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ABSTRACT

Peripheral tissue insulin resistance is a key factor in the pathogenesis of type 

II diabetes mellitus and a risk factor for hypertension and cardiovascular disease. 

The mechanisms underlying this resistance remain unclear. Studies have shown 

defects in many biochemical pathways, indicating that an early step in insulin 

action is involved. Glucose transport in muscle and adipose tissue is the earliest 

and rate limiting step in glucose metabolism, and is decreased in several insulin 

resistant states. The aim of this project was to investigate the role of glucose 

transporter expression and function in insulin resistance.

I raised and purified antibodies specific to different transporter isoforms in 

order to assess tissue glucose transporter levels.

Neonatal streptozotocin-injected rats showed marked glucose intolerance, but 

were not insulin resistant, indicating that hypoinsulinaemia per se does not lead 

to insulin resistance.

High-fat fed rats became mildly glucose intolerant, and showed a 37%  

decrease in insulin sensitivity. Adipocyte glucose transport was decreased, 

although not significantly, by 20% . Adipocytes showed a 30%  reduction in 

GLUT4 levels and 34%  decrease in insulin induced translocation. GLUT1 levels 

were unchanged. In skeletal muscle, diaphragm and heart, GLUT4 and GLUT1 

levels were unchanged. Therefore, although glucose transporter depletion may



explain insulin insensitivity in fat, it cannot explain it in the tissues which are 

the major site for whole body disposal.

The proportion of saturated and mono-unsaturated fatty acids were increased 

in membrane phospholipids of skeletal muscle, heart and diaphragm in fat fed 

rats, with a concomitant decrease in linoleic acid. There was also a reduction 

in cholesterol [phospholipid ratio. Membrane lipid fluidity was unchanged, 

suggesting that the reduction in cholesterol [phospholipid ratio compensates for 

the increase in saturated fatty acids, thus maintaining normal fluidity.

Preliminary studies on cirrhotic subjects indicated no changes in glucose 

uptake, GLUT4 levels or translocation in adipocytes, or in skeletal muscle 

GLUT4.

Thus, these studies indicate that in insulin resistant states changes in glucose 

transporter levels are not found in the major tissues for insulin stimulated 

glucose disposal, although they are sometimes found in adipose tissue. Changes 

in membrane lipid composition may be involved.
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CHAPTER 1

INTRODUCTION

1.1 Insulin

Insulin is a key hormone in the regulation of fuel homeostasis in mammals. In 

response to a meal it controls blood glucose levels, promotes the storage of 

energy as glycogen and triglycerides, and increases protein synthesis.

Insulin is produced and secreted from the R-cells in the Islets of Langerhans 

of the pancreas. The Islets of Langerhans were identified in the 1860s. In 1889  

von Mering & Minkowski demonstrated that pancreatectomy caused diabetes 

mellitus, but it was not until 1909 that de Meyer and in 1917 Sharpey-Schafer 

suggested a link between the islets and diabetes. This link was finally proven 

by the work of Banting & Best with their co-workers in 1921 who used acid- 

ethanol to extract from dog pancreas an islet cell factor with a potent 

hypoglycaemic activity. Within a year, insulin from porcine and bovine islets 

was in use for the treatment of diabetes mellitus.

Insulin is a polypeptide consisting of 2 chains, A and B, linked by 2 interchain 

disulphide bridges. There is also an intrachain disulphide bridge on the A chain 

and the position of all three disulphide bridges is invariant. Insulin is synthesised
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as a preprohormone (MWt. 11500); a hydrophobic 23 amino acid leader 

sequence directs the molecule into the cisternae of the endoplasmic reticulum, 

where the leader sequence is removed, producing proinsulin (MW t. 9000).

