluble receptor (Tucker et al, 

1995). Competition between the membrane bound and the soluble form of 

the receptors can protect cells from the effects of TNF and by neutralising 

the action of TNF, the soluble receptor forms can localise the TNF 

mediated immune response (Van Zee et al, 1992; Porteu et al, 1990). 

Similarly, shedding of the TNF receptors can desensitise a cell to the 

effects of this cytokine (Van Zee et al, 1992). Finally, there are reports of 

the TNF-receptor complex stabilising the ligand molecule at low 

concentrations, possibly a physiological role in the healthy state (Aderka et 

al, 1992).

It has been shown that both forms of the soluble receptor are expressed in 

adipose tissue and levels of soluble TNFRII correlate positively with 

obesity with adipose tissue being proposed as the source of these 

circulating molecules (Hotamisligil et al, 1997).

5.1.4 Leptin Receptors

In keeping with other Class I cytokine-like proteins, leptin has been shown 

to circulate in the bound form. A number of proteins which bind leptin 

have been identified. These include albumin (Hill et al, 1998) and 

transformed a  2-macroglobulin (Birkenmeier et al, 1998) as well as fatty 

acids (Campbell et al, 1998).

Leptin actions are mediated through a specific receptor, Ob-Rb, (which 

closely resembles the gpl30 signalling component of the IL-6 receptor: 

(Tartaglia et al. 1996) and consequent activation of JAK/STAT signalling
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pathways and STAT 3 common to all Class-1 cytokine-like molecules. A 

total of six derivatives of the Ob-Rb receptor have also been isolated, to 

date (see figure 5.1.4). These are thought to arise from differential splicing 

of the full length receptor message, without excluding the possibility of 

proteolytic cleavage and exhibit limited signalling capabilities in 

comparison (Bjorbaek et al, 1997). One isoform, Ob-Re, has been 

proposed as a putative soluble form of the receptor. The soluble form is 

thought to be derived from a transcript containing coding exons 1-14 of the 

full length receptor and an alternatively spliced 3’ terminal exon, but not 

codon 17 which translates into the transmembrane domain of Ob-R (Liu et 

al, 1997).

Co-expression of both the long form receptor and the proposed soluble 

form in COS 7 cells demonstrated equitable binding of I-  leptin in the 

medium and to the cell surface. Over expression of the soluble form 

antagonised the binding of -  leptin to the cell membrane. SDS-PAGE 

and autoradiographic analysis of the medium fi*om the cells expressing the 

soluble form, in the presence of the radioligand, revealed bands with 

molecular weights of 130-150 K Da and 300 K Da respectively; the former 

representing leptin dimers bound to the soluble receptor and the latter, 

homodimers of the receptor complex (Liu et al, 1997). Comparison of the 

migration patterns of bacculovirus construct expressed soluble receptor and 

those derived from db/db mice (but not d lf^ / d b ^  mice which contain a 

duplication of exons 4 and 5 in their Ob-R extracellular domain and do not 

appear to produce a soluble form of the receptor) through a polyacrylamide 

gel revealed a disparity in size; 90 KDa v.s. 120 KDa respectively.
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Figure 5.1.4: Isoforms of the leptin receptor

OB-Ra Ob-Rb Ob-Rc Ob-Rd Ob-Re Ob-Rf

Box 1

Box 2

m

O n

1162

Domain structure if the alternatively spliced leptin receptor isoforms. Total amino acid residues denoted under the receptor. Extracellular domain is common to all 
receptors with isoforms differing by the length of the intracellular domain (except Ob-Re which has no transmembrane domain). Ob-Rb has full capacity to activate 

the Janus kinase and STAT3 signalling pathway whereas Ob-R a, c, d & f have limited signalling capacity. Functional significance of short isoforms is not determined



Following prior treatment with peptide N: glycosylase F, both peptides 

migrated to positions equivalent to a 75 K Da protein and smaller. The 

amino acid sequence of the extracellular domain of the leptin receptor 

contains a potential 20 glycosylation sites. Differential glycosylation could 

contribute to the variation observed in the sizes of the proteins isolated but 

due to the disparity between the size predicted by the mRNA and the 

observed deglycosylated forms, the possibility of post-translational 

proteolytic cleavage of the soluble receptor must be considered (Li et al, 

1998)

In humans, a number of serum proteins which bind leptin have been 

isolated. The binding of these to leptin is specific, reversible and can

be antagonised in the presence of unlabelled leptin but not by an 

assortment of other circulating molecules (Diamond et al, 1997). The 

binding of leptin to the soluble receptor is at a one to one ratio, with two 

leptin molecules binding to two soluble receptor molecules to give a 

complex of approximate 300 KDa (Devos et al, 1997). Other centres have 

reported binding proteins ranging in size from 80-100, 176, 240 and 450 K 

Da respectively and seem to vary in their method of binding leptin (Cai et 

al, 1998; Diamond et al, 1997; Houseknecht et al, 1996; Sinha et al 1996). 

In one study, following size exclusion chromatography, 10% of the total 

bound fraction could be precipitated with anti-leptin receptor antibodies 

(Sinha et al, 1996). Whether this represents the total complement of soluble 

leptin receptors in a mixture of leptin binding proteins or is an 

underestimate due to the insensitivity of the methodology in recognising 

multimeric complexes remains to be ascertained. From the limited data
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available, it has been consistently noted that the levels of bound leptin 

demonstrate a reciprocal relationship to perceived total leptin levels. 

Human obesity is signified by high circulating leptin levels (Lonnqvist et 

al, 1995) due to an increased production per unit fat mass and increased fat 

mass (Klein et al, 1996) and accompanied by leptin resistance of unknown 

mechanism (Caro et al, 1996; Campfield et al, 1996). Therefore, in obese 

subjects, in a fasted state, the majority of leptin circulates in the unbound 

state whereas, in lean individuals, the majority of circulating leptin is in the 

bound form

The mRNA for this molecule is expressed ubiquitously in mouse tissues at 

levels comparable to leptin mRNA (Lollmann et al, 1997). The soluble 

receptor mRNA has been located in the placenta at days 19 and 21 of 

pregnancy (Kawai et al, 1999) and from day 13, peaking at day 17 in the 

same organ (Yamgutchi et al, 1998). In the latter study, release of the 

soluble receptor from cultured placental cells was not mediated by the 

presence of leptin in the medium but the secretion was inhibited in a time 

and dose dependent manner by the inclusion of 8-bromo cAMP. In 

pregnant mice, the placenta produces large amounts of the soluble receptor 

which parallels the increase in circulating leptin levels, without an 

observed increase in the adipose tissue production rate. This could be 

indicative of a mechanism by which the half-life of leptin is prolonged due 

to binding to the soluble receptor (Gavrilova et al, 1997). It has been 

shown that the anorectic effects of exogenous supplementation of leptin in 

mouse strains which do not produce functional leptin are heightened when 

the soluble leptin receptor is co-expressed in these animals. The heightened
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response is attributed to the longer residence time that leptin is in the 

circulation (Huang et al, 2001). In pregnant rats, the amount of the full 

length leptin receptor transcript (Ob-Rb) in the hypothalamus diminishes in 

comparison to non-pregnant rats suggestive of a mechanism of resistance 

to the hyperleptinaemia observed during pregnancy which was corrected 

during lactation. During lactation, the hypothalamic transcript for the 

soluble form of the receptor increases. This could possibly contribute to the 

hyperphagia observed during lactation (Garcia et al, 2000). Primate 

placenta also produces soluble forms of the leptin receptor with this being 

produced in excess of all other ob transcripts (Green et al, 2000)

In the non-pregnant animal, the endometrium has been shown to produce 

all forms of the leptin receptor, including the soluble form, most 

prominently during the early secretory phase (Kitawaki et al, 2000). This 

may act in a pre-emptive fashion to the possibility of pregnancy.

Using an indirect method of assessing the leptin binding. Diamond et al 

studied the binding capacity of the serum of type I diabetic, non-diabetic 

and obese adolescents (Diamond et al, 2000). The specific leptin binding 

activity (SLBA) reflects circulating leptin levels, body composition and 

hormonal milieu (SLBA was inversely correlated with serum insulin-like 

growth factor-I)

The above summarises the evidence accumulated to date regarding the 

circulating proteins which bind to leptin. Attempts to reconcile the 

relationship between leptin and its binding proteins are far from definitive 

and further study is warranted. Although the mRNA for the leptin soluble 

receptor has been observed ubiquitously, net release of the molecule has
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only been reported from the placenta. As adipose tissue is the principal 

source of leptin, it is conceivable that a high complement of soluble 

receptor will be located at source. This makes the subcutaneous adipose 

tissue site a suitable site for study of this molecule.

5.1.5 Assays for IL-6 and TNF Soluble Receptors 

Bioassays are typically employed for studying the activity of soluble 

cytokine receptors (Oppmann et al, 1996). The tangible and quantifiable 

effects of cytokines on sensitive cells lines are assessed in the presence and 

absence of soluble receptors e.g. the cytotoxic effects of TNF-a on L929 

(Humphreys & Wilson, 1999) cells or the IL-6 induced growth inhibition 

of mouse Ml myeloid leukaemia cells (Pluznik et al, 1989). These assays 

are labour intensive and lengthy and the results are not absolutely 

definitive.

Commercial ELISAs are available for the quantification of IL-6 and both 

forms of the TNF soluble receptors (R&D Systems, Oxon, UK). These are 

constructed from a capture monoclonal antibody, specific for each soluble 

receptor, bound irreversibly onto a microtitre plate in excess 

concentrations. Samples or standards of known concentrations of 

recombinant forms of the soluble receptors are added to wells and are 

immobilised by binding to the monoclonal antibodies. Unbound serum 

components are washed away and a polyclonal antibody, specific for a 

non-overlapping antigenic site on the soluble receptor molecule, 

conjugated to the enzyme horseradish peroxidase, also in excess 

concentrations is added to each well. The antibody conjugate is allowed to 

bind to the immobilised soluble receptor and any unbound component are
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washed away. A solution of hydrogen peroxide and a stabilised chromogen 

(tetramethylbenzidine) is then added to each well. The hydrogen peroxide 

is reduced, catalysed by horseradish peroxidase, to water and oxygen and 

using the chromogen as an electron donor. The oxidised form of the 

chromogen is coloured, opposed to the colourless reduced form, with the 

intensity of colour produced being proportional to the amount of detector 

conjugate antibody. As the amount of detector antibody bound is 

proportional to the amount of antigen in the sample or standard, the amount 

of colour produced can be used to calculate the concentration in unknown 

samples. This is achieved by comparing the intensity of colour produced 

from known concentrations of sample plotted as a standard curve of 

concentration v.s. absorbance at 450nm with wavelength correction at 

570nm to the absorbance values recorded for unknown samples. Colour 

development is allowed to progress for a fixed time period before the 

reaction is halted by the addition of a chaotrophic agent and then intensity 

readings are taken.

These assays will measure the quantities of each soluble receptor but do 

not take into account the activity. This is an acceptable method when 

considering that no functional mutations in the soluble receptor genes have 

been reported to date. One limitation of these assays is that although 

response is linear to the addition of recombinant forms of each soluble 

receptor, they are insensitive to addition of each respective cytokine ligand. 

Consequently, they are unable to distinguish between the free and bound 

forms of the soluble receptor and are most likely to only report total 

complement i.e. the free and bound components.
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5.1.6 Assays for Leptin Soluble Receptors/Binding Proteins

To date, there is no defined assay for the quantification of leptin binding 

proteins or the soluble forms of the OB-R molecule. No commercial source 

of OB-Re is available and as the function of this molecule is unknown, 

analysis through bioassay is inappropriate, even if a pure source could be 

obtained.

To examine the circulating and locally produced concentrations of leptin 

binding proteins a novel approach needs to be applied. The strategy I 

employed is described in the objectives below.

5.1.7 Objectives of Study

1. Proteins with affinity for leptin were isolated from serum samples using 

specific affinity chromatography and using leptin as the immobilised 

ligand. The isolated proteins were separated according to their molecular 

weights, using. SDS-PAGE

2. Using the same serum, the experiment was repeated several times to 

ensure reproducibility and reliability. The separated samples were blotted 

to nitro-cellulose membrane and probed with leptin. Areas where leptin 

bound were identified using a conjugated antibody to leptin and a 

chromogenic substrate. These areas were deemed to be the serum proteins 

with affinity for leptin.

3. Following successful visualisation of the leptin binding species, the 

assay was applied to pure serum samples, following optimisation of the 

loading volumes and concentrations.
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4. Attempts were made to simplify the assay by probing the membrane 

with I^^^-leptin and direct visualisation of the binding using 

autoradiography. This not only facilitates completion of the assay but 

also assists in the validation of both assays.

5. Follovdng successful completion of the above, the method was applied 

to arterio-venous samples obtained from patients to assess whether the 

subcutaneous abdominal adipose tissue depot is a source of these 

proteins as determined by significant enrichment in the venous sample.

6. Ob receptors in adipose tissue biopsy samples from lean and 

obese subjects were visualised using immunohistochemical techniques.

7. Arteriovenous samples were analysed using commercially 

available assays for TNFsRI, TNFsRII and IL-6sR to determine if the 

subcutaneous adipose tissue is a significant source of production of these 

molecules.
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5.2 Materials & Methods; IL-6sR, TNFsRI & TNFsRII

5.2.1 Subject Characteristics

IL-6sR, TNFsRI and TNFsRII production from an abdominal adipose 

tissue bed was studied in 30 Caucasian subjects; the characteristics of these 

are included in Table 5.2,1. All subjects gave written, informed consent 

and the study had previously received approval from the local ethics 

committee.

5.2.2 Materials and Methods

Cannulas were inserted, under local anaesthetic, in the radial artery and a 

superficial epigastric vein draining the abdominal adipose tissue. Lines 

were kept patent by slow infusion of isotonic saline. This methodology has 

been described in the previous chapter (section 4.1.2a & 4.1.2b).

Blood samples were taken in duplicate from each sampling site, 

simultaneously, and separated and frozen, in aliquots, within 30 minutes of 

collection

Bioelectrical impedance, blood flow measurements and local plasma flow 

were measured as previously described in Chapter 4 (sections 4.1.6; 4.1.5 

& 4.1.4 respectively).

5.2.3 Assays

Plasma glucose measurements were determined using glucose oxidase 

reagent (Beckman, Brea, CA) and specific insulin was measured using a 

high sensitivity, two-site ELISA (Dako Diagnostics, Ely, UK). These 

assays are described in Chapter 4; section 4.1.5) IL-6sR, TNFsRI and 

TNFsRII were assayed using specific, two-site oligoclonal ELIS As as 

previously described (R&D Systems, Oxon, UK). These assays were

257



Fig. 5.2.1 Anthropometric characteristics of subset of patient group: 
analysed for A-V differences in cytokine soluble receptor concentrations

N = 30 

Age = 44.5 (27.0-51.3) years 

Male: Female = 10:20 

BMI = 32.9 (26.0-46.6) kg.m-2 

Waist:Hip Ratio = 0.91 (0.83-0.97) 

% Body Fat = 42.5 (25.8-51.2) % 

Total Body Fat = 39.8 (10.8-71.7) Kg

Figures quoted as median (interquartile range)
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sensitive to <3 pg.ml' and the inter- and intra-assay coefficients of 

variation were < 5%.

All samples from one patient were assayed using the same kit, at the same 

time,

5.2.4 Calculations and Statistics

Local cytokine soluble receptor production rates from abdominal adipose 

tissue were calculated from the product of the arterio-venous difference 

and local plasma flow (product of local blood flow and haematocrit) 

according to the Pick principle.

All data are presented as the median and interquartile range. Comparisons 

between sites were made using Wilcoxon’s paired tests and, Spearman’s 

rank correlation’s were used to determine the independent associations 

between continuous variables.

Materials & Methods; Ob-Re

5.2.5 Coupling of r.h. leptin to cyanogen activated bromide sepharose

Serum components demonstrating affinity for leptin were isolated using 

cyanogen bromide activated sepharose (CnBr). Cyanogen activated 

sepharose is a convenient and easy method of immobilising ligands such as 

proteins, nucleic acids or other biopolymers via primary amine groups or 

other nucleophilic groups giving a highly stable, multipoint attachment. 

Activated cyanogen bromide sepharose is produced by the reaction of 

CNBr with the hydroxyl groups on sepharose, converting them to 

imidocarbonate groups in addition to the production of cyanante -  ester
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groups, both of which are nucleophilic. These activated groups react with 

primary amine groups of the ligand to form isourea linkages. Due to the 

multipoint attachment of the ligand, the ligands do not hydrolyse from the 

membrane ensuring enhanced chemical stability.

Coupling is highly pH dependent with an optimum between 8 - 1 0  where 

the ligand amino groups are unprotonated. Most commonly, the reaction is 

carried out at pH 8.3. Using a lower pH may be less efficient, this can be 

more advantageous by prevention of stearic hindrance or excessive 

multipoint attachment when large amounts of a high molecular weight 

ligand are to be coupled.

High salt concentrations are necessary to minimise ligand-ligand 

interactions and all buffers used should not contain amino groups e.g. Tris. 

The reaction is also particularly dependent on the concentration of the 

ligand. At too high concentrations, binding efficiency decreases due to 

binding site stearic hindrance and increased strength of binding which will 

enhances non-specific interactions. Pre-hydrolysis of the gel prior to 

coupling will reduce the number of activated groups available for coupling 

to and therefore increasing the efficiency.

0.286g freeze dried cyanogen activated sepharose 4B (Sigma Chemicals, 

Poole, UK) was incubated with 200ml/gram ImM HCl for 15 minutes at 

room temperature to yield 1ml swollen gel. The acid was removed by 

centrifugation at 1000 rpm for 5 minutes and the slurry resuspended in 1ml 

coupling buffer (O.IM NaHiCOg/O.SM NaCl, pH 8.3). 1ml of a 5 mg.ml'^ 

r.h. leptin solution, resuspended in coupling buffer was incubated with the 

swollen gel at a ratio of 1:2 (gel: buffer) with agitation, overnight at +4®C.
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The coupling reagent was removed as before and the activated gel 

incubated in 2mls 0.2M Glycine, pH 8.0, overnight at +4®C, to block 

residual active groups. The blocking solution was removed and the 

activated gel washed alternately with O.IM Acetate/0.5M NaCl, pH 4.0 / 

coupling buffer for 10 minutes per wash, for a total of 12 washes. This 

washing regime of alternate low / high pH ensures that no free ligand 

remains ionically bound to the immobilised ligand but does not release 

covalently bound proteins. The column was washed in 0.15M PBS, pH 7.4 

and stored at +4®C in 20% ethanol.

5.2.6 Pooled serum collection for purification of leptin binding proteins

Serum samples were collected via routine venipuncture from 6 random, 

healthy, Caucasian individuals. Samples were stood for 30 minutes to 

allow clotting and then spun at 3000 rpm for 15 minutes. Serum was 

removed and pooled, then stored in 1ml aliquots at -70®C.

5.2.7 Affinity isolation of leptin binding proteins

The storage buffer (20% ethanol) was drained from the column and the 

affinity gel equilibrated in 50ml binding buffer (0.02M phosphate buffer, 

pH 8.0). 1ml pooled serum was diluted in 4ml binding buffer and 

introduced to the column containing the affinity gel. The serum and gel 

were incubated overnight on an end-over mixer at +4°C. The fluid was 

drained from the column and the gel washed 5 times with binding buffer. 

1ml eluates were collected using O.IM glycine at pH 5.0, 4.0 or 3.0 

initially and then at the optimum pH thereafter. Fractions were collected 

into lOOpl IM Tris, pH 9.0 to neutralise the acidity and prevent damage to 

the eluted proteins. Protein containing eluates were identified by measuring
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the A280 of eluates and these were dialysed against 5 x 1  litres of 0.15M 

PBS at +4®C and stored at -70^C.

The affinity column was then cleaned with 10ml O.IM Glycine, pH 2.0 and 

regenerated with 10ml binding buffer and stored at +4°C. For long term 

storage, the column was stored in 20% ethanol at +4®C.

5.2.8 Tris-Glvcine SDS-polvacrvlamide gel electrophoresis of eluates 

Column eluates were concentrated using a centrifugal concentrator with a 

molecular weight cut-off of 10, 000 KDa. 0.5ml of each proteinaceous 

eluate was loaded into the concentrator assembly and centrifuged for 30 

minutes at 4500 rpm. Retentâtes were collected and volumes measured, 

these were then made up to 40pl in 0.15M PBS, pH 7.4. 20pl of each 

sample was mixed with 60pl loading buffer (IM Tris, 10% glycerol, 10% 

SDS, 0.25% bromophenol blue) in the presence or absence of 2, p- 

mercaptoethanol at a final dilution of 1:200. Samples in reducing buffer 

were boiled for 4 minutes, and then both reduced and non-reduced samples 

were loaded onto a 5% acrylamide loading gel on top of a 12.5% 

acrylamide discontinuous separating gel (Laemmeli, 1970). Gels were 

composed of 30% acrylamide/ bis-acrylamide solution, IM Tris, pH 8.8, 

10% SDS, 0.25% ammonium persulphate, 20pl TEMED and run on a 

BioRad Mini-Protean electrophoresis assembly (Biorad, Hemel Hempsted, 

UK)

Molecular weight markers consisting of a mixture of proteins of a variety 

of molecular weights were also run alongside the samples (Sigma 

Chemicals, Poole, UK). The protein mixture comprised; P-galactosidase 

(123, 000 KDa), fhictose-6-phosphate kinase (89,000 KDa), pyruvate
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kinase (67, 000 KDa), ovalbumin (49, 000 KDa), lactate dehydrogenase 

(37, 500 KDa) and 3, bis-phosphate isomerase (34, 000 KDa). The gels 

were run in running buffer (0.02M Tris, 0.2M glycine, 0.1% SDS, pH 8.3) 

at a constant 70v, overnight.

5.2.9 Staining of gels

Following separation, the gels were washed for 30 minutes in d.HiO to 

remove excess SDS and then stained for 1 hour with 1% bromophenol blue 

/ 50% d.H20 / 30% methanol / 20% acetic acid at room temperature, with 

gentle agitation and then destained with 50% d.H20 / 30% methanol / 20% 

acetic acid for 1 hour, then overnight with fresh solution.

5.2.10 Calculation of protein band size on stained gels

The migration distance of the protein bands from the upper edge of the gel 

was measured in addition to the distance travelled by the dye marker. Each 

protein band was then expressed as a fraction of the distance travelled by 

the dye front (retardation factor (Rf). Using the standards of known 

molecular weight, a graph was constructed of Rf value on the x-axis 

against log molecular weight on the y-axis. Using the Rf values measured 

for each protein band, the molecular weights were calculated from the 

corresponding molecular weight on the graph.

5.2.11 Western blotting of the separated eluates

12.5% polyacrylamide gels were run as above and then transferred to 

polyvinyl difluoride (PVDF) membrane (Amersham-Pharmacia Biotech, 

Amersham, UK). PVDF membrane is hydrophobic in nature and exploits 

this property to bind the protein molecules. Consequentially, it has a higher 

capacity for binding protein than nitro-cellulose or nylon membranes. The
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membrane requires pre-wetting prior to use. The membrane is soaked in 

methanol until it becomes translucent and submerged in d.H2 0  until it 

sinks to the bottom. The membrane is then equilibrated in transfer buffer 

for 30 minutes. The electrodes are wetted in d.H20 and any excess 

carefully removed. Blotting was performed using a Ultraphor semi-dry 

blotting system (Amersham-Pharmacia Biotech, Amersham, UK). Briefly, 

10 sheets of blotting paper were drenched in transfer buffer and then placed 

on the anode of the transfer equipment ensuring that no air bubbles are 

present. A sheet of dialysis membrane, previously equilibrated in transfer 

buffer was then placed over the paper. The pre-wetted PVDF membrane 

was then placed on top of this and the gel containing the separated proteins 

on top of this. The stack is then cut to the exact size of the gel to prevent 

short circuiting and a further 10 sheets of blotting paper (cut to exact size 

and soaked in transfer buffer) placed at the top of the stack. The cathode 

was then placed over the whole assembly. Blotting was executed for 1 hour 

at a constant current calculated from the equation 0.8 x cm  ̂blotting area. 

Following this, the membrane was carefully removed and then 

differentially probed (as described below).

5.2.12 Western-ligand probing

Membranes were blocked, overnight with 0.07M Tris/3% BSA, pH 7.4 at 

room temperature. Blocked membranes were washed for 20 minutes at 

room temperature with wash buffer (0.15M PBS/0.05% Tween 20) and 

then probed with leptin (Img.mf* r.h. leptin in blocking buffer) for 6 hours 

at room temperature. The membrane was washed twice, for 15 minutes 

each with wash buffer and then probed with 18D1-HRP0 (see Chapter 3;
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Section 3.2.18), diluted 1:2000 in blocking buffer, overnight at room 

temperature. The membrane was then washed twice with blocking buffer 

and twice with wash buffer. The membranes were then incubated in 

substrate buffer (0.3% 4-chloro-1 -napthol in 20ml methanol in substrate 

buffer [0.02M Tris, 0.5M NaCl, 0.06% 30% H2O2, pH 7.6]) until bands 

developed. Membranes were then washed in d.H20 and left to dry.

5.2.13 Western radio-ligand probing

The use of I- leptin in this assay negates the need for using 

immunological detection constituents for the semi-quantitative analysis of 

the leptin binding proteins. Following blotting, the membrane was soaked 

for 30 minutes in O.IM Tris-HCl/0.25% Igepal, pH 7.4 and then blocked 

for 2 hours in O.IM Tris-HCl/3% BSA, pH 7.4. The blot was then washed 

in O.IM Tris-HCl/0.5M NaCl, pH 7.4 for 20 minutes. Membranes were 

probed with the radioisotope (I*^^-leptin in blocking buffer; diluted to give 

20,000 counts per minute per lOOpl) for 2 hours.

5.2.14 Autoradiography

Exposure of the membrane, following probing with the radiolabel, to a 

photographic film will lead to clouding at the loci where the radiolabel has 

bound to the membrane. Photographic emulsions are composed of a clear 

matrix of gelatin impregnated with silver halide crystals (usually silver 

bromide) which constitute the grains of the film and form a regular lattice 

containing many faults. In conventional photography, photons entering the 

lattice yield their energy to one of the orbital electrons on the lattice. Once 

an electron has acquired enough energy, it will leave its orbit until it is 

impeded by one of the lattice faults. Here, a silver ion will accept the
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electron to form an atom of metallic silver which comprises the latent 

image.

In autoradiography, as the p-particle or y-ray passes through the emulsion 

it loses energy, in a series of interactions, to orbital electrons in the silver 

halide crystals resulting in the deposition of silver and the formation of a 

latent image.

Approximately 5 photons are required to produce a developable image 

where the energy from a single particle of radioactive decay is sufficient to 

render each crystal it encounters into a fully developable image. A single 

p-particle may convert many crystals into a developable state.

There are two types of radiography, direct and indirect. Direct 

autoradiography requires the photographic emulsion to be placed in 

intimate contact with the film to produce dark areas on the developed film. 

This method is optimal when using weak to medium p-emitters (providing 

the particles are not absorbed within the sample) and spatial resolution is 

favoured over absolute sensitivity. It produces quantitative images which 

are proportional to the amount of radioactivity. Lack of sensitivity can be 

observed when using very weak emitters such as ^H, or when they 

are embedded in thick samples such as polyacylamide or agarose gels. 

Conversely, high energetic p-particles e.g. or y rays emitted from ^̂ Î 

can pass straight through the film and are lost with most of the intrinsic 

energy being lost. When using this group of emitters, indirect 

autoradiography is preferable. Indirect autoradiography describes the 

technique where emitted energy is converted to light by means of a 

scintillator, using fluorography or intensifier screens. Such scintillators
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emit photons of blue or ultraviolet light in response to excitation hy p- 

particles or y-rays which can reduce the silver halide crystals in the 

autoradiographic film. Intensifier screens are dense, inorganic scintillators 

which are positioned beneath the film an dare usually composed of a blue 

light emitter such as calcium tungstate or a clear green light emitter such as 

lanthium oxysulphide.

High energy particles capable of passing through the film will be absorbed 

by the screen and converted into light, effectively superimposing a 

photographic image on top of the autoradiographic one. This can result in a 

15 fold increase in the sensitivity when using a y-ray emitter and can be 

increased further, when using translucent support, by pacing another screen 

behind it.

The disadvantages of indirect autoradiography include a lack of resolution 

and the loss of linearity of the response. The former problem is paramount 

when using procedures such as DNA sequencing and the latter, when 

trying to develop semi-quantitative methods as the conversion of 

radioactive particles to multiple photons will change the fundamental 

response of the film.

A single hit by a proton will produce a single atom of metallic silver which 

is unstable and will revert back to a silver ion very rapidly. The probability 

of a second, stabilising photon hitting the same spot before the silver ion 

has reverted is greater when large amounts of radioactivity are involved 

therefore making samples of low radioactivity disproportionately under

represented.
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This problem can be overcome by a combination of two factors. Firstly, 

pre-flashing the film i.e. exposing it to an instantaneous burst of light will 

provide many of the halide crystals with stable silver atom pairs ensuring 

that all emissions provide an image on the film. This increases sensitivity 

and allows direct comparison of samples of differing radioactivity. 

Secondly, exposing the film at -lOPc will increase the stability of single 

silver atoms by retarding the reversion to a silver ion therefore allowing 

more time for the capture of a second stabilising silver atom.

The aim of the initial experiment was to determine whether the

subcutaneous adipose tissue actually secretes any of the identified leptin 

binding protein into the circulation. This does not require direct 

comparison of samples and so the film used in this experiment wasn’t 

preflashed. The films were exposed to the blotted sample at -70°C to 

optimise the capture of radioactive decay. Optimum length of exposure of 

the film to the radioactive sample was optimised, empirically at weekly

periods. Optimum exposure time was determined as 10 days.

5.2.15 Development of autoradiographs

Developing of the films is essentially the reduction of the silver bromide to 

metallic silver. This is a self catalytic process which proceeds more rapidly 

in crystals where reduction has started i.e. where the film has been exposed 

to p radiation or photons or both thereby producing an image. 

Development is a cascade reaction which builds more silver around a latent 

image as the reaction progresses until all silver ions are converted to 

metallic silver. It is therefore necessary to optimise each reaction where a
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clear image is formed with little background. Fixing solublises the 

remaining unexposed silver halide crystals in the emulsion and renders the 

emulsion transparent. Adequate washing is necessary before exposure to 

full light as the silver-fixer reagents are light sensitive.

Following exposure, the cassettes were removed from the freezer and 

allowed to warm to room temperature. Under safe light, the films were 

removed from the cassette and placed into developing solution (Sigma 

Chemicals, Poole, UK) diluted 1:5 in d.H20 and heated to 22°C. Films 

were developed for 30 seconds and then washed for 10 seconds in d.H20 

heated to 22°C. The film was then placed into fixer solution (Sigma 

Chemicals, Poole, UK) diluted 1:5 in d.H20 and heated to 22®C for one 

minute. The films were then soaked in d.H20 for 30 minutes and then hung 

to dry at room temperature for 24 hours.

5.2.16 Analysis of autoradiographs

Autoradiographs were photographed using the GDS8000 complete gel 

documentation and analysis systems (UVP, Cambridge, UK).

5.2.17 Subject characteristics

Basal samples taken in the postabsorptive state from the artery and 

superficial abdominal vein were taken from 16 subjects; age 44.5 years 

[24.5-51.5 years]; waist:hip ratio 0.87 [0.75-0.96]; BMI 31.65 kg.m'^ 

[24.93-40.93 kg.m'^ ]; percentage body fat; 29.1% [15.3-50.7%] (figures 

quoted as mean [interquartile range]).

5.2.18 Ob Receptors in biopsies: subjects

Biopsy samples of adipose tissue (see section 4.2.7) were taken from 12 

subjects (6 lean and 6 obese) see table 5.3.10 for details.
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5.2.19 Biopsy processing

Tissue specimens were fixed by immersion in 4% formaldehyde in 0.1 M 

sodium phosphate buffer, pH 7.4. After washing in phosphate buffer 

overnight, the samples were dehydrated in a graded series of ethanol and 

embedded in paraffin blocks for light microscopy. For light 

immunohistochemistry, 5pm sections were immunostained using the 

avidin-biotin technique (Hsu et al, 1981).

5.2.20 Immunohistochemistry

Affinity-purified rabbit polyclonal antibodies directed to peptides 

corresponding to amino acids 32-51 (N-20) and 1146-1165 (C-20) of 

human Ob-R (Santa Cruz Biotech, Santa Cruz, CA) were used in the 

staining. Dewaxed adipose tissue sections were incubated in methanol / 3% 

hydrogen peroxide for 30 minutes to block endogenous peroxidase and 

then blocked in normal goat serum (1:75 in phosphate buffer) for 20 

minutes. The samples were incubated in primary antibody solution (1:150 

in PBS, overnight at +4®C. The slides were incubated for 30 minutes with 

the secondary antibody (anti-goat IgG-biotin (Vector Labs, Burlingame, 

CA), diluted 1:200 in phosphate buffer) then avidin-peroxidase compound 

(Vectastatin ABC kit. Vector Labs) for 1 hour. Using 0.0075% 

3’,3’diaminobenzidine hydrochloride/ 0.02% peroxidase in 0.05 M Tris, 

pH 7.6 as the chromogen the antibody binding was visualised. Samples 

were counterstained with haematoxylin, dehydrated and mounted in 

Entellan.
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5.3 Results

5.3.1 Arterial and abdominal venous TNF and IL-6 soluble receptor 

concentrations

Comparisons between the arterial and abdominal venous samples showed 

no difference with respect to IL-6sR. Levels of TNFsRI were higher in the 

venous sample compared to the arterial sample (P = 0.0002) but levels of 

TNFsRII were not significantly different suggesting production of only this 

soluble receptor at this site. Levels of TNFsRII were higher than levels of 

TNFsRI. See figure 5.3.1.

5.3.2 Production of TNFsR-I from an abdominal adipose tissue depot

The net release of TNFsR-I was determined from the product of the net 

arterial venous difference and local plasma flow. The production rate of 

this molecule was 1.45 (0.78-1.94) ng.lOOg adipose tissue"\ min'\

5.3.3 Regulation of cytokine soluble receptors

The levels of IL-6sR at both sites were unrelated to those of the ligand (rs = 

0.03-0.17; p = 0.86-0.39). There was no relationship between TNF-a and 

TNFsRI (rs = 0.17-0.34; p = 0.35-0.06) or TNF-a and TNFsRII (r, = -0.05- 

0.14; p = 0.81-0.47) although there was a significant relationship between 

venous TNF-a and production of TNFsRI (rs = 0.40; p = 0.03)

5.3.4 Cytokine soluble receptors and indices of obesity

A significant relationship was observed between the indices of obesity 

(BMI & % body fat) and; TNFsRI (rs = 0.62-0.72; p < 0.0001); TNFsRII 

(rs = 0.39-0.65; p = 0.03 - p  < 0.0001). No significant relationship was
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Fig.5.3.1 Site specific differences in cytokine soluble receptor 
concentrations as determined bv A-V difference studies
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Post absorptive arterial and superficial abdominal venous concentrations of IL-6 soluble receptor, 
TNF soluble receptor 1 and TNF soluble receptor II in 30 subjects. Differences in cytokines soluble 
receptor molecules at each site as analysed by Wilcoxon’s paired tests.Venous levels represented by 

shaded boxes. Concentrations shown as means and SEMs.
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observed between the BMI or % body fat with IL-6sR (rs = 0.19-0.25; p = 0.27-

0.09). A significant negative relationship was between the IL-6sR:IL-6 molar 

ratio and BMI (arterial rs= -0.43, p=0.02, venous rg= -0.38, p=0.04) and % body 

fat (arterial rg= -0.51, p=0.006, venous rs= -38, p=0.05).

5.3.5 Calculation of molar ratios of cytokine soluble receptor to respective 

ligand

Molar ratios of TNFsRI, TNFsRII, lL-6sR, TNF-a and lL-6 were calculated 

based on the assumption of the following molecular masses: 30 KDa for TNFsRI 

and TNFsRII, 50 KDa for lL-6sR, 26 K Da for lL-6 and 17 KDa for TNF-a. 

These are summarised in figure 5.3.5.

Soluble Leptin Receptor/Binding Proteins

5.3.6 Elution of proteins from leptin affinity column

Using a range of pH values, the serum components with an affinity for leptin 

were eluted from the column (see figure 5.3.6). The optimum pH for the elution 

of proteins was determined as 3.0. A high degree of protein was recovered from 

the column in the second fraction, consistently. This suggests that the column has 

isolated some serum fraction which have an affinity for leptin although the 

possibility that the binding is non-specific is still a consideration. The eluates 

were then examined on a polyacrylamide gel.