Proinsulin is transported to the Golgi apparatus, where proteolysis and 

packaging into secretory granules begins. It undergoes a series of enzymatic 

cleavages to produce equimolar amounts of insulin, consisting of the A and B 

chain, and the excised connecting C peptide. Approximately 95%  of the 

proinsulin is converted to insulin in normal conditions. Secretory granules are 

budded off from the Golgi and continue to mature as they traverse the 

cytoplasm. Both proinsulin and insulin combine with zinc to form hexamers in 

the granules. Upon stimulation of the R-cell with a suitable agonist, the granules 

fuse with the plasma membrane and discharge their contents into the 

extracellular fluid by exocytosis. Insulin secretion is an energy dependent 

process involving the microtubule-microfilament system of the R-cell. SNARE 

protein interactions appear to be involved in the fusion of insulin granules with 

the R-cell plasma membrane (Wheeler etaL, 1996). Proinsulin has less than 5%  

of the bioactivity of insulin, although due to its longer half-life in plasma and its 

cross-reactivity with 'insulin' antisera, it may sometimes cause overestimation 

of the insulin concentration in serum. C peptide appears to have no biological 

activity.

Plasma glucose levels are the most important physiological regulator of insulin 

release, with a threshold level for secretion around 80-1 OOmg/dl (fasting plasma 

glucose) and a maximal response between 300-500m g/dl glucose. It is not yet
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clear how glucose regulates insulin release. A glucose receptor protein on the 

R-cell membrane has been postulated. However, a more likely signal is through 

the generation of intracellular metabolites and the flux of these metabolites. 

Several other metabolic substrates, including glyceraldehyde, leucine and 

ketoisocaproate, and drugs such as the sulphonylureas (eg. tolbutamide) and 

quinine can also initiate insulin release. Sulphonylureas are often used in the 

treatment of type II diabetes mellitus, stimulating insulin release by a 

mechanism different from glucose.

A number of hormones and neurotransmitters also potentiate or inhibit insulin 

release. Several polypeptide hormones released by the gastrointestinal tract 

(such as cholecystokinin, vasoactive intestinal peptide and gastric inhibitory 

peptide) are important in potentiating release. Hence, glucose taken orally has 

a more potent effect on secretion than intravenously injected glucose. Arginine, 

glucagon, R-adrenergic agonists, vasopressin, bombesin and acetylcholine 

(released from parasympathetic nerves terminating within the islets) also 

potentiate release. High levels of growth hormone, cortisol, placental lactogen, 

oestrogens and progestins stimulate insulin secretion. Inhibitors of insulin 

secretion include somatostatin, a-adrenergic agonists (eg. adrenaline), galanin, 

substance P, opioids, CGRP and pancreastatin.

There are a number of coupling factors and signalling pathways involved in the 

stimulation and potentiation of insulin release by the different signals, including 

depolarisation of the R-cell membrane, phosphotidyl inositol turnover releasing 

diacylglycerol and PIP3, intracellular Ca^* mobilisation, cAMP production, and
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protein phosphorylation by stimulation of protein kinases (see Ashcroft & 

Ashcroft, 1992).

In plasma, insulin has no carrier protein and under normal conditions has a half 

life of 3-5 minutes, with the liver, kidney and placenta being the major tissues 

responsible for insulin metabolism, as well as insulin responsive peripheral 

tissues, through receptor-ligand internalisation and processing. Approximately 

50%  of insulin is removed in a single pass through the liver, and since it is 

secreted into the portal circulation, the liver removes much of it before it 

reaches the systemic circulation, and the liver is exposed to a far higher 

concentration than peripheral tissues.

1.1.1 Actions of insulin

The binding of insulin to its receptor on target cells starts a number of 

intracellular events, leading to the translocation of several proteins, eg. glucose 

transporters, insulin receptors, IGF II receptor, and several changes in transport 

systems, metabolism, and cell growth and replication. The main target tissues 

for insulin are skeletal muscle, adipose tissue and liver, in which it has a 

primarily anabolic effect, signalling the fed state; promoting the synthesis of 

carbohydrate, fat and protein, and reducing the rate of fuel degradation. The net 

action of insulin is to prevent an excessive rise in blood glucose levels and to 

return them to basal, following a meal; an action in which it acts alone against 

a number of other hormones. The effects of insulin can occur within seconds 

or minutes (transport, enzyme activation/deactivation, RNA synthesis) or after
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several hours (protein and DNA synthesis, and cell growth). Insulin affects the 

activity or amount of at least 50 proteins in several tissues.