5.3.7 SDS-PAGE of affinity column eluates

Samples were run on a 12.5% polyacrylamide gel following elution from the 

column and centrifugal concentration. They were run alongside markers of 

known molecular weight, albumin (to eliminate this as the binding protein 

isolated) and a sample of serum prior to purification.
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Figure 5.3.5 : Molar Ratios of Soluble Receptors to Ligands

Ratio Arterial Venous

TNFsRI; TNF-a 344 (409-327) 364 (505-339)

TNFsRII: TNF-a 771 (859-646) 749 (1,065-9664)

IL-6sR : IL-6 7.4xl0« (9.7x10® - 3.2x10®) 2.1x10® (4.3x10® - 0.2x10®)



Figure 5.3.6 Elution protein of eluates from leptin affinity column

0.9

: 0.6 
> 0.5
1 0.4
■£
g 0.3 

0.2
0.1

1 3 4 5 6
Fraction number

8

Determination of optimum pH for elution of serum proteins with an 
affinity for leptin as measured by the protein content determined by A 280



All samples were treated with p-mercaptoethanol prior to separation. A 

photograph of the gel is shown in Figure 5.3.7 Proteins were stained as 

described. The relative molecular weight of each protein band was 

calculated from the retardation factor compared to the standard protein 

mixture. The eluate lanes revealed five protein bands of molecular weights 

100, 89, 79.5, 66.8 and 56 KDa respectively. The two major bands 

corresponded to molecular weights of 67 and 56 KDa respectively with the 

other bands being negligible. None of the bands migrated to the same 

degree as either human serum or human albumin although the 67 KDa 

band was in the same region. Leptin was too small to be retained on the gel 

at the degree of separation required for the resolution of the column eluate 

bands. To demonstrate that the bands did bind leptin, the gel experiment 

was repeated as before, blotted and then probed according to the Western 

ligand blot protocol described below.

5.3.8 Western ligand blotting

The above experiment was repeated and the gel subjected to the Western 

ligand blot procedure described previously. A photograph of the blot is 

shown in figure 5.3.7. Only one of the bands representing the protein of 56 

KDa was visible. This was present in the purified samples and the serum. 

No affinity for albumin was observed on the blot. The markers were pre

stained which explains why they are visible on the blot and not due to any 

non-specific binding.

A repeat of the above blot but this time comparing the effect of reducing 

agent on the samples was performed (photographs of the gel and the 

corresponding blots are shown in figure 5.3.8). In the samples run without
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Figure 5.3.7 SDS-PAGE of leptin affinity column eluates 
and corresponding western ligand blot

a. Column eluates on SDS-PAGE

 ̂ m im

Lanes 1 & 3 contain eluates from the affinity column; lanes 2 & 4 contain molecular weight markers; 
lanes 5 & 8 were blank; lane 6 contains a solution of human albumin and lane 7 contains unpurified serum. 

Samples run on 12.5% gel as described in text and stained with coomassie blue as described in text

b. Western ligand blot of column eluates

1 2 3 4 5 6 7 8

Lanes 1 & 6 contain molecular weight markers (pre-stained); lanes 2, 4 & 7 contain eluates 
from the affinity column; Lanes 3 & 5 are blank and lane 8 contains a solution of human 

albumin. Samples probed and stained as described in text
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Figure 5.3.8 Comparison of column eluates run on SDS-PAGE with and without 
B-mercaptoethanol in sample buffer and blotted with leptin

Lane 1 2 3

S r tk

*k.: -

00r-"
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Column eluates run with and without reducing agent. Lanes 1,3 & 4 contain samples not treated with reducing agent, lanes 2 & 9 
contains human albumin (Img.ml'k Lane 5 contains molecular weight markers (pre-stained but not clear on photo) and lanes 6, 7 & 8 
contain samples incubated with reducing agent. Samples blotted to nitrocellulose and probed with leptin, Leptin binding proteins 
visualised with chromogenic substrate as per text.

Leptin binding proteins correspond to molecular weights of >200KDa in the non-reduced samples and 56KDa in the reduced samples



the reducing agent, the band corresponding to the 56 KDa protein was not 

present but a band corresponding to a molecular weight of approximately 

200 KDa was present. This band was not present in the reduced samples 

but the original 56 KDa band was. This was observed consistently in all 

subsequent comparative blots. Due to the poor transfer of proteins of high 

molecular weight from the gel to the membrane, all subsequent gels and 

blots will separate proteins which have been reduced.

The Western ligand blot was carried out using the horseradish peroxidase 

conjugated monoclonal antibody 18D1 (as described in Chapters 2 & 3). 

Control experiments were conducted using a monoclonal antibody of lower 

affinity for leptin and in the absence of the leptin probe (not shown). The 

former revealed bands of lower intensity than those obtained with 18D1 

and the latter experiment failed to produce any bands.

5.3.9 Western radio-ligand blotting

The process was simplified by the exclusion of one of the incubations 

through using I^^^-leptin as the probe and partially validated through using 

a different detection method. Using this method, the 56 KDa protein was 

identified again in the presence of p-mercaptoethanol in the sample. This 

was identified both in serum samples and in purified eluates with 

appreciable diminution of the signal with dilution (see figure 5.3.9a). 

Optimisation of the method was carried out using standard serum which, 

following determination of adequate reproducibility, was run on every gel. 

The autoradiographic method was then applied to the baseline arterial and 

venous samples as previously described, with control serum run on every
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Figure 5.3.9 Western radioligandblot of 56 KDa leptin binding protein in human serum

a.

b. ooo(N

Autoradiographic blots of I*^^-leptin binding to 56 Kda protein in pooled serum isolated using SDS-PAGE 
a. effects of varying amount of serum loaded to show that the assay can discriminate between various concentrations 
of the target protein. Pooled serum loaded at a volume of 1 mcl (lanes 1 & 6), 2mcl (lanes 2 & 7), 3mcl (lanes 3 & 8)
4 mcl (lanes 4 & 9) and 5 mcl (lanes 5 &10). b. replicates of pooled serum run to assess reproducibility (2 mcl loaded)



gel to allow for variations in the response of the assay. Raw values for each 

peak were expressed as a percentage of the raw peak value recorded for the 

standard serum. A representation of the results obtained for the arterial and 

venous samples is shown in figure 5.3.9b).

5.3.10 Immunohistochemical staining of biopsy samples 

Using the two antibodies, it is possible to localise different splice variants 

of the leptin receptor in adipose tissue samples; N-20 recognises the 

extracellular part of the receptor, common to all receptor forms (Ob-R) and 

C-20 is specific for the long form of the receptor (Ob-RL).

Ob-R was localised to the periphery of the adipocytes in close proximity to 

the membrane as the cytoplasm rim is so thin in these cells, it is impossible 

to determine whether the stain was in the membrane or the cytoplasm. No 

Ob-R was located in the extracellular space.

The obese subjects demonstrated reduced staining for Ob-RL compared to 

the lean subjects as shown in Table 5.3.6. examples of the stained tissue 

are shown in Figure 5.3.10.
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Figure 5.3.9 Example of 56Kda leptin binding protein in baseline arterial and venous samples

8(N

Example of arterial-venous differences in leptin soluble receptor / binding protein across an abdominal subcutaneous 
adipose tissue bed in 4 female subjects. Samples are labeled A = arterial, V=venous, S= pooled serum 

Patient 1 BMI = 31.9, Patient 2 BMI = 58, Patient 3 BMI = 19.2, Patient 4 BMI = 79.8



Table 5.3.6: Table of observed staining intensity for two 
anti-Ob-R antibodies and subject characteristics

Subject % Body fat Age Sex N-20 antibody C-20 antibody

1 39.2 40 F + +
2 28.8 34 F + ■ +
3 39.7 44 F + +
4 7.8 23 M + +
5 28.2 44 M + +
6 29.1 50 F + +/-
7 41.9 19 F + +
8 12.2 24 M + +
9 61.1 36 F - -

10 46.7 53 M - -
11 11.1 18 M - -
12 50.7 26 F +/- +/-

Subject characteristics and staining profile for adipose tissue biopsy samples. Samples stained with two 
antibodies, N-20 recognises the extracellular part of the leptin receptor and C-20 recognises the intracellular 

part of the receptor present only in the long, signalling form of the receptor

00(N



Figure 5.3.10 Immunohistochemical staining of adipocytes for long form of leptin receptor

a.

r  ■

b.

SfN

Adipocyte biopsies stained for Ob-RL (long form of the leptin receptor) using specific antibody.
Antibody diluted 1:150, magnification x 40, photos taken using light microscope. 

Sample a. from subject with BMI < 40 kg.m" ;̂ Sample b. from a subject with BMI > 60 kg.m*^



Discussion

It has been established that the adipose tissue is a source of IL-6 and leptin. 

It is therefore highly possible that this depot is also a source of their 

soluble receptors as these molecules have a profound effect on the actions 

of cytokine-like molecules. The presence of mRNA for soluble forms of 

the TNF receptor have been identified in the adipose tissue and it has been 

shown that circulating levels of the TNFsRII correlate positively with 

obesity (Hotamisligil et al, 1997). The results presented here show the 

release of the soluble form of the TNF-a Receptor Type I (TNFsRI) from 

an abdominal adipose tissue depot and that the production of this receptor 

is related to the concentration of the ligand, TNF-a. These data, show that 

the subcutaneous abdominal adipose tissue is a contributor to the total 

complement of soluble forms of the TNF-a receptor although other 

adipose tissue depots may differentially contribute to the total circulating 

receptor complement. Although no significant release of TNFsRII was 

detected across this depot, the venous levels of both receptor isoforms are 

significantly associated with each other and with percentage body fat. It is 

conceivable that the production rates of the two molecules are similar but 

with the absolute concentration of TNFsRII being much in excess to that of 

TNFsRI, the arterio-venous difference may be difficult to detect. 

Alternatively, the higher levels of TNFsRI could also be attributed to 

slower clearance rates. As the effects of TNF-a on adipose tissue 

metabolism are profound, the production and autocrine effects of this
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molecule may need to be tempered to prevent catastrophic derangement of 

the adipose tissue metabolism. Evidence to support this hypothesis comes 

from the relationship between the production of the soluble receptor 

molecule with the ligand quantity and the excessive amounts of TNF-a 

soluble receptors in relation to the ligand (as determined by the molar 

ratios). This premise would require the soluble receptors to act in an 

antagonistic fashion towards binding to the membrane anchored receptors, 

which has been proposed as a potential function of these molecules. As 

TNF-a is secreted predominantly in a membrane-anchored form, it is 

conceivable that the TNFsRI, and possibly TNFsRII are released, in 

tandem to the TNF-a molecule, to negate the deleterious action of TNF-a 

in the adipocyte.

No net release of IL-6 soluble receptor (IL-6sR) was observed across the 

adipose tissue bed investigated, despite IL-6 being produced by this depot, 

albeit at levels which could be considered sub-clinical. Additionally, no 

association was observed between this molecule and indices of obesity. 

The soluble form of the IL-6 receptor is thought to act in an agonistic 

fashion towards propagation of the IL-6 signal (Hirano, 1998; Montero- 

Julian et al, 1994). The molar ratios of the ligand to soluble receptor 

would suggest that IL-6 circulates predominantly in the complexed state 

(see figure 5.3.5) with the soluble receptor molecule being secreted 

elsewhere. The implication of this is that the effects of IL-6, at least in the 

basal state, are the result of the complexed form. As the ratio of the soluble 

receptor to the ligand decreases with weight this may imply an attempt to 

attenuate the action of adipose tissue derived IL-6 in the face of increasing
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obesity and consequently, increased output of IL-6 from this depot. 

Therefore, the only prerequisite for IL-6 sensitivity in a particular cell type 

is the presence of the gpI30 component of the signalling mechanism. If the 

two molecules are regulated independently, increases in IL-6 in response to 

pathological stimulation would increase to match, or even exceed, the 

soluble receptor concentration or even possibly promote secretion of the 

IL-6sR at a site removed from the source of IL-6 (Oldenburg et al, 1984). 

Whether the adipose tissue derived IL-6 is destined for 

central/immunological action or just acts in an autocrine/paracrine fashion, 

remains to be determined.

Although the existence of a number of proteins which bind leptin have 

been documented, no definitive soluble receptor form has been consistently 

described. In this chapter, the isolation of the principal leptin binding 

component of serum, which is a 56 KDa protein, has been reported. This is 

the first instance that a protein of this size has been reported in the 

circulation. The proposed size of the soluble receptor quoted here differs 

from those proposed in other studies. Typically, the studies published to 

date, rely on the expression of recombinant DNA based on the published 

sequence for the extracellular domain of the leptin receptor which does not 

account for any post-translational modification of the binding protein. As 

this study identifies the protein, post-secretion and in vivo, as a 56 KDa 

protein, it is credible that such a mechanism may exist. This could be 

resolved by the direct sequencing of the isolated protein followed by 

comparison to the published sequence.
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Additionally, under non-reducing conditions, this 56KDa protein forms a 

multimeric structure which could be either homogenous or heterogeneous

i.e. bound to itself and leptin. Evidence for complex formation between 

leptin and its soluble receptor has been presented previously (Devos et al, 

1997).

This 56 KDa protein is present in serum but is not produced by the 

abdominal adipose tissue bed. Despite the lack of production at this site, 

the levels of expression of the binding protein have been reported to mirror 

those of leptin itself (Tollman et al, 1997). This could suggest a similar 

mode of action to IL-6 where binding to the soluble receptor augments the 

action of the ligand. The redundancy of Class 1 cytokines is principally a 

result of the common signalling subunit e.g. gpl30.

Alternatively, there is evidence that the soluble form of the leptin receptor 

acts to prolong the occupancy of leptin in the circulation (Gavrilova et al, 

1997). This would constitute a post-translational mechanism whereby 

leptin levels are maintained even when production diminishes and would 

provide a physiological buffer whereby circulating levels of leptin are 

protected from severe fluctuations in the production rate. Such a 

mechanism would be prudent when considering the importance of the 

leptin signal in physiological homeostasis.

Using an antibody specific for the extracellular domain of the receptor, the 

intracellular space between the adipocytes was shown not to contain any 

receptor isoforms, including the soluble form. This confirms the lack of 

release of the soluble form from this depot, in the basal state. The long 

form of the leptin receptor was less abundant on the adipocytes of obese
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individuals compared to the lean. This could be a result of down-regulation 

of the receptor in the face of high leptin levels (we have observed a down 

regulation of the IL-6 receptor at high concentrations of IL-6 (unpublished 

observations) and could be a pivotal factor in the auto-downregulation of 

leptin levels (Zhang et al, 1997). This trend was not observed in the most 

obese subject where both forms were reduced and the leanest subject, 

where the long form was reduced. Whether this is indicative of extremes of 

body weight or is peculiar to these subjects cannot be determined from 

these results.

Leptin has been shown to circulate, in the main, as a bound molecule in the 

unstimulated state. The physiological importance of this could be to block 

the effects of constitutively produced leptin. This mechanism would negate 

the anorectic effects of leptin in the basal, constitutively expressed state 

and would be of particular relevance to individuals with ideal or below- 

ideal body weight. Stimulated leptin production would reduce the ratio of 

the bound to free leptin, if the production of the two molecules is 

independently regulated. The net effect of this would be an increase in the 

amount of free leptin and presumably bioactive leptin. In the fasting state, 

the ratio of bound to free leptin would increase with the observed decrease 

in circulating leptin with the effect of totally negating the action of the 

remaining constitutively produced leptin. Having a larger proportion of 

free leptin in the circulation could negate the effects of leptin through 

enhanced clearance of the molecule. As production rates at the abdominal 

adipose tissue and the circulating levels exhibit discordance (see Chapter 

4), the adipose tissue would not be an ideal site for the production of the
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majority of this molecule if it is necessary for it to be present in the basal 

state.

In summary, although the abdominal adipose tissue depot is the source of 

cytokine-like molecules, such as leptin and IL-6, it does not appear to 

contribute to the pool of soluble forms of the cytokine receptors or binding 

proteins. The exception in this case being TNF-a which is expressed, but 

not secreted by the adipocyte whereas the TNFsRI (data presented here) 

and the TNFsRII (Hotamisligil et al, 1997) are both released from the 

adipose tissue. As the effects of TNF-a are highly deleterious on adipocyte 

function, the role of these soluble receptors could be surmised as one of 

damage limitation by competing with the cellular receptors for the ligand. 

The proposed roles of the soluble forms of the cytokine receptors are 

specific for each cytokine and the IL-6 soluble receptor seem to work 

contra- to the TNF receptors by antagonising the IL-6 signal. As the leptin 

signalling mechanism is analogous to that for IL-6, it could be assumed 

that the soluble form of the leptin receptor acts in a similar fashion 

although it has been suggested that the soluble leptin receptor acts to 

stabilise leptin in the circulation. Further work is required to resolve the 

sequence of the circulating form of the molecule and determine exact mode 

of action of this molecule. This would ideally require a source of the leptin 

receptor, which is not available at present.
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Chapter 6

Summation
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Summary

The preceding chapters have detailed work into the development of assays 

for the detection of the human leptin molecule and the application of these 

assays, and commercially available assays, to investigate the release of the 

cytokine-like molecules leptin, IL-6 and TNF-a and their soluble receptor 

isoforms, from an abdominal adipose tissue depot.

Chapter 2 described the production of antibodies to leptin. Due to the 

conservation of leptin between species, it was anticipated that the 

antibodies produced would be of low affinity. To circumvent this, a 

number of immunisation strategies were employed to manipulate the 

immune response, with the intention of producing antibodies with 

sufficient affinity and specificity to be used in an assay for leptin. The 

strategies used were; 1. Variation of host animal (rabbit versus mouse), 2. 

Variation of immunisation site in the mouse (footpad versus subcutaneous) 

and 3. Variation of antigen (whole leptin versus synthetic peptides).

The end products from these immunisations was a polyclonal antibody 

from the rabbit and a panel of monoclonal antibodies from the mice 

immunised with leptin and the synthetic peptides. These antibodies formed 

the basis for the work in the following chapter. The footpad immunisations 

did not produce any viable antibody producing cells.
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In Chapter 3, the antibodies, following purification, were assessed for their 

ability to bind leptin. This was assessed with leptin bound to a solid phase 

and in solution. Additionally, the ability to bind to iodinated leptin and 

unlabeled leptin, in equilibrium, was assessed. Based on these experiments, 

a one-site, radioimmnoassay was developed for human leptin using the 

polyclonal antibody. This assay proved to be robust and sensitive and 

compared favourably to commercially available assays. Using this assay, 

the leptin levels in a number of clinical studies were quantified.

The majority of the antibodies produced recognised the same epitope on 

the native leptin molecule, corresponding to synthetic peptide 6. One 

antibody recognised a different epitope, corresponding to synthetic peptide 

3. The potential for two antibodies to bind to the non-overlapping epitopes 

on the antigen simultaneously lends the way for the development of a two- 

site ELISA. This was achieved using the monoclonal antibody to peptide 3 

(34E5) and one of the monoclonal antibodies to peptide 6 (3E4). The 

results from this assay differed from those obtained using the one-site 

assay, despite equitable results from depleted serum, spiked with 

recombinant leptin. The binding potential of the antibodies were re

evaluated using a slightly different method, a western ligand blot. This 

revealed that the antibody 34E5 was unable to bind to leptin when the 

leptin was simultaneously bound to a serum component, with affinity for 

leptin, which is possibly a leptin binding protein. Despite the unique 

specificity of these antibodies, the sensitivity of the subsequent assay was 

insufficient to reliably quantify leptin at the low end of the range. This
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problem was confounded by a consistent two-fold under-recovery of leptin 

in the assay and the need for enhanced sensitivity to detect free leptin, 

which is likely to be at least 10 fold lower than the total complement. 

These factors, along with the lack of a commercial source of the soluble 

leptin receptor, renders full validation of this assay unrealisable at the 

present time. Consequently, the one-site assay, along with commercially 

available high sensitivity assays for IL-6 and TNF-a were used to assess 

circulating levels and production of the these molecules from an abdominal 

subcutaneous adipose tissue depot.

In Chapter 4, the production of the cytokines, from the adipose tissue depot 

of interest was assessed using a sensitive arterial-venous balance 

technique. The levels of the analyte of interest were compared in the 

systemic circulation and in the venous effluent, draining the organ studied. 

Net differences in analyte concentration, between the two samples, is 

indicative of release or degradation of the analyte, depending whether the 

balance is negative or positive. From the product of a negative arterial- 

venous balance and the local blood flow, production rates from this tissue 

were calculated. Using this technique, the release of IL-6 from this depot 

was demonstrated, in vivo. This release was positively associated with 

obesity, in the baseline, increased during the day and was regulated 

independently of nutritional stimulus. Leptin release was also 

demonstrated, in vivo, from the same adipose tissue depot. The production 

of leptin was not tightly related to the circulating levels suggesting that 

leptin has a post-transitional mechanism of prolonging its residence time in
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the circulation. Responses in leptin production to nutrtional stimulation or 

fasting are blunted in obese subjects compared to lean. Peaks in production 

5 hours after ingestion of a carbohydrate meal coincide with a natural 

increase in production, possibly in keeping with a diurnal rythym.

The actions of cytokines are moderated through binding to soluble forms of 

the cellular receptors which either augment or attenuate cytokine action in 

a cytokine specific manner. Therefore, in Chapter 5, the production and the 

circulating levels of the soluble forms of receptors for the cytokines of 

interest were investigated, from the same depot. No net release of the IL-6 

soluble receptor, or the soluble leptin receptor was detected from this site. 

Production of of both forms of the TNF receptor (TNFsRI & TNFsRII) 

was reported from this site and the production rate was associated with the 

concentration of the ligand. Both TNF soluble receptor isoform 

concentrations were associated with indices of obesity.

In a majority of the subjects studied, reduced expression of the long form 

of the leptin receptor was observed in the adipose tissue of obese 

individuals compared to lean individuals. The exceptions were at either end 

of the body weight scale. The in vivo significance of this, if any, remains to 

be detrmined.

As the assays for both the cytokines and their soluble receptors are unable 

to discriminate between the bound and free components, any speculation 

regarding their potential action will be inaccurate. Analysis of the molar 

ratios of the cytokines to their soluble receptors can help to determine 

whether they are in the free or the bound state. This showed that the IL-6
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and TNF cytokines were predominantly in the bound state. The 

implications of this are augmentation of IL-6 action and the attenuation of 

the actions of TNF.

Cytokines act to temper the immune response, ensuring that an effective 

and appropriate challenge to a pathogen, or material of non-self origin, is 

mounted. The end result of their action is the elimination of the 

aggravating molecule with acute effects on normal homeostasis and 

following this, a swift cessation of the response. This may briefly involve 

the disruption of normal lipid and carbohydrate metabolism. As described 

in this thesis, cytokine molecules have been shown to be chronically 

released from the adipose tissue at levels which reflect the level of fat 

mass. Whether the long-term disturbances in glucose and lipid metabolism 

effected by these molecules are part of the normal adipose tissue 

homeostasis, form part of a weight gain limitation strategy or are a 

maladaptive consequence of obesity remains to be determined.

The endocrine actions of leptin and the potential actions of adipose tissue 

derived IL-6 presented in this thesis, and cited, strengthens the evidence for 

adipose tissue acting as an endocrine organ in addition to fat storage. A 

strong link between these adipose tissue derived endocrine signals and the 

immune system is apparent additional to the permissive role played by 

leptin in immune function. Future work to determine the factors which 

regulate release of the adipose tissue derived cytokines will prove 

invaluable in the study of obesity and related disorders.
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soluble IL-6 receptor is triggered by Câ "̂  mobilisation , while basal release is 
predominantly the product of differential splicing in THP-1 cells. Eur J Immunol 
1998; 28 (11): 3524-3522.

Jones SA; Novick D; Horiuchi S; Yamamoto N; Szalai AJ; Fuller GM. C-reactive 
protein: a physiological activator of interleukin 6 receptor shedding.
J-Exp-Med. 1999 Feb 1; 189(3): 599-604

Jones TH & Kennedy RL. Cytokines and hypothalamic-pituitary function. 
Cytokine. 1993 Nov; 5(6): 531-8

Jose-John S & Heinrich PC. Soluble receptors for cytokines and growth factors: 
generation and biological function. Biochem-J 1994; 300: 281-290.

Jovinge S; Hamsten A; Tomvall P; Proudler A; Bavenholm P; Ericsson CG; 
Godsland I; de-Faire U; Nilsson J. Evidence for a role of tumor necrosis factor 
alpha in disturbances of triglyceride and glucose metabolism predisposing to 
coronary heart disease. Metabolism. 1998 Jan; 47(1): 113-8.

322



Kadish AH; Sternberg JC Determination of urine glucose by measurement of rate 
of oxygen consumption. Diabetes. 1969 Jul; 18(7): 467-70.

Kamohara S; Burcelin R; Halaas JL; Friedman JM; Charron MJ. Acute stimulation 
of glucose metabolism in mice by leptin treatment. Nature. 1997 Sep 25; 
389(6649): 374-7.

Kang SM; Kwon HM; Hong BK; Kim D; Kim IJ; Choi EY; Jang Y; Kim HS; Kim 
MS; Kwon HC. Expression of leptin receptor (Ob-R) in human atherosclerotic 
lesions: potential role in intimai neovascularization. Yonsei-Med-J. 2000 Feb; 
41(1): 68-75.

Kannel WB, LeBauer EJ, Dawber TR & McNamara PM. Relation of body weight 
to development of coronary heart disease. The Framingham Study. Circulation 
1967; 35 (4): 734-744.

Karadag A; Oyajobi BO; Apperley JF; Russell RG; Croucher PI. Human myeloma 
cells promote the production of interleukin 6 by primary human osteoblasts. Br-J- 
Haematol. 2000 Feb; 108(2): 383-90

Karvonen MK; Pesonen U; Heinonen P; Laakso M; Rissanen A; Naukkarinen H; 
Valve R; Uusitupa MI; Koulu M. Identification of new sequence variants in the 
leptin gene. J-Clin-Endocrinol-Metab. 1998 Sep; 83(9): 3239-42

Kawai M, Murakami T, Otani S, Shima K, Yamagutchi M & Kishi K. 
Colocalisation of leptin receptor (OB-R) mRNA and placental lactogen II in rat 
tropoblast cells: gestational profile of OB-R mRNA in placentae. Biochem- 
Biophys-Res-Commun. 1999; 257 (2): 425-430.

Kawakami M; Murase T; Ogawa H; Ishibashi S; Mori N; Takaku F; Shibata S. 
Human recombinant TNF suppresses lipoprotein lipase activity and stimulates 
lipolysis in 3T3-L1 cells. J-Biochem-Tokyo. 1987 Feb; 101(2): 331-8

Kearney J. F., Radruck A., Liesgang B. & Rajewsky K. A new mouse myeloma cell 
line that has lost immunoglobulin expression but permits the construction of 
antibody-secreting hybrid cell lines. J. Immunol. 1979; 123: 1548.

Keller U; Schnell H; Girard J; Stauffacher W Effect of physiological elevation of 
plasma growth hormone levels on ketone body kinetics and lipolysis in normal and 
acutely insulin-deficient man. Diabetologia. 1984 Feb; 26(2): 103-8.

Kennedy A; Gettys TW; Watson P; Wallace P; Ganaway E; Pan Q; Garvey WT. 
The metabolic significance of leptin in humans: gender-based differences in 
relationship to adiposity, insulin sensitivity, and energy expenditure. J-Clin- 
Endocrinol-Metab. 1997 Apr; 82(4): 1293-300.

323



Kennedy GC. Role of depot fat in hypothalamic control food intake in rat. Proc 
Royal Soc London B 1953; 140; 578-92.

Kern PA; Marshall S; Eckel RH Regulation of lipoprotein lipase in primary 
cultures of isolated human adipocytes. J-Clin-Invest. 1985 Jan; 75(1): 199-208

Kern PA, Saghizadeh M, Ong JM, Bosch RJ, Deem R & Simsolo RB. The 
expression of tumour necrosis factor in human adipose tissue. Regulation by 
obesity, weight loss and relationship to lipoprotein lipase. J Clin Invest 1995; 95: 
2111-2119.

Kim KH, Lee K, Moon YS & Sul HS. A cysteine-rich adipose tissue-specific 
secretory factor inhibits adipocyte differentiation. J Biol Chem. 2001; 14: 11252- 
11256.

Kirchgessner TG; Uysal KT; Wiesbrock SM; Marino MW; Hotamisligil GS. 
Tumor necrosis factor-alpha contributes to obesity-related hyperleptinemia by 
regulating leptin release from adipocytes. J-Clin-Invest. 1997 Dec 1; 100(11): 
2777-82

Kishamoto T, Hiba M, Murakami M, Narazaki M, Saito M & Taga T. Moleular 
biology of interleukin-6 and is receptor. Ciba Found. Symp 1992; 167: 5-23.

Kishida K, Kuryama H, Funahashi T, Shimomura I, Kihara S, Ouchi N, Nishida M, 
Nishizawa H, Matsuda M, Takahashi M, Hotta K, Makamura T, Yamashita S, 
Tochino Y & Matsuzawa Y. Aquaporin adipose, a putative glycerol channel in 
adipocytes. J-Biol-Chem. 2000; 275 (27): 20896-20902.

Kissebah AH; Alfarsi S; Adams PW; Wynn V. Role of insulin resistance in adipose 
tissue and liver in the pathogenesis of endogenous hypertriglyceridaemia in man. 
Diabetologia. 1976 Dec; 12(6): 563-71

Kissebah AH; Krakower GR. Regional adiposity and morbidity. Physiol-Rev. 1994 
Oct; 74(4): 761-811.

Kitawaki J; Koshiba H; Ishihara H; Kusuki I; Tsukamoto K; Honjo H Expression of 
leptin receptor in human endometrium and fluctuation during the menstrual cycle. 
J-Clin-Endocrinol-Metab. 2000 May; 85(5): 1946-50

Klein S, Coppack SW, Mohamed-Ali V & Landt M. Adipose tissue leptin 
production production and plasma leptin kinetics in humans. 1996 Diabetes; 45: 
984-987.

324



Klein S, Horrowitz JF, Landt M, Goodrick SJ, Mohamed-Ali V & Coppack SW. 
Leptin production during early starvation in lean and obese women. Am-J-Physiol- 
Endocrinol-Metab. 2000 Feb; 278(2): E280-4.

Kline AD, Becker GW, Churgay LM, Landen BE, Martin DK, Muth WL, 
Rathnachalam R, Richardson JM, Schoner B, Ulmer M & Hale JM. Leptin is a four 
helix bundle: secondary structure by NMR. FEBS Letters 1997; 407(2): 239-242.

Kluth DC & Rees AJ. Inhibiting inflammatory cytokines. Semin Nephrol 1996; 16 
(6): 576-582.

Knazec RA, Gullino PM, Kohler PO & Dendrick RL. Cell culture on artificial 
capillaries: an approach to tissue growth in vitro. Science 1972; 178: 65-67.

Kockx M, Leeson R, Seidell J, Princen HM & Kooistra T. relationship between 
visceral fat and PAJ-1 in overweight men and women before and after weight loss. 
Thromb-Haemost 1999; 82 (5): 1490-1496.

Kohase M; Henriksen-DeStefano-D; May LT; Vilcek J; Sehgal PB. Induction of 
beta 2-interferon by tumor necrosis factor: a homeostatic mechanism in the control 
of cell proliferation. Cell. 1986 Jun 6; 45(5): 659-66

Kohler G. & Milstein C. Continuous cultures of fused cells secreting antibody of 
pre-defmed specificity. Nature 1975; 256: 495-497.

Kohler G. & Milstein C. Derivation of specific antibody-producing tissue culture 
and tumour cell lines by cell fusion. Eur. J. Immunol. 1976; 5: 511-519.

Koistinen HA; Karonen SL; livanainen M; Koivisto VA. Circulating leptin has 
saturable transport into intrathecal space in humans. Eur-J-Clin-lnvest. 1998 Nov; 
28(11): 894-7

Kolaczynski JW, Considine RV, Ohannesian JP, Marco CC, Opentanova 1, Nyce 
MR, Myint M & Caro JF. Response of leptin to short-term fasting and refeeding in 
humans. Diabetes 1996a; 45: 1511-1515.

Kolaczynski JW, Nyce MR, Considine RV, Boden G, Nolan JJ, Henry R Mudaliar 
SR, Olefsky J & Caro JF. Acute and chronic effects of insulin and leptin production 
in humans. Diabetes 1996b; 45: 699-701.

Kolaczynski JW; Ohannesian JP; Considine RV; Marco CC; Caro JF. Response of 
leptin to short-term and prolonged overfeeding in humans. J-Clin-Endocrinol- 
Metab. 1996c Nov; 81(11): 4162-5.

325



Kolaczynski JW; Considine RV; Ohannesian J; Marco C; Opentanova I; Nyce MR; 
Myint M; Caro JF, Responses of leptin to short-term fasting and refeeding in 
humans: a link with ketogenesis but not ketones themselves. Diabetes. 1996 Nov; 
45(11): 1511-5.

Kristensen P; Judge ME; Thim L; Ribel U; Christjansen KN; Wulff BS; Clausen 
JT; Jensen PB; Madsen OD; Vrang N; Larsen PJ; Hastrup S. Hypothalamic CART 
is a new anorectic peptide regulated by leptin. Nature. 1998 May 7; 393(6680): 72- 
76.

Kroder G; Bossenmaier B; Kellerer M; Capp E; Stoyanov B; Muhlhofer A; Berti L; 
Horikoshi H; Ullrich A; Haring H. Tumor necrosis factor-alpha and hyperglycemia- 
induced insulin resistance. Evidence for different mechanisms and different effects 
on insulin signaling. J-Clin-Invest. 1996 Mar 15; 97(6): 1471-7.

Kruttgen A; Rose-John S; Moller C; Wroblowski B; Wollmer A; Mullberg J; 
Hirano T; Kishimoto T; Heinrich PC. Structure-function analysis of human 
interleukin-6. Evidence for the involvement of the carboxy-terminus in function. 
FEBS-Lett. 1990 Mar 26; 262(2): 323-6

Ktotkiewski M; Sjostrom L; Bjomtorp P; Smith U. Regional adipose tissue 
cellularity in relation to metabolism in young and middle-aged women. 
Metabolism. 1975 Jun; 24(6): 703-10

Ku K, Kuo MJ, Delente J, Wildi BS & Feder J. Development of hollow fibre 
system for large scale culture of mammalian cells. Biotechnol. Bioeng. 1981; 13: 
79-95.

Kuriyama H, Kawamoto S, Ishida N, Ohno I, Mita S, Matsuzawa Y, Matsubara K 
& Okubo K. Molecular cloning and expression of a novel human aquaporin from 
human adipose tissue with glycerol permeability. 1997; 241 (1): 53-58.

Labrie F, Simard J, Luu-The V, Trudel C, Martel C, Labrie C, Zhao HF, Rheaume 
E, Couet J, Breton N. Expression of 3 beta-hydroxysteroid dehydrogenase / delta 5- 
delta 4 isomerase (3 beta-HSD) and 17 beta-hydroxysteroid dehydrogenase (17 
beta-HSD) in adipose tissue. Int J Obes 1991; 15: 91-99.

Lanfontan M; Berlan M; Villeneuve A. Preponderance of alpha 2- over beta 1- 
adrenergic receptor sites in human fat cells is not predictive of the lipolytic effect of 
physiological catecholamines. J-Lipid-Res. 1983 Apr; 24(4): 429-40.

Larsen OA, Lassen NA & Quaade F. Blood flow through human adipose tissue 
determined with radioactive xenon. Physiologica Scandinavica 1966; 66: 337-345.

326



Larsson H; Ahren B. Short-term dexamethasone treatment increases plasma leptin 
independently of changes in insulin sensitivity in healthy women. J-Clin- 
Endocrinol-Metab. 1996 Dec; 81(12): 4428-32

Lea MA, Xiao Q, Sadhukhan A, Sharma S & Newark HL. Butyramide and 
monobutyrin: growth inhibitory and differentiating agents. Anticancer-Res 1993; 
13 (1): 145-149.

Lee GH; Proenca R; Montez JM; Carroll KM; Darvishzadeh JG; Lee JI; Friedman 
JM. Abnormal splicing of the leptin receptor in diabetic mice.Nature. 1996 Feb 15; 
379(6566): 632-5

Leenen R, van der Kooy K, Seidell JC, Deurenberg P, Koppeschaar HP. Visceral 
fat accumulation in relation to sex hromones in obese men and women undergoing 
weight loss therapy. J Clin Endocrinol Metab 1994; 78: 1515-1520.

Lepercq J; Cauzac M; Lahlou N; Timsit J; Girard J; Auwerx J; Hauguel-de -  
Mouzon S. Overexpression of placental leptin in diabetic pregnancy: a critical role 
for insulin. Diabetes. 1998 May; 47(5): 847-50.

Levy JR; Gyarmati J; Lesko JM; Adler RA; Stevens W Dual regulation of leptin 
secretion: intracellular energy and calcium dependence of regulated pathway. Am- 
J-Physiol-Endocrinol-Metab. 2000 May; 278(5): E892-901

Lewandowski K, Horn R, O’Callaghan CJ, Dunlop G, Medley GF, O’Hare & 
Brabant G. Free leptin, bound leptin and soluble leptin receptor in normal and 
diabetic pregnancies. J-Clin-Endocrinol-Metab 1999; 84 (1): 300-306.

Li C, loffa E, Fidahusein N, Connolly E & Freidman JM. Absence of soluble leptin 
receptor in plasma from and other db/db mice. J-Biol-Chem 1998; 273
(16): 10078-10082.

Li H; Matheny M; Scarpace PJ. beta 3 -Adrenergic-mediated suppression of leptin 
gene expression in rats. Am-J-Physiol. 1997 Jun; 272(6 Pt 1): E1031-6

Licinio J; Mantzoros C; Negrao AB; Cizza G; Wong ML; Bongiomo PB; Chrousos 
GP; Karp B; Allen C; Flier JS; Gold PW Human leptin levels are pulsatile and 
inversely related to pituitary-adrenal function. Nat-Med. 1997 May; 3(5): 575-9

Lien E, Liabakk NB & Austgulen R. Detection of soluble receptors for tumour 
necrosis factor, interleukin-2 and interleukin-6 in retroplacental serum from normal 
pregnant women. Gynecol Obstet Invest 1996; 41 (1): 1-4.
Lin-KC. Changes of circulating leptin levels during normal menstrual cycle: 
relationship to estradiol and progesterone. Kao-Hsiung-I-Hsueh-Ko-Hsueh-Tsa- 
Chih. 1999 Oct; 15(10): 597-602.

327



Lin Y, Lee H, Berg Ah, Lisanti MP, Shapiro L & Scherer PE. The lipolysaccharide- 
activated toll-like receptor (TLR)-4 induces of synthesis of the closely related 
receptor TLR-2 in adipocytes. J Biol Chem 2000; 275 (32): 24255-24263.

Littlefield J.W. Selection of hybrids from matings of fibroblasts in vitro and their 
presumed recombinants. Science 1964; 145: 709-710.

Liu C, Liu XJ, Barry G, Ling N, Maki RA & De Souza EB. Expression and 
characterisation of a putative high affinity human soluble leptin receptor. 
Endocrionol 1997; 138 (8): 3548-3554.

Liu DT-Y. Glycoprotein pharmaceuticals: scientific and regulatory considerations 
and the US orphan drug act. Trends Biotechnol 1992; 10: 114-120.

Liu JL, Lu KV, Eris T, Katta V, Westcott KR, Narhi LO & Lus HS. In vitro 
methionine oxidation of recombinant human leptin. Pharm-Res 1998; 15: 632-640.

Loetscher H; Pan YC; Lahm HW; Gentz R; Brockhaus M; Tabuchi H; Lesslauer 
W. Molecular cloning and expression of the human 55 kd tumor necrosis factor 
receptor. Cell. 1990 Apr 20; 61(2): 351-9

Lollman B, Gruninger S, Stricker-Krongrad A & Chiesi M. Detection and 
quantification of the leptin receptor splice variants, Ob-Ra, b and e in different 
mouse tissues. Biochem-Biophys-Res-Commun. 1997; 238 (2): 648-652.

Londos C; Brasaemle DL; Gruia-Gray J; Servetnick DA; Schultz CJ; Levin DM; 
Kimmel AR. Perilipin: unique proteins associated with intracellular neutral lipid 
droplets in adipocytes and steroidogenic cells. Biochem-Soc-Trans. 1995 Aug; 
23(3): 611-5

Londos C, Gruia-Gray J, Brasaemle DL, Rondinone CM, Takeda T, Dwyer NK, 
Barber T, Kimmel AR, Blanchette-Mackie EJ. Perilipin: Possible roles in structure 
and metabolism of intracellular neutral lipids in adipocytes and steroidogenic cells. 
Int-J-Obes-Relat-Metab-Disord. 1996; 20: S97-S101.

Londos C, Brasaemle DL, Schultz CJ, Adler-Wailes DC, Levin DM, Kimmel AR 
& Rondinone CM. On the control of lipolysis in adipocytes. Ann-N-Y-Acad-Sci. 
1999;892:155-168.

Lonn L; Johansson G; Sjostrom L; Kvist H; Oden A; Bengtsson BA Body 
composition and tissue distributions in growth hormone deficient adults before and 
after growth hormone treatment. Obes-Res. 1996 Jan; 4(1): 45-54.
Lonnqvist F, Amer P, Nordfors L & Schalling M. Overexpression of the obese (ob) 
gene in adipose tissue in human obese subjects. Nature Med. 1995; 1: 950-953.

328



Lopez-Soriano J; Lopez-Soriano FJ; Bagby GJ; Williamson DH; Argiles JM. Anti- 
TNF treatment does not reverse the abnormalities in lipid metabolism of the obese 
Zucker rat. Am-J-Physiol. 1997 Apr; 272(4 Pt 1): E656-6

Lord GM; Matarese G; Howard JK; Baker RJ; Bloom SR; Lechler RI. Leptin 
modulates the T-cell immune response and reverses starvation-induced 
immunosuppression. Nature. 1998 Aug 27; 394(6696): 897-901.

Lowell BB; Flier JS Differentiation dependent biphasic regulation of adipsin gene 
expression by insulin and insulin-like growth factor-1 in 3T3-F442A adipocytes. 
Endocrinology. 1990 Dec; 127(6): 2898-906

Lowell BB; S-Susulic V; Hamann A; Lawitts JA; Himms-Hagen J; Boyer BB; 
Kozak LP; Flier JS. Development of obesity in transgenic mice after genetic 
ablation of brown adipose tissue. Nature. 1993 Dec 23-30; 366(6457): 740-2.

Lucinio J, Mantzoras C, Negrao A, Cizza G, Wong M, Bongiomo P, Chrousos G, 
Karp B, Allen C, Flier J & Gold P. Human leptin levels are pulsatile and inversely 
related to pituitary-adrenal function. Nature Medicine 1997; 575-579.

Ludwig M; Klein HH; Diedrich K; Ortmann O. Serum leptin concentrations 
throughout the menstmal cycle. Arch-Gynecol-Obstet. 2000 Feb; 263(3): 99-101

Lukaszuk K; Liss J; Kusiak E; Wojcikowski C. Serum leptin concentration increase 
during luteal phase in healthy premenopausal women. Horm-Metab-Res. 1998 Mar; 
30(3): 172-3AU

Lust JA, Jelinek DF, Donovan KA, Frederick LA, Huntley BK, Braaten JK & 
Maihle NJ. Sequence, expression and function of an mRNA encoding a soluble 
form of the human interleukin-6 receptor (sIL-6R). Curr-Top-Microbiol-Immunol 
1995; 194: 199-206.

Luster MI; Simeonova PP; Gallucci R; Matheson J. Tumor necrosis factor alpha 
and toxicology. Crit-Rev-Toxicol. 1999 Sep; 29(5): 491-511

Luukkaa V; Pesonen U; Huhtaniemi I; Lehtonen A; Tilvis R; Tuomilehto J; Koulu 
M; Huupponen R Inverse correlation between serum testosterone and leptin in men. 
J-Clin-Endocrinol-Metab. 1998 Sep; 83(9): 3243-6.

Luukkaa V; Rouru J; Ahokoski O; Scheinin H; Irjala K; Huupponen R Acute 
inhibition of oestrogen biosynthesis does not affect serum leptin levels in young 
men. Eur-J-Endocrinol. 2000 Feb; 142(2): 164-9

Lyle RE; Richon VM; McGehee RE Jr. TNFalpha dismpts mitotic clonal expansion 
and regulation of retinoblastoma proteins pl30 and pl07 during 3T3-L1 adipocyte 
differentiation. Biochem-Biophys-Res-Commun. 1998 Jun 18; 247(2): 373-8.

329



MacDougald OA; Hwang CS; Fan H; Lane MD. Regulated expression of the obese 
gene product (leptin) in white adipose tissue and 3T3-L1 adipocytes. Proc-Natl-
Acad-Sci-U-S-A. 1995 Sep 26; 92(20): 9034-7.

MacGorman LR, Consoli A, Jensen MD & Miles JM. Growth hormone and 
lipolysis: a re-evaluation. Endocrinology 1983; 113: 344-349.

McCarthy PL. Down regulation of cytokine action. Baillieres-Clin-Haematol 1994; 
7(1): 153-157.

McClain DA; Alexander T; Cooksey RC; Considine RV. Hexosamines stimulate 
leptin production in transgenic mice. Endocrinology. 2000 Jun; 141(6): 1999-2002

Ma Z, Gingerich R, Santiago J, Klein S, Smith C & Landt M. Radioimmunoassay 
of leptin in human plasma. Clinical Chemistry 1996; 42: 942-946.

Madej T, Boguski MS & Bryant SH. Threading analysis suggests that the obese 
gene product may be a helical cytokine. FEBS Lett 1995; 373: 13-18.

Maffei M, Halaas E, Ravussin E, Pratley R, Lee g, Zhang Y, Fei H, Kim S, Lallone 
R, Ranganathan S, Kem P & Friedman J. Leptin levels in human and rodent : 
Measurement of plasma leptin and ob mRNA in obese and weight reduced subjects. 
Nature Medicine 1995; 1: 1155-1161.

Manson JE, Willet WC, Stamfer MJ. Body weight and mortality among women. 
New England Journal of Medicine. 1995; 333: 677-685.

Mantzoros CS; Qu D; Frederich RC; Susulic VS; Lowell BB; Maratos-Flier E; 
Flier JS. Activation of beta(3) adrenergic receptors suppresses leptin expression and 
mediates a leptin-independent inhibition of food intake in mice. Diabetes. 1996 Jul; 
45(7): 909-14.

Mantzoros CS; Flier JS; Lesem MD; Brewerton TD; Jimerson DC. Cerebrospinal 
fluid leptin in anorexia nervosa: correlation with nutritional status and potential role 
in resistance to weight gain. J-Clin-Endocrinol-Metab. 1997 Jun; 82(6): 1845-51.

Mantzoros CS; Prasad AS; Beck FW; Grabowski S; Kaplan J; Adair C; Brewer GJ. 
Zinc may regulate serum leptin concentrations in humans. J-Am-Coll-Nutr. 1998 
Jun; 17(3): 270-5.

Martens DE, de Gooijer CD, van der Velden-de-Groot CAM, Beuvery EC & 
Tramper J. Effect of dilution rate on growth productivity, cell cycle and size and 
sheer sensitivity of a hybridoma cell in continuous culture. Biotechnol. Bioeng. 
1993;41:429-439.

330



Martin ML; Jensen MD Effects of body fat distribution on regional lipolysis in 
obesity. J-Clin-Invest. 1991 Aug; 88(2): 609-13.

Martin-Romero C; Santos-Alvarez J; Gobema R; Sanchez-Margalet V. Human 
leptin enhances activation and proliferation of human circulating T lymphocytes. 
Cell-Immunol. 2000 Jan 10; 199(1): 15-24

Marx N, Boucier T, Sukhova OK, Libby P & Plutzky J. PPARgamma activation in 
human endothelial cells increases plaminogen antivator inhibitor type-1 expression: 
PPARgamma as a potential mediator in vascular disease. Arterioscler-Thromb- 
Vasc-Biol 1999; 19(3): 546-551.

Maslowska M; Sniderman AD; Germinario R; Cianflone K. ASP stimulates 
glucose transport in cultured human adipocyte. Int-J-Obes-Relat-Metab-Disord. 
1997; Apr; 21(4): 261-6.

Masuzaki H; Hosoda K; Ogawa Y; Shigemoto M; Satoh N; Mori K; Tamura N; 
Nishi S; Yoshimasa Y; Yamori Y; Nakao K. Augmented expression of obese (ob) 
gene during the process of obesity in genetically obese-hyperglycemic Wistar fatty 
(fa/fa) rats. FEBS-Lett. 1996 Jan 15; 378(3): 267-71.

Masuzaki H; Ogawa Y; Hosoda K; Miyawaki T; Hanaoka I; Hiraoka J; Yasuno A; 
Nishimura H; Yoshimasa Y; Nishi S; Nakao K. Glucocorticoid regulation of leptin 
synthesis and secretion in humans: elevated plasma leptin levels in Cushing's 
syndrome. J-Clin-Endocrinol-Metab. 1997 Aug; 82(8): 2542-7.

Matarese G. Leptin and the immune system: how nutritional status influences the 
immune response. Eur-Cytokine-Netw. 2000 Mar; 11(1): 7-14

Matsuzawa Y, Funahashi T & Nakamura T. Molecular mechanism of metabolic 
syndrome X: contribution of adipocytokines adipocyte derived biactive substances.. 
Ann-N-Y-Acad-Sci. 1999; 892: 146-154.

Matthys P; Billiau A Cytokines and cachexia. Nutrition. 1997 Sep; 13(9): 763-70

Mauriege P; De-Pergola G; Berlan M; Lafontan M. Human fat cell beta-adrenergic 
receptors: beta-agonist-dependent lipolytic responses and characterization of beta- 
adrenergic binding sites on human fat cell membranes with highly selective beta 1- 
antagonists. J-Lipid-Res. 1988 May; 29(5): 587-601

Mavri A, Stegnar M, Krebs M, Sentocnik JT, Geigler M & Binder BR. Impact of 
adipose tissue on plasma plaminogen activator inhibitor-1 in dieting obese women. 
1999; 19(6): 1582-1587.

331



Meada K, Okubo K, Shimomura I, Mizuno K, Matsuzawa Y & Matsubara K. 
Analysis of the expression profile of genes in the human adipose tissue. Gene 1997; 
190 (2): 227-235.

Meilahn EN, Cauley JA, Tracy RP, Macy EO, Gutai JP & Kuller LH. Association 
of sex hormones and adiposity with plasma levels of fibrinogen and PAI-1 in 
postmenopausal women. Am-J-Epidemiol 1996; 143 (2): 159-166.

Meisner H; Carter JR Jr. Regulation of lipolysis in adipose tissue. Horiz-Biochem- 
Biophys. 1977; 4:91-129.

Mercer JG; Hoggard N; Williams LM; Lawrence CB; Hannah LT; Trayhum P. 
Localization of leptin receptor mRNA and the long form splice variant (Ob-Rb) in 
mouse hypothalamus and adjacent brain regions by in situ hybridization. FEBS- 
Lett. 1996 Jun 3; 387(2-3): 113-6

Mercer JG; Hoggard N; Williams LM; Lawrence CB; Hannah LT; Morgan PJ; 
Trayhum P. Coexpression of leptin receptor and preproneuropeptide Y mRNA in 
arcuate nucleus of mouse hypothalamus. J-Neuroendocrinol. 1996 Oct; 8(10): 733- 
735

Meyer C, Robson D, Rackovsky N, Nardkami V & Gerich J. Role of kidney in 
human leptin metabolism. Am-J-Physiol 1997; 273 (5): E903-907.

Miles JM. Lipid fuel metabolism in health and disease. Curr-Opin-Gen-Surg. 1993: 
78-84.

Miles LE & Hales CN. Immunoradiometric assay of human growth hormone. 
Lancet 1968; 2(566): 492-3.

Miles PD; Barak Y; He W; Evans RM; Olefsky JM. Improved insulin-sensitivity in 
mice heterozygous for PPAR-gamma deficiency. J-Clin-Invest. 2000 Feb; 105(3): 
287-92.

Miller SG; De-Vos P; Guerre-Millo M; Wong K; Hermann T; Staels B; Briggs MR; 
Auwerx J The adipocyte specific transcription factor C/EBPalpha modulates human 
ob gene expression. Proc-Natl-Acad-Sci-U-S-A. 1996 May 28; 93(11): 5507-11

Miller WM, Blanch HW & Wilke CR. A kinetic analysis of hybridoma growth and 
metabolism in batch and continuous suspension culture; effect of nutrient 
concentration, dilution rate and pH. Biotechnol Bioeng 1987; 32: 947-965.

Mills SE & Liu CY. Sensitivity of lipolysis and lipogenesis to dibutyryl-cAMP and 
beta adrenergic agonists in swine adipocyte in vitro. J-Anim-Sci. 1990; 68 (4): 
1017-1023.

332



Mirza I.H., Wilkin T.J., Cantarini M. & Moore K. A comparison of spleen and 
lymph node cells as fusion partners for the raising of monoclonal antibodies after 
different routes of immunisation. J Immunol Methods 1987; 105: 235-43.

Mise H; Sagawa N; Matsumoto T; Yura S; Nanno H; Itoh H; Mori T; Masuzaki H; 
Hosoda K; Ogawa Y; Nakao K. Augmented placental production of leptin in 
preeclampsia: possible involvement of placental hypoxia. J-Clin-Endocrinol-Metab. 
1998 Sep; 83(9): 3225-9

Moellering BJ, Tedesco JL, Townsend RR, Hardy MR, Scott RW & Prior CP. 
Electrophorectic differences in in a mAb expressed in three media. Biopharm 1990; 
3: 30-38.

Mohamed-Ali V, Pinkney JH & Coppack SW. Adipose tissue as a paracrine and an 
endocrine organ. Int-J-Obes-Relat-Metab-Disord 1998; 22 (12): 1145-1158.

Moller H, Mellemgaard A, Lindvig K & Olsen JH. Obesity and cancer risk: a 
Danish record linkage study. Eur-J-Cancer. 1994; 30A (3): 344-350.

Moller N, Butler PC, Antsiferov MA & Alberti KGMM. Effects of growth 
hormone on insulin sensitivity and forearm metabolism in normal man. 
Diabetelogia 1989; 32: 105-110.

Monica TJ, Goochee CF & Maiorella K. Comparative biochemical characterisation 
of a human IgM produced in ascities and in vitro cell culture. Bio/Technology 
1993; 11:512-515.

Montague CT; Farooqi IS; Whitehead JP; Soos MA; Rau H; Wareham NJ; Sewter 
CP; Digby JE; Mohammed SN; Hurst JA; Cheetham CH; Earley AR; Barnett AH; 
Prins JB; O'Rahilly S. Congenital leptin deficiency is associated with severe early- 
onset obesity in humans. Nature. 1997 Jun 26; 387(6636): 903-8.

Montague CT; Prins JB; Sanders L; Digby JE; O'Rahilly S. Depot- and sex-specific 
differences in human leptin mRNA expression: implications for the control of 
regional fat distribution. Diabetes. 1997 Mar; 46(3): 342-7

Montague CT; Prins JB; Sanders L; Zhang J; Sewter CP; Digby J; Byrne CD; 
O'Rahilly S. Depot-related gene expression in human subcutaneous and omental 
adipocytes. Diabetes. 1998 Sep; 47(9): 1384-91.

Montero-Julian FA; Liautard J; Flavetta S; Romagne F; Gaillard JP; Brochier J; 
Klein B; Brailly H. Immunoassay for functional human soluble interleukin-6 
receptor in plasma based on ligand/receptor interactions. J-lmmunol-Methods. 1994 
Feb 28; 169(1): 111-21.

333



Morange PE, Alessi MC, Verdier M, Casanova D, Magalon G & Juhan-Vague. 
PAI-1 produced ex vivo by human adipose tissue is relevent to PAI-1 blood level. 
Arterioscler-Thromb-Vasc-Biol. 1999; 19(5): 1361-1365.

Morange PE, Aubert J, Peiretti F, Lijnen HR, Vague P, Verdier M, Negrel R, 
Juhan-Vague I & Alessi MC. Glucocorticoids and insulin promote plasminogen 
activator inhibitor 1 production in adipose tissue. Diabetes 1999; 48 (4): 890-895.

Morange PE, Lijnen HR, Alessi MC, Kopp F, Collen D & Juhan-Vague I. 
Influence of PAI-1 on adipose tissue growth and metabolic parameters in a murine 
model of diet induced obesity. Arterioscler-Thromb-Vasc-Biol. 2000; 20 (4): 1150- 
1154.

Morikawa M; Nixon T; Green H. Growth hormone and the adipose conversion of 
3T3 cells. Cell. 1982 Jul; 29(3): 783-9.

Muller G; Ertl J; Gerl M; Preibisch G. Leptin impairs metabolic actions of insulin 
in isolated rat adipocytes. J-Biol-Chem. 1997 Apr 18; 272(16): 10585-93.

Muller-Newen G, Kohne C, Keul R, Hemmann U, Muller-Esterl W, Wjidenes J, 
Brakenhoff JP, Hart MH & Heinrich PC. Purification and characterisation of the 
soluble interleukin-6 receptor from human plasma and identification of an isoform 
generated through alternative splicing. Eur J Biochem 1996; 236 (3): 837-842.

Murray I, Sniderman AD, Havel PJ & Cianflone K. Acylation stimulating protein 
(ASP) deficiency alters postprandial and adipose tissue in male mice. J-Biol-Chem 
1999; 274 (51): 36219-36225.

Napolitano A; Lowell BB; Damm D; Leibel RL; Ravussin E; Jimerson DC; Lesem 
MD; Van-Dyke DC; Daly PA; Chatis P; et-al Concentrations of adipsin in blood 
and rates of adipsin secretion by adipose tissue in humans with normal, elevated 
and diminished adipose tissue mass. Int-J-Obes-Relat-Metab-Disord. 1994 Apr; 
18(4): 213-8

Navarro S; Debili N; Bemaudin JF; Vainchenker W; Doly J. Regulation of the 
expression of IL-6 in human monocytes. J-Immunol. 1989 Jun 15; 142(12): 4339- 
45.

Nicholls DG. The thermogenic mechanism of brown adipose tissue. Review. 
Biosci-Rep 1983; 3 (5): 431-441.

Niesler CU; Siddle K; Prins JB. Human preadipocytes display a depot-specific 
susceptibility to apoptosis. Diabetes. 1998 Aug; 47(8): 1365-8.

334



Nilsson P, Bergquist NR & Grundy MS. A technique for preparing defined 
conjugates of horseradish peroxidase and inununoglobulin. J Immunol Methods 
1981;41:81-93.

Niman H.L., Houghten R.A., Walker L.E., Reisfeld R.A., Wilson I.A., Hogle J.M. 
& Lemer R.A. Generation of protein-reactive antibodies by short peptides is an 
event of high frequency: implications for the structural basis of immune function. 
Proc. Natrl. Acad. Sci. USA. 1983; 80 (16): 4949-53.

Nisoli-E; Briscini-L; Giordano-A; Tonello-C; Wiesbrock-SM; Uysal-KT; Cinti-S; 
Carruba-MO; Hotamisligil-GS Tumor necrosis factor alpha mediates apoptosis of 
brown adipocytes and defective brown adipocyte function in obesity. Proc-Natl- 
Acad-Sci-U-S-A. 2000 Jul 5; 97(14): 8033-8.

Nnodim JO. Development of adipose tissues. Anat-Rec. 1987; 219 (4): 331-337.

Normski R.C., Lostrom M.E., Tam M.R., Stone M.R. & Burnette W.N. The 
isolation of hybrid cells producing monoclonal antibodies against the pi5(E) 
protein of murine leukemiz virus. Virology 1979; 93: 111-126.

Nossal GJV. Negative selection of lymphocytes. Cell 1994; 76: 229-239.

Novick D, Engelmann H, Wallach D & Rubinstein M. Soluble cytokine receptors 
are present in normal human urine. J Exp Med 1989; 170 (4): 1409-1414.

Novick D, Engelmann H, Wallach D, Leitner O, Revel M & Rubinstein M. 
Purification of soluble cytokine receptors from normal human urine by ligand- 
affmity and immunoaffinity chromatography. J Chromatogr 1990; 510: 331-337.

O'Brien SN; Welter BH; Mantzke KA; Price TM. Identification of progesterone 
receptor in human subcutaneous adipose tissue. J-Clin-Endocrinol-Metab. 1998 
Feb; 83(2): 509-13

Oh JW, Revel M & Chebath J. A soluble interleukin-6 receptor isolated from 
conditioned medium of human breast cancer cells is encoded by a differentially 
spliced mRNA. Cytokine 1996; 8 (5): 401-409.

Okamoto Y, Arita Y, Nishida M, Muraguchi M, Ouchi N, Takahashi M, Igura T, 
Inui Y, Kihara S, Nakamura T, Yamashita S, Miyagawa J, Funahashi T & 
Matsugawa Y. An adipocyte derived plasma protein, adiponectin, adheres to 
injured vascular walls. Horm-Metab-Res. 2000; 32 (2): 47-50.

Oldenburg HS; Rogy MA; Lazarus DD; Van-Zee KJ; Keeler BP; Chizzonite RA; 
Lowry SF; Moldawer LL Cachexia and the acute-phase protein response in 
inflammation are regulated by interleukin-6. Eur-J-Immunol. 1993 Aug; 23(8): 
1889-94

335



Olsson I; Lantz M; Nilsson E; Peetre C; Thysell H; Grubb A; Adolf G. Isolation 
and characterization of a tumor necrosis factor binding protein from urine. Eur-J- 
Haematol. 1989 Mar; 42(3): 270-5

Oppmann B, Stoyan T, Fischer M, Voltz N, Marz P & Rose-John S. Alternative 
assay procedures for cytokines and soluble receptors of the IL-6 family. J Immunol 
Methods 1996: 195 (1-2): 153-159.

Ostlund R, Yang J, Klein S & Gingerich R. Relation between plasma leptin 
concentrations and body fat, gender, diet, age and metabolic covariates. J Clin Endo 
Metab 1996;81:3909-3913.

Ouchi N, Kihara S, Arita Y, Maeda K, Kuriyama H, Okamoto Y, Hotta K, Nishida 
M, Takahashi M, Nakamura T, Yamashita S, Funahashi T & Matsuzawa Y. Novel 
modulator for endothelial adhesion molecules: adipocyte -derived plasma protein 
adiponectin. Circulation. 1999; 100 (25): 2473-2476.

Ouchi N, Kihara S, Arita Y, Okamoto Y, Maeda K, Kuriyama H, Hotta K, Nishida 
M, Takahashi M, Muraguchi M, Ohmoto Y, Nakamura T, Yamashita S, Funahashi 
T & Mutsuzawa Y. Adiponectin, an adipocyte -derived plasma protein inhibits 
endothelial NF KappaB signalling through a cAMP dependent pathway. Circulation 
2000; 102 (11): 1296-1301.

Padberg F, Freneberg W, Schmidt S, Schwartz MJ, Korschenhausen D, Greenburg 
BD, Nolde T, Muller N, Trapmann H, Konig N, Moller HJ & Hampel H. CSF and 
serum levels of soluble interleukin-6 are altered in multiple sclerosis. J 
Neuroimmunol 1999; 99(2): 218-223.

Pancov Y. Adpose tissue as an endocrine organ regulating growth. Biochemistry- 
Mosc. 1999; 64 (4): 601-609.

Paolisso G; Rizzo MR; Mazziotti G; Rotondi M; Tagliamonte MR; Varricchio G; 
Carella C; Varricchio M. Lack of association between changes in plasma leptin 
concentration and in food intake during the menstrual cycle. Eur-J-Clin-Invest. 
1999 Jun; 29(6): 490-5

Patel TP, Parekh RB, Moellering BJ & Prior CP. Different culture methods lead to 
differences in glycosylation of a murine IgG monoclonal antibody. Biochem J 
1992; 285: 839-845.

Pedersen SB, Fuglsig Sjorgen P, Richelsen B. Identification of steroid receptors in 
human adipsoe tissue. Eur J Clin Invest 1996; 26: 1051-1056.

336



Peins AN, Mueller RA, Struve GA, Kissebah AH. Relation of androgenic activity 
to splanchnic insulin metabolism and peripheral glucose utilisation in 
premenopausal women. J Clin Endocrinol Metab 1987; 64: 162-169.

Pennisi F & Rosa U. Preparation of radioiodinated insulin by constant current 
electrolysis. JNucl Biol Med 1969; 13: 64-70.

Peraldi P; Xu M; Spiegelman BM Thiazolidinediones block tumor necrosis factor- 
alpha-induced inhibition of insulin signaling. J-Clin-Invest. 1997 Oct 1; 100(7): 
1863-9

Peraldi P; Spiegelman B. TNF-alpha and insulin resistance: summary and future 
prospects. Mol-Cell-Biochem. 1998 May; 182(1-2): 169-75

Peterle TA & Scanes CO. Effect of beta-adrenergic agonists on lipolysis ans 
lipogenesis by procine adipose tissu ein vitro. J-Anim-Sci. 1990; 68 (4): 1024- 
1029.

Peters EJ, Klein S & Wolfe RR. Effect of short term fasting on the lipolytic 
response to theophylline. Am J Physiol 1991; 261: E500-E504.

Peters M; Odenthal M; Schirmacher P; Blessing M; Fattori E; Ciliberto 0 ; Meyer- 
zum-Buschenfelde KH; Rose John-S. Soluble IL-6 receptor leads to a paracrine 
modulation of the IL-6-induced hepatic acute phase response in double transgenic 
mice. J-Immunol. 1997 Aug 1; 159(3): 1474-81

Petruschke T; Hauner H. Tumor necrosis factor-alpha prevents the differentiation 
of human adipocyte precursor cells and causes delipidation of newly developed fat 
cells. J-Clin-Endocrinol-Metab. 1993 Mar; 76(3): 742-7

Pinkney JH; Goodrick SJ; Katz J; Johnson AB; Lightman SL; Coppack SW; 
Mohamed-Ali V. Leptin and the pituitary-thyroid axis: a comparative study in lean, 
obese, hypothyroid and hyperthyroid subjects. Clin-Endocrinol-Oxf. 1998 Nov; 
49(5): 583-8

Plee-Gautier E; Grober J; Duplus E; Langin D; Forest C. Inhibition of hormone- 
sensitive lipase gene expression by cAMP and phorbol esters in 3T3-F442A and 
BFC-1 adipocytes. Biochem-J. 1996 Sep 15; 318 ( Pt 3): 1057-63

Porteu F; Nathan C. Shedding of tumor necrosis factor receptors by activated 
human neutrophils. J-Exp-Med. 1990 Aug 1; 172(2): 599-607

Price TM; O'Brien SN; Welter BH; George R; Anandjiwala J; Kilgore M. Estrogen 
regulation of adipose tissue lipoprotein lipase—possible mechanism of body fat 
distribution. Am-J-Obstet-Gynecol. 1998 Jan; 178(1 Pt 1): 101-7.

337



Prins JB; Walker NI; Winterford CM; Cameron DP. Human adipocyte apoptosis 
occurs in malignancy. Biochem-Biophys-Res-Commun. 1994 Nov 30; 205(1): 625- 
30.

Prins JB; Niesler CU; Winterford CM; Bright NA; Siddle K; O'Rahilly S. Tumor 
necrosis factor-alpha induces apoptosis of human adipose cells. Diabetes. 1997 
Dec; 46(12): 1939-44.

Prins JB; O'Rahilly S. Regulation of adipose cell number in man. Clin-Sci-Colch. 
1997 Jan; 92(1): 3-11.

Purohit A, Ghilchick MW, Duncan L. Aromatase activity and interleukin 6 
production by normal and malignant breast tissues. Metab 1995; 80: 3052-3058.

Ramirez OT & Mutharasan R. Cell cycle and growth phase dependent variations in 
size distribution, antibody productivity and oxygen demand in hybridoma cultures. 
Bitechnol. Bioeng. 1990; 36: 839-848.

Randle PJ; Newsholme EA; Garland PB. Regulation of glucose uptake by muscle. 
Effects of fatty acids, ketone bodies and pyruvate, and of alloxan-diabetes and 
starvation, on the uptake and metabolic fate of glucose in rat heart and diaphragm 
muscles. Biochem-J. 1964 Dec; 93(3): 652-65

Randle PJ; Garland PB; Newsholme EA; Hales CN. The glucose fatty acid cycle in 
obesity and maturity onset diabetes mellitus. Ann-N-Y-Acad-Sci. 1965 Oct 8; 
131(1): 324-33.

Ranganathan S, Maffei M & Kem PA. Adipose tissue ob mRNA expression in 
humans: discordance with plasma leptin and relationship with adipose tissue TNF 
alpha expression. J-Lipid-Res 1998; 39 (4): 724-30.

Rasmussen DD; Boldt BM; Wilkinson CW; Yellon SM; Matsumoto AM. Daily 
melatonin administration at middle age suppresses male rat visceral fat, plasma 
leptin, and plasma insulin to youthful levels. Endocrinology. 1999 Feb; 140(2): 
1009-12

Rau H; Reaves BJ; O'Rahilly S; Whitehead JP. Truncated human leptin (deltal33) 
associated with extreme obesity undergoes proteasomal degradation after defective 
intracellular transport.Endocrinology. 1999 Apr; 140(4): 1718-23.

Reaven GM. Role of insulin resistence in human disease. Diabetes 1988; 37: 1595- 
1607.

Rebuffe-Scrive M; Enk L; Crona N; Lonnroth P; Abrahamsson L; Smith U; 
Bjomtorp P. Fat cell metabolism in different regions in women. Effect of menstrual 
cycle, pregnancy, and lactation. J-Clin-lnvest. 1985 Jun; 75(6): 1973-6.

338



Rentsch J; Chiesi M. Regulation of ob gene mRNA levels in cultured adipocytes. 
FEBS-Lett. 1996 Jan 22; 379(1): 55-9.

Renold AE. A brief and fragmentary introduction to some aspects of adipose tissue 
metabolism, with emphasis on glucose uptake. Ann-N-Y-Acad-Sci. 1965 Oct 8; 
131(1): 7-12.

Renz M, Tomlinson E, Hultgren B, Levin N, Gu Q, Shimkets RA, Lewin DA & 
Stewart TA. Quantitative expression analysis of genes regulated by both obesity 
and leptin reveals a regulatory loop between leptin and pituitary derived ACTH. J- 
Biol-Chem 2000; 275 (14): 10429-10436.

Reynisdottir S; Langin D; Carlstrom K; Holm C; Rossner S; Amer P. Effects of 
weight reduction on the regulation of lipolysis in adipocytes of women with upper- 
body obesity. Clin-Sci-Colch. 1995 Oct; 89(4): 421-9

Riad-Gabriel MG; Jinagouda SD; Sharma A; Boyadjian R; Saad MF. Changes in 
plasma leptin during the menstrual cycle. Eur-J-Endocrinol. 1998 Nov; 139(5): 
528-31.

Rice AM; Fain JN; Rivkees SA. Al adenosine receptor activation increases 
adipocyte leptin secretion. Endocrinology. 2000 Apr; 141(4): 1442-5

Richards CD; Langdon C; Deschamps P; Pennica D; Shaughnessy SG. Stimulation 
of osteoclast differentiation in vitro by mouse oncostatin M, leukaemia inhibitory 
factor, cardiotrophin-1 and interleukin 6: synergy with dexamethasone. Cytokine. 
2000 Jun; 12(6): 613-21.

Rigden DJ, Jellyman AE, Frayn KN, Coppack SW. Human adipose tissue glycogen 
levels and responses to carbohydrate feeding. Eur J Clin Nutr 1990; 44: 689-692.

Ritchie DG. Interleukin 6 stimulates hepatic glucose release from prelabeled 
glycogen pools. Am-J-Physiol. 1990 Jan; 258(1 Pt 1): E57-64

Robinson J.M., Ross D.S., Davidson R.L. & Kamovsky M.J. Membrane alterations 
and other morphological features associated with polyethylene glycol-induced cell 
fusion. J Cell Sci 1979; 40: 63-75.

Rock FL, Altmann SW, van-Heek M, Kastelein RA & Bazan JF. The leptin 
haemopoietic cytokine fold is stabilised by an intrachain disulphide bond. Horm- 
Metab-Res 1996; 28: 649-652.

Rondinone-CM; Baker-ME; Rodbard-D. Progestins stimulate the differentiation of 
3T3-L1 preadipocytes. J-Steroid-Biochem-Mol-Biol. 1992 Sep; 42(8): 795-802

339



Rosen T; Johannsson G; Johansson JO; Bengtsson BA. Consequences of growth 
hormone deficiency in adults and the benefits and risks of recombinant human 
growth hormone treatment. Horm-Res. 1995; 43(1-3): 93-9.

Rosenbaum M; Nicolson M; Hirsch J; Heymsfield SB; Gallagher D; Chu F; Leibel 
RL Effects of gender, body composition, and menopause on plasma concentrations 
of leptin. J-Clin-Endocrinol-Metab. 1996 Sep; 81(9): 3424-7

Rothman RJ, Warren L, Vilgenthart JFG & Hard KJ. Clonal analysis of the 
glycosylation of immunoglobulin G secreted by murine hybridomas. Biochem 
1989;28:1377-1384.

Rothwell NJ. CNS regulation of thermogenesis. Crit Rev Neurobiol; 8: 1-10.

Ryffel B; Mihatsch MJ; Woerly G. Pathology induced by interleukin-6. Int-Rev- 
Exp-Pathol. 1993; 34 Pt A: 79-89

Saad MF; Damani S; Gingerich RL; Riad-Gabriel MG; Khan A; Boyadjian R; 
Jinagouda SD; el-Tawil K; Rude RK; Kamdar V. Sexual dimorphism in plasma 
leptin concentration. J-Clin-Endocrinol-Metab. 1997 Feb; 82(2): 579-84.

Saghizadeh M; Ong JM; Garvey WT; Henry RR; Kem PA. The expression of TNF 
alpha by human muscle. Relationship to insulin resistance. J-Clin-Invest. 1996 Feb 
15; 97(4): 1111-6

Salackinski PR, McLean C, Sykes JE, Clement-Jones W  & Lowry PJ. lodination 
of proteins, glycoproteins and peptides using a solid phase oxidising agent 1,3,3,6- 
tetrachloro-3 alpha, 6 alpha-diphenyl glycoluril (iodogen). Anal Biochem 1981; 
117: 136-146.

Saladin R; De-Vos P; Guerre-Millo M; Leturque A; Girard J; Staels B; Auwerx J. 
Transient increase in obese gene expression after food intake or insulin 
administration. Nature. 1995 Oct 12; 377(6549): 527-9.

Samad F, Yamamoto K & Loskutoff DJ. Distribution and regulation of 
plasminogen activator inhibitor-1 in murine adipose tissue in vivo. Induction by 
tumour necrosis factor-alpha and lipopolysaccharide. J-Clin-Invest 1996; 97 (1): 
37-46.

Samad F, Yamamoto k, Pandey M & Loskutoff DJ. Elevated expression of 
transforming growth factor beta in adipose tissue from obese mice. Mol-Med 1997; 
3 (1): 37-48.

Samad F, Pandey M & Loskutoff DJ. Tissue factor gene expression in the adipose 
tissue of obese mice. Proc-Natrl-Acad-Sci-USA. 1999; 95 (13): 7591-7596.

340



Samad F, Uysal KT, Wiesbrook SM, Pandley M, Hotamisligil GS & Loskutoff D J. 
Tumour necrosis factor alpha is a key component in the obesity-linked elevation of 
the plasminogen activator inhibitor-1. Proc-Natrl-Acad-Sci-USA. 1999; 96 (1): 
6902-6907.

Santhanam U; Ghrayeb J; Sehgal PB; May LT. Post-translational modifications of 
human interleukin-6. Arch-Biochem-Biophys. 1989 Oct; 274(1): 161-70

Sarraf P; Frederich RC; Turner EM; Ma G; Jaskowiak NT; Rivet DJ; Flier JS; 
Lowell BB; Fraker DL; Alexander HR. Multiple cytokines and acute inflammation 
raise mouse leptin levels: potential role in inflammatory anorexia. J-Exp-Med. 1997 
Jan 6; 185(1): 171-5.

Saunders JSE, Hall H & Sonksen PH. Glucose and free fatty acid tunover in 
thyrotoxicosis and hypothyroidism before and after treatment. Clin Endocrinol 
1980; 13; 33-44.

Sayeed MM. Alterations in calcium signaling and cellular responses in septic 
injury. New-Horiz. 1996 Feb; 4(1): 72-86.

Scantlebury T; Maslowska M; Cianflone K. Chylomicron-specific enhancement of 
acylation stimulating protein and precursor protein C3 production in differentiated 
human adipocytes.J-Biol-Chem. 1998 Aug 14; 273(33): 20903-9

Schall TJ; Lewis M; Roller KJ; Lee A; Rice GC; Wong GH; Gatanaga T; Granger 
GA; Lentz R; Raab H; et-al. Molecular cloning and expression of a receptor for 
human tumor necrosis factor. Cell. 1990 Apr 20; 61(2): 361-70.

Scherer PE, Williams S, Fogliano M, Baldini G & Lodish HF. A novel serum 
protein similar to Clq, produced exclusively in adipocytes. J Biol Chem 1995; 270 
(45): 26746-26749.

Schoeller DA; Celia LK; Sinha MK; Caro JF. Entrainment of the diurnal rhythm of 
plasma leptin to meal timing. J-Clin-Invest. 1997 Oct 1; 100(7): 1882-7

Schonherr OT, van Gelder PTJA, van Hees PJ, van Os AMJM & Roelofs HWM. A 
hollow fibre dialysis system for the in vitro production of monoclonal antibodies 
replacing the in vivo production in mice. Develop Biol Stand. 1987; 66: 211-220.

Schrauwen P; van-Marken-Lichtenbelt WD; Westerterp KR; Saris WH.
Effect of diet composition on leptin concentration in lean subjects. Metabolism. 
1997 Apr; 46(4): 420-4

Schulman M., Wilde C.D. & Kohler G. A better cell line for making hybridomas 
secreting specific antibodies. Nature 1978; 276: 269.

341



Schwager SL, Chubb AJ, Scholle RR, Brandt WF, Eckerskom C, Sturrock ED & 
Ehlers MR. Phorbol ester-induced juxtamembrane cleavage of angiotensin- 
coverting enzyme is not inhibited by a stalk containing intrachain disulphides. 
Biochemistry 1998; 37 (44): 15449-15456.

Schwartz M, Peskind E, Raskind M, Boyko E & Porte D. Cerebralspinal leptin 
levels: Relationship to plasma levels and adiposity in humans. Nature Medicine 
1996; 2: 589-593.

Seckinger P; Isaaz S; Dayer JM. Purification and biologic characterization of a 
specific tumor necrosis factor alpha inhibitor. J-Biol-Chem. 1989 Jul 15; 264(20): 
11966-73.

Segal KR; Landt M; Klein S. Relationship between insulin sensitivity and plasma 
leptin concentration in lean and obese men. Diabetes. 1996 Jul; 45(7): 988-91

Seidell JC & Bouchard C. Visceral fat in relation to health: is it a major culprit or 
simply an innocent bystander? Int J Obes 1997; 21: 626-631.

Seidell JC; Bouchard C. Abdominal adiposity and risk of heart disease. JAMA. 
1999 Jun 23-30; 281(24): 2284-5.

Sejrsen P. Atraumatic local labelling of skin by xenon-133 for blood flow 
measurement. Use of xenon-133 clearance methods in -bums. Scand-J-Plast- 
Reconstr-Surg. 1968; 2(1): 39-43.

Self CH. J Immunol Methods 1985; 76: 389.
Shaper A, Wannamethee SG, Walker M. Body weight: implications for the 
prevention of coronary heart disease, stroke and diabetes mellitus in a cohort study 
of middle aged men. British Medical Journal. 1997; 314: 1311-1317.

Shamoon H; Hendler R; Sherwin RS. Altered responsiveness to cortisol, 
epinephrine, and glucagon in insulin-infused juvenile-onset diabetics. A mechanism 
for diabetic instability. Diabetes. 1980 Apr; 29(4): 284-91.

Shapiro L & Scherer PE. The crystal structure of a complement-Iq family protein 
suggests an evolutionary link to tumour necrosis factor. Curr Biol 1998; 8 (6): 335- 
338.

Shimabukuro M, Koyama K, Chen 0, Wang MY, Trieu F, Lee Y, Newgard CB & 
Unger RH. Proc-Natrl-Acad-Sci USA 1997; 94: 4637-4641.

Shimizu H; Shimomura Y; Nakanishi Y; Futawatari T; Ohtani K; Sato N; Mori M. 
Estrogen increases in vivo leptin production in rats and human subjects. J- 
Endocrinol. 1997 Aug; 154(2): 285-92.

342



Shimizu H, Kakizaki S, Tsuchiya T, Nagamine T, Takagi H, Takayama H, 
Kobayashi I & Mori M. An increase in circulating leptin in patients with liver 
cirrhosis. Int-J-Obes-Metab-Disord 1998; 22 (12): 1234-1238.

Shimizu S et al, Anal Biochem 1983; 107: 193-198.Joumal. 1997; 314: 1311-1317.

Shimomura I, Funahashi T, Takahashi M, Maeda K, Kotani K, Nakmura T, 
Yamashita S, Miura M, Fukuda Y, Takemura K, Tokunaga K & Matsuzawa Y. 
Enhanced expression of PAI-1 in visceral fat: possible contributor to vascular 
disease in obeisty. Nat-Med 1996; 2 (7): 800-803.

Shintani M; Nishimura H; Yonemitsu S; Masuzaki H; Ogawa Y; Hosoda K; Inoue 
G; Yoshimasa Y; Nakao K. Downregulation of leptin by free fatty acids in rat 
adipocytes: effects of triacsin C, palmitate, and 2-bromopalmitate. Metabolism. 
2000 Mar; 49(3): 326-30

Shuster DE; Kehrli ME Jr; Baumrucker CR Relationship of inflammatory 
cytokines, growth hormone, and insulin-like growth factor-I to reduced 
performance during infectious disease. Proc-Soc-Exp-Biol-Med. 1995 Nov; 210(2): 
140-9

Siegrist-Kaiser CA; Pauli V; Juge-Aubry CE; Boss O; Pemin A; Chin WW; Cusin 
I; Rohner-Jeanrenaud F; Burger AG; Zapf J; Meier CA. Direct effects of leptin on 
brown and white adipose tissue. J-Clin-Invest. 1997 Dec 1; 100(11): 2858-64.

Silverberg JD and Miles JM. Effect of ketosis on fatty acid and glucose kinetics in 
humans. Clin Res 1992; 40: 166A.

Simpson ER, Zhao Y, Agarwal VR, Michael MD, Bulun SE, Hinshelwood MM, 
Graham-Lorence S, Sun T, Fisher CR, Qin K & Mendelson CR. Aromatase 
expression in health and disease. Recent progress in hormone research 1997; 52: 
185-213.

Sinha MK; Ohaimesian JP; Heiman ML; Kriauciunas A; Stephens TW; Magosin S; 
Marco C; Caro JF. Nocturnal rise of leptin in lean, obese, and non-insulin- 
dependent diabetes mellitus subjects. J-Clin-Invest. 1996 Mar 1; 97(5): 1344-7 .

Sinha MK, Opentanova I, Ophannesian JP, Kolaczynski JW, Heiman ML, Hale J, 
Becker GW, Bowsher RR, Stephens TW & Caro JF. Evidence for free and bound 
leptin in human circulation. J-Clin-Invest 1996; 98 (6): 1277-1284.

Siskind GW & Benacerraf B. Cell selection by antigen in the immune response. Ad 
Immunol 1969; 10: 1-50.

343



Slicker L, Sloop K, Surface P, Kriauciunas A, LaQuier F, Manetta J, Bue- 
Valleskey J & Stephens T. Regulation and expression of ob mRNA and protein by 
gluccocorticoids and cAMP. J Biol Chem 1996; 5301-5304.

Smas CM, Chen L, Zhoa L, Latasa MJ & Sul HS. Transcriptional repression of 
pref-1 by gluccocorticoids promotes 3T3-L1 adipocyte differentiation. J-Biol- 
Chem. 1999; 274(18): 12632-12641.

Smas CM, Green D & Sul HS. Structural characterisation and alternate splicing of 
the gene encoding the preadipocyte EGF-like protein pref-1. Biochemistry. 1994; 
33 (31): 9257-9265.

Smas CM & Sul HS. Pref-1, a protein containing EGF-like repeats, inhibits 
adipocyte differentiation. Cell. 1993; 73 (4): 725-734.

Smas CM; Sul HS. Control of adipocyte differentiation. Biochem-J. 1995 Aug 1; 
309 ( P t 3): 697-710.

Smas CM & Sul HS. Characterisation of pref-1 and its inhibitory role in adipocyte 
differentiation. Int-J-Obes-Relat-Metab-Disord. 1996; 20: S65-S72.

Smas CM & Sul HS. Molecular mechanisms of adipocyte differentiation and 
inhibitory action of pref-1. Crit-Rev-Eukaryot-Gene-Exper. 1997; 7 (4): 281-298.

Smas CM, Chen L & Sul HS. Cleavage of membrane associated pref-1 generates a 
soluble inhibitor of adipocyte differentiation. Mol-Cell-Biol. 1997; 17 (2): 977-988.

Smith U, Alexsen M, Carvalho E, Eliasson B, Jansson PA & Wesslau C. Insulin 
signalling and action in fat cells: associations with insulin resistance and type 2 
diabetes. Aim-N-Y-Acad-Sci 1999; 892: 119-126.

Sniderman AD & Cianflone K. The adipsin-ASP pathway and regulation of 
adipocyte function. Ann-Med. 1994 Dec; 26(6): 388-93

Souza SC, de-Vargas LM, Yamamoto MT, Lien P, Franciosa MD, Moss LG & 
Greenburg AS. Overexpression of perilipin A and B blocks the ability of tumour 
necrosis factor alpha to increase lipolysis in 3T3-L1 adipocytes. J-Biol-Chem. 
1998; 273 (38): 24665-24669.

Souza SC, Yamamoto MT, Franciosa MD, Lien P & Greenburg AS. BRL 49653 
blocks the lipolytic actions of tumour necrosis factor alpha: a potential new insulin 
sensitising mechanism for thiozolidinediones. Diabetes 1998; 47 (4): 691-695.

Spector AA. Fatty acid binding to plasma albumin. J-Lipid-Res. 1975 May; 16(3): 
165-79.

344



Spiegelman BM; Green H. Cyclic AMP-mediated control of lipogenic enzyme 
synthesis during adipose differentiation of 3T3 cells. Cell. 1981 May; 24(2): 503-10

Spiegelamn BM. Peroxisome proliferator-activated receptro gamma: a key 
regulator of adipogenesis and systemic insulin sensitivity. Eur-J-Med-Res. 1997; 2 
(11): 457-464.

Spiegelamn BM. PPAR-gamma; adipogénie regulator and thiazolidinedione 
receptor. Diabetes. 1998; 47 (4): 507-504.

Spinas GA; Keller U; Brockhaus M. Release of soluble receptors for tumor necrosis 
factor (TNF) in relation to circulating TNF during experimental endotoxinemia. J- 
Clin-Invest. 1992 Aug; 90(2): 533-6

Sporri B; Muller KM; Wiesmann U; Bickel M. Soluble IL-6 receptor induces 
calcium flux and selectively modulates chemokine expression in human dermal 
fibroblasts. Int-Immunol. 1999 Jul; 11(7): 1053-8.

Stephens JM, Butts MD & Pekala PH. Regulation of transcription factor mRNA 
accumulation during 3T3-L1 preadipocyte differentiation by tumour necrosis factor 
alpha. J Mol Endocrinol 1992; 9: 61-72.

Stephens JM; Lee J; Pilch PF. Tumor necrosis factor-alpha-induced insulin 
resistance in 3T3-L1 adipocytes is accompanied by a loss of insulin receptor 
substrate-1 and GLUT4 expression without a loss of insulin receptor-mediated 
signal transduction. J-Biol-Chem. 1997 Jan 10; 272(2): 971-6

Stephens TW, Basinski M, Bristow PK, Bue-Valleskey JW, Burgett SG, Craft L, 
Hale J, Hoffman J, Hsiung HM, Kriauciunas A, MacKeller W, Rosteck PR, 
Schoner B, Smith D, Tinsley FC, Zhang X-Y & Heiman M. The role of 
neuropeptide Y in the anti-obesity action of the obese gene product. Nature 1995; 
377: 530-532.

Steppan CM, Bailey ST, Bhat S, Brown EJ, Banneqee RR, Wright C, Patel HR, 
Ahima RS & Lazar MA. The hormone resistin links obesity to diabetes. Nature 
2001; 409: 307-312.

Stralfors P & Belfrage P Phosphorylation of hormone-sensitive lipase by cyclic 
AMP-dependent protein kinase. J-Biol-Chem. 1983 Dec 25; 258(24): 15146-52.

Stiles JW, Francendese AA & Masoro EJ. Influence of age and number of fat cells 
in the epididymal depot. Am-J-Physiol. 1995; 229 (6): 1561-1568.

Stock MJ & Rothwell NJ. Role of brown adipose tissue thermogenesis in 
overfeeding: a review. J-R-Soc-Med. 1983; 76 (1): 71-73.

345



Strobel A; Issad T; Camoin L; Ozata M; Strosberg AD. A leptin missense mutation 
associated with hypogonadism and morbid obesity. Nat-Genet. 1998 Mar; 18(3): 
213-5

Strong P; Coleman RA; Humphrey PF Prostanoid-induced inhibition of lipolysis in 
rat isolated adipocytes: probable involvement of EP3 receptors. Prostaglandins. 
1992 Jun; 43(6): 559-66.

Strosser MT, Scala-Guenot B, Koch B and Mialhe P. Inhibitiry effect of and mode 
of action somatostatin on lipolysis in chicken adipocytes. Biochem Biophys Acta 
1983; 763:191-196.

Stouthard JM; Romijn JA; Van-der-Poll T; Endert E; Klein S; Bakker PJ; Veenhof 
CH; Sauerwein HP. Endocrinologie and metabolic effects of interleukin-6 in 
humans. Am-J-Physiol. 1995 May; 268(5 Pt 1): E813-9.

Sul HS, Smas CM, Wang D & Chen L. Regulation of fat synthesis and adipose 
differentiation. Proc-Nucleic-Acid-Res-Mol-Biol. 1998; 60: 317-318.

Summers LKM, Samra JS, Humphries SM, Morris RJ & Frayn KN. Subcutaneous 
adipose tissue blood flow: variation within and between subjects and relationship to 
obesity. Clin-Science 1996; 91: 679-683.

Summers LK; Amer P; Ilic V; Clark ML; Humphreys SM; Frayn KN. Adipose 
tissue metabolism in the postprandial period: microdialysis and arteriovenous 
techniques compared. Am-J-Physiol. 1998 Apr; 274(4 Pt 1): E651-5.

Suzuki E & Ollis DF. Cell cycle model for antibody production kinetics. 
Biotechnol. Bioeng. 1989; 34: 1398-1402.

Svendsen OL, Hassager C, Christiansen C. Relationships and independence of body 
composition, sex hormones, fat distribution and other cardiovascular risk factors in 
overweight postmenopausal women. Int J Obes 1993; 17: 459-463.

Szatmary Z. Tumor necrosis factor-alpha: molecular-biological aspects minireview. 
Neoplasma. 1999; 46(5): 257-66

Taga T; Hibi M; Hirata Y; Yamasaki K; Yasukawa K; Matsuda T; Hirano T; 
Kishimoto T. Interleukin-6 triggers the association of its receptor with a possible 
signal transducer, gpl30. Cell. 1989 Aug 11; 58(3): 573-81

Taguchi Y, Yamamoto M, Yamete T, Lin SC, Mocharla H, DeTogni P, Nakayama 
N, Boyce BF, Abe E & Manolagas SC. Interleukin-6-type cytokines stimulate 
mesenchymal progenitor differentiation toward the osteoblastic lineage. Proc Assoc 
Am Physicians 1998; 110 (6): 559-574.

346



Takahashi M, Arita Y, Yamagata K, Matsukawa Y, Okutomi K, Horie M, 
Shimomura I, Hotta K, Kuriyama H, Kihara S, Nakamura T, Yamashita S, 
Funahashi T & Matsuzawa Y. Genomic structure and mutations in the adipose- 
specific gene, adiponectin. Int-J-Obes-Relat-Metab-Disord. 2000; 24 (7): 861-868.

Tanabe O; Akira S; Kamiya T; Wong GO; Hirano T; Kishimoto T. Genomic 
structure of the murine IL-6 gene. High degree conservation of potential regulatory 
sequences between mouse and human. J-Immunol. 1988 Dec 1; 141(11): 3875-81

Tancredi RG; Dagenais GR; Zierler KL. Free fatty acid metabolism in the forearm 
at rest: muscle uptake and adipose tissue release of free fatty acids. Johns-Hopkins- 
Med-J. 1976 May; 138(5): 167-79.

Tartaglia LA; Goeddel DV. Two TNF receptors. Immunol-Today. 1992 May; 
13(5): 151-3.

Tartaglia LA; Dembski M; Weng X; Deng N; Culpepper J; Devos R; Richards GJ; 
Campfield LA; Clark FT; Deeds J; et-al. Identification and expression cloning of a 
leptin receptor, OB-R. Cell. 1995 Dec 29; 83(7): 1263-71.

Tartaglia LA. The leptin receptor. J-Biol-Chem. 1997 Mar 7; 272(10): 6093-6

Tchemof A, Despres JP, Belanger A, Dupont A, Prud’Homme D, Moorjani S, 
Lupien PJ & Labrie F. Reduced testosterone and adrenal C l9 steroid levels in 
obese men. Clin Exp 1995; 44: 513-519.

Teirmaa T; Luukkaa V; Rouru J; Koulu M; Huupponen R. Correlation between 
circulating leptin and luteinizing hormone during the menstrual cycle in normal- 
weight women. Eur-J-Endocrinol. 1998 Aug; 139(2): 190-4

Teijung RL; Kaciuba-Uscilko H. Lipid metabolism during exercise: influence of 
training. Diabetes-Metab-Rev. 1986; 2(1-2): 35-51

Thabard W, Barille S, Collette M, Harousseau JL, Rapp MJ, Bataille R & Amoit 
M. Myeloma cells release soluble interleukin 6Ralpha in relation to disease 
progression by two distinct mechanisms: alternative splicing and proteolytic 
cleavage. Clin Cancer Res 1999; 5 (10): 2693-2697.

Tharaken JP and Chau PC. Operation and pressure distribution of immobilised cell 
hollow fibre bioreactor. Biotechnol. Bioeng. 1986a; 28: 1064-1071.

Tharaken JP and Chau PC. A radial hollow fibre bioreactor for the large scale 
culture of mammalian cells. Biotechnol. Bioeng. 1986b; 28: 329-342.

347



Thornton JE; Cheung CC; Clifton DK; Steiner RA. Regulation of hypothalamic 
proopiomelanocortin mRNA by leptin in ob/ob mice. Endocrinology. 1997 Nov; 
138(11): 5063-6.

Tontonoz P; Hu E; Graves RA; Budavari AJ; Spiegelman BM. mPPAR gamma 2: 
tissue-specific regulator of an adipocyte enhancer. Genes-Dev. 1994 May 15; 
8(10): 1224-34.

Torpy DJ; Bomstein SR; Cizza G; Chrousos GP. The effects of glucocorticoids on 
leptin levels in humans may be restricted to acute pharmacologic dosing. J-Clin- 
Endocrinol-Metab. 1998 May; 83(5): 1821-2

Tovey MG. The expression of cytokines in the organs of normal individuals: role in 
homeostasis. A review. J-Biol-Regul-Homeost-Agents. 1988 Apr-Jun; 2(2): 87-92

Tracey KJ & Cerami-A. Tumor necrosis factor: a pleiotropic cytokine and 
therapeutic target. Annu-Rev-Med. 1994; 45: 491-503.

Trayhum P, Duncan JS & Rayner DV. Acute cold induced supression of the oh 
(obese) gene expression in white adipose tissue of mice: mediation by the 
sympathetic system. Biochem-J 1995a; 311: 729-733.

Trayhum P, Thomas ME, Duncan JS & Rayner DV. Effects if fasting and refeeding 
on ob gene expression in white adipose tissue. FEBS Letters 1995b; 368: 488-490.

Trayhum P. New insights into the development of obesity: obese genes and the 
leptin system. Proc-Nutr-Soc. 1996 Nov; 55(3): 783-91

Trayhum P; Duncan JS; Rayner DV; Hardie LJ. Rapid inhibition of ob gene 
expression and circulating leptin levels in lean mice by the beta 3-adrenoceptor 
agonists BRL 35135A and ZD2079. Biochem-Biophys-Res-Commun. 1996 Nov 
12; 228(2): 605-10

Tritos NA & Mantzoros CS. Leptin: its role in obesity and beyond. Diabetologia. 
1997 Dec; 40(12): 1371-9

Tyo MA, Bulbulian BJ, Menken BZ & Murphy TJ. Large-scale mammalian cell 
culture using ACUSYST technology;

Underdown BJ & Schiff JM. Immunoglobulin A: Strategic defense initiative at the 
mucosal surface. Immunol Rev 1986; 4: 389-417.
Van-der-Kooy-K; Seidell-JC. Techniques for the measurement of visceral fat: a 
practical guide. Int-J-Obes-Relat-Metab-Disord. 1993 Apr; 17(4): 187-96

Van Harmelen V, Reynisdottir S, Cianflone K, Degerman E, Hoffstedt J, Nilsell K, 
Sniderman A & Amer P. J-Biol-Chem 1999; 274: 18243-18251.

348



Van-Hinsberg VW, Kooistra T, Scheffer MA, Hajo-van-Bockel J & van-Muijen 
GN. Characterisation and fibrinolytic properties of human omental tissue 
mésothélial cells. Comparison with endothelial cells. Blood 1990; 75 (7): 1490- 
1497.

Van-Zee KJ; Kohno T; Fischer E; Rock CS; Moldawer LL; Lowry SF. Tumor 
necrosis factor soluble receptors circulate during experimental and clinical 
inflammation and can protect against excessive tumor necrosis factor alpha in vitro 
and in vivo. Proc-Natl-Acad-Sci-U-S-A. 1992 Jun 1; 89(11): 4845-9.

Vaisse C; Halaas JL; Horvath CM; Darnell JE Jr; Stoffel M; Friedman JM. Leptin 
activation of StatS in the hypothalamus of wild-type and ob/ob mice but not db/db 
mice. Nat-Genet. 1996 Sep; 14(1): 95-7

Vamerin JP, Smith T, Rosenblum Cl, Vongs A, Murphy BA, Nunes C, Mellin- 
King JJ, Burgess BW, Junker B, Chou M, Hey P, Frazier E, Mac Intyre DE, van der 
Ploeg LH & Tota MR. Production of leptin in Escherichia coli: a comparison of 
methods. Protein-Expr-Purif 1998; 14: 335-342.

Wabitsch M; Hauner H; Heinze E; Teller WM. The role of growth 
hormone/insulin-like growth factors in adipocyte differentiation. Metabolism. 1995 
Oct; 44(10 Suppl 4): 45-9.

Wahrenberg H; Lonnqvist F; Amer P Mechanisms underlying regional differences 
in lipolysis in human adipose tissue. J-Clin-Invest. 1989 Aug; 84(2): 458-67.

Wang J; Liu R; Hawkins M; Barzilai N; Rossetti L. A nutrient-sensing pathway 
regulates leptin gene expression in muscle and fat. Nature. 1998 Jun 18; 393(6686): 
684-8.

Wang MY; Koyama K; Shimabukuro M; Newgard CB; Unger RH. OB-Rb gene 
transfer to leptin-resistant islets reverses diabetogenic phenotype. Proc-Natl-Acad- 
Sci-U-S-A. 1998 Jan 20; 95(2): 714-8

Wang MY, Lee Y & Unger RH. Novel form of lipolysis induced by leptin. J-Biol- 
Chem 1999; 274 (25): 17541-17544.

Weiss M.C. & Green H. Human-mouse hybrid cell lines containing partial 
complements of human chromosomes and fuctioning human genes. Proc. Natrl. 
Acad. Sci. USA 1967; 58 (3): 1104-11.

White RT; Damm D; Hancock N; Rosen BS; Lowell BB; Usher P; Flier JS; 
Spiegelman BM. Human adipsin is identical to complement factor D and is 
expressed at high levels in adipose tissue. J-Biol-Chem. 1992 May 5; 267(13): 
9210-3

349



Wilkinson WO, Choy L & Speigelman BM. Biosynthetic regulation of 
monobutyrin, an adipocyte secreted lipid with angiogenic activity. J-Biol-Chem 
1991; 266 (25): 16886-16891.

Wilkinson WO & Speigelman BM. Biosynthesis of the vasoactive lipid 
monbutyrin. Central role of diacylglycerol. J-Biol-Chem 1993; 268 (4): 2844-2849.

Willet WC, Manson JE, Stampfer MJ. Weight, weight change and coronary heart 
disease in women. JAMA 1995; 273: 461-465.

Wilson BD; Bagnol D; Kaelin CB; Ollmann MM; Gantz I; Watson SJ; Barsh GS. 
Endocrinology. 1999 May; 140(5): 2387-97

Wilson I.A., Niman H.L., Houghten R.A., Cherenson A.R., Connolly M.L. & 
Lemer R.A. The stmcture of an antigenic determinant in a protein. Cell 1984; 37 
(3): 767-78.

Wolden-Hanson T; Mitton DR; McCants RL; Yellon SM; Wilkinson CW; 
Matsumoto AM; Rasmussen DD. Daily melatonin administration to middle-aged 
male rats suppresses body weight, intraabdominal adiposity, and plasma leptin and 
insulin independent of food intake and total body fat. Endocrinology. 2000 Feb; 
141(2): 487-97

Wolf G. The molecular mechanism of the stimulation of adipocyte differentiation 
by a gluccocorticoid. Nutr-Rev 1999; 57 (10): 324-326.

Wolfe RR; Peters EJ. Lipolytic response to glucose infusion in human subjects. 
Am-J-Physiol. 1987 Feb; 252(2 Pt 1): E218-23

Wolfe RR; Klein S; Carraro F; Weber JM. Role of triglyceride-fatty acid cycle in 
controlling fat metabolism in humans during and after exercise. Am-J-Physiol. 
1990 Feb; 258(2 Pt 1): E382-9.

Wynder EL. Overview: Nutrition and cancer. Prev-Med 1975; 4 (3): 322-327.

Xing H, Northrop JP, Grove JR, Kilpatrick KE, Su JL & Ringold GM. TNF-alpha 
mediated inhibition and reversal of adipocyte differentiation is accomplished by 
supressed expression PPAR gamma without effects on pref-1 expression. 
Endocrinology 1997; 138 (7): 2776-2783.

Xu B; Kalra PS; Farmerie WG; Kalra SP. Daily changes in hypothalamic gene 
expression of neuropeptide Y, galanin, proopiomelanocortin, and adipocyte leptin 
gene expression and secretion: effects of food restriction. Endocrinology. 1999 Jun; 
140(6): 2868-75.

350



Yakota T, Oritani K, Takahashi I, Ishikawa J, Matsuyama A, Ouchi N, Kihara S, 
Funahashi T, Tenner AJ, Tomiyama Y & Matsuyama Y. Adiponectin, a new 
member of the family of soluble defense collagens, negatively regulates the growth 
of myelomonocytic porogenitors and the functions of macrophages. Blood 2000; 96 
(5): 1723-1732.

Yamada M; Irahara M; Tezuka M; Murakami T; Shima K; Aono T. Serum leptin 
profiles in the normal menstrual cycles and gonadotropin treatment cycles. 
Gynecol-Obstet-Invest. 2000; 49(2): 119-23

Yamagutchi M, Murakami T, Yaui Y, Otani S, Kawai M, Kishi K, Kurachi H, 
Shima K, Aono T & Murata Y. Mouse placental cells secrete soluble leptin receptor 
(sOB-R): cAMP inhibits sOB-R production. Biochem-Biophys-Res-Commun. 
1998; 252 (2): 363-367.

Yamamoto K; Saito H. A pathological role of increased expression of plasminogen 
activator inhibitor-1 in human or animal disorders. Int-J-Hematol. 1998 Dec; 68(4): 
371-85.

Yang K, Khalil MW, Strutt BJ & Killiger DW. 11 Beta hydoxy-steroid 
dehydrogenase 1 activity and gene expression in human adipose stromal cells: 
effect of aromatase activity. J Steroid Biochem mol Biol 1997; 60: 247-253.

Yarow RS & Berson SA. Nature 1959; 184: 1648-1649.

Ye H & Serrero G. Stimulation of adipose differentiation rleated protein (ADR?) 
expression by ibuprofen and indomethacin in adipocyte precursors and in 
adipocytes. Biochem-J 1998; 330: 803-809.

Yudkin JS, Coppack SW, Bulmer K, Rawesh A & Mohamed-Ali. Lack of evidence 
for secretion of plasminogen activator inhibitor-1 by human subcutaneous adipose 
tissue in vivo. Thromb-Res. 1999; 96 (1): 1-9.

Zaborsky OR. Immobilised enzymes; miscellaneous methods and general 
classification. Methods Enzymol. 1976; 317-32.

Zhang F, Basinski M, Beals J, Briggs S, Churgay L, Clawson D, DiMarchi R, 
Furman T, Hale J, Hsiung H, Schoner B, Smith D, Zhang X, Wery P & Schevitz R. 
Crystal structure of the obese protein leptin E-100. Nature 1997; 387: 206-209.

Zhang HH, Kumar S, Barnett AH & eggo MC. Tumour necrosis factor alpha exerts 
dual effects on human adipose tissue leptin synthesis and release. Mol Cell 
Endocrinol. 2000; 159: 79-88.

351



Zhang YH; Lin JX; Yip YK; Vilcek J. Enhancement of cAMP levels and of protein 
kinase activity by tumor necrosis factor and interleukin 1 in human fibroblasts: role 
in the induction of interleukin 6. Proc-Natl-Acad-Sci-U-S-A. 1988 Sep; 85(18): 
6802-5

Zhang Y, Proneca R, Maffei M, Barone M, Leopold L & Friedman J. Positional 
cloning of the mouse obese gene and its human homologue. Nature 1994; 372: 425- 
432.

Zhang Y; Olbort M; Schwarzer K; Nuesslein-Hildesheim B; Nicolson M; Murphy 
E; Kowalski TJ; Schmidt I; Leibel RL. The leptin receptor mediates apparent 
autocrine regulation of leptin gene expression. Biochem-Biophys-Res-Commun. 
1997 Nov 17; 240(2): 492-5.

Zhou YT, Wang ZW, Higa M, Newgard CB & Unger RH. Proc-Natrl-Acad-Sci- 
USA 1997; 94: 6386-6390.

Zhou YT, Wang ZW, Higa M, Newgard CB & Unger RH. Reversing of adipocyte 
diiferentiation: implications for treatment of obesity. Proc-Natrl-Acad-Sci-USA 
1999; 96 (5): 2391-2395.

352



Papers arising from this thesis

Mohamed-Ali V, Goodrick SJ, Rawesh A, Katz DR, Miles JM, Yudkin JS, Klein S & 
Coppack SW. Subcutaneous adipose tissue releases interleukin-6, but not tumour necrosis 
factor-a, m-vivo.J Clin Endo Metab (1997) 82: 4196-4200.

Vidya Mohamed-Ali, Steven Goodrick, Karen Bulmer, Jeffrey MP Holly, John S Yudkin, 
Simon W Coppack. Production of Soluble Tumour Necrosis factor Receptors by Human 
Subcutaneous Adipose Tissue in vivo. Am J Physiol (1999); 277: E971-E975.

Assay applications

Pinkney JH, Goodrick SJ , Katz JR, Johnson AB, LightmanSL, Coppack SW, Yudkin JS 
& Mohamed-Ali V. Leptin and the pituitary-thyroid axis: a comparative study in lean, 
obese, hypothyroid and hyperthyroid subjects. Clin Endo (1998); 49: 583-588.

Katz JR, Taylor NF, Goodrick SJ, Perry L, Yudkin JS & Coppack SW. Central Obesity, 
Depression and the Hypothalamo-Pituitary-Adrenal Axis in Men and Post-Menopausal 
Women. Int. J Obesity (2000); 24: 246-251.

Louise Flower, Radhika Ahuja, Steve Humphries & Vidya Mohamed Ali. Effects of 
sample handling on the stability of interleukin 6, tumour necrosis factor-a and leptin. 
Cytokine (2000); 12 (11): 1712-1716.

Jonathan H Pinkney, Simon W Coppack & Vidya Mohamed-Ali. Effect of isoprenaline 
on plasma leptin and lipolysis in humans. Clin Endo (1998); 48: 407-411.

Abstracts

Goodrick SJ, Jowett T, Coppack SW, Mohamed-Ali V. Investigation into the 
Immunogenicity of leptin. Journal of Endocrinology 1998; 177 (Suppl.). Poster 
presentation

Goodrick SJ, Mohamed-Ali V, Stanner SA, Rawesh A, Yudkin JS, Coppack SW. Basal 
and stimulated in-vivo production of IL-6 by human subcutaneous adipose tissue. 
Diabetic Medicine 1996; 13 (Suppl. 4): A49. (Abstract). Oral presentation.

Goodrick SJ, Mohamed-Ali V, Bulmer K, Coppack SW, Yudkin JS. Adipose tissue 
derived IL-6, TNF-a and their soluble receptors. Diabetic Medicine 1997; 14 
(Suppl.4):A30. (Abstract). Oral presentation

353



Manuscripts in preparation

Immunogenic potential of human leptin

Leptin production from a subcutaneous adipose tissue bed is in discordance with 
circulating levels

Long form and soluble form of the leptin receptor: in subcutaneous abdominal adipose 
tissue

354