One of the initial, and rate limiting, steps in glucose metabolism in muscle and 

adipose tissue is the rate of glucose transport across the plasma membrane 

(Yki-Jarvinen etaL, 1987; Fink e ta /., 1992; Ren eta!., 1993). In both of these 

tissues, insulin increases glucose uptake by recruitment of glucose transporters 

to the plasma membrane from intracellular stores, increasing the Vmax for 

transport. Some reports have also suggested that insulin induces an increase in 

transporter intrinsic activity (Section 1.3.4). In liver, insulin does not directly 

affect glucose transport, but does influence uptake by its effects on 

glucokinase, and the flux of glucose to glucose-6-phosphate, thus keeping the 

intracellular concentration of free glucose low, and favouring entry of glucose 

into hepatocytes by diffusion down a concentration gradient.

The control and integration of cell metabolism, and utilisation or storage of 

different fuel types and the effects of insulin on these actions is a complex and 

varied process. As mentioned, insulin generally has an anabolic effect, serving 

to remove glucose from the blood for oxidation or storage, while inhibiting 

production of glucose from other sources.

The direct effects of insulin on carbohydrate metabolism are to; (a) increase 

glycolysis in muscle and adipose tissue, (b) increase glycogen synthesis in 

muscle, adipose tissue and liver, (c) increase glucose oxidation by the pentose 

phosphate pathway, (d) decrease glycogenolysis in muscle and liver, and 

gluconeogenesis in liver. Insulin also influences glucose utilisation in tissues
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indirectly by its effects on the mobilisation of fuels from other stores, 

particularly adipose tissue.

Insulin has several effects on lipid and protein metabolism in different tissues. 

Insulin (a) increases triacylglycerol uptake and inhibits lipolysis in adipose tissue,

(b) increases fatty acid and triacylglycerol synthesis in adipose tissue and liver,

(c) increases the rate of VLDL formation, and may decrease the rate of fatty 

acid oxidation, in liver.

On protein metabolism; insulin (a) increases the transport of some amino acids 

and the rate of protein synthesis in muscle, adipose tissue, liver and other 

tissues, (b) decreases protein degradation in muscle (and possibly other tissues),

(c) decreases the rate of urea formation. Thus, it produces a positive nitrogen 

balance, and thereby can be considered an anabolic hormone.

Insulin also stimulates the proliferation of cell cultures, and supports and 

regulates the growth and replication of many cell types. It is a critical ingredient 

in all 'defined' tissue culture media. It is possible that some of these effects 

may be mediated through insulins actions on insulin like growth factor (IGF) 

receptors. The effects of insulin on the uptake of glucose, type A neutral amino 

acids, phosphate and cations, and on the phosphorylation or dephosphorylation 

of proteins have all been implicated in the regulation of cell division.
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1.1.1.1 The insulin receptor

The insulin receptor is a disulphide-linked R-o-o-R heterotetramer (Fig 1.1). The 

two extracellular a-subunits bind insulin via cysteine rich domains, while the R- 

subunits are transmembrane proteins involved in signal transduction, with the 

intracellular portion containing a tyrosine-specific protein kinase that is activated 

by insulin. Both subunits are glycosylated. The insulin receptor is found in many 

mammalian tissues, including some that are not insulin target tissues, the 

receptor number varies from around 10® on hepatocytes and adipocytes, to 10^ 

on fibroblasts. It is highly conserved and belongs to a family of similar tyrosine 

kinase receptors (Yarden & Ullrich, 1988). Under basal conditions, the insulin 

receptor is predominantly in the plasma membrane and has a half-life of around 

7-12 hours. Binding of insulin induces rapid endocytosis of the receptor/ligand 

complex, down regulating the surface receptors and serving as an important 

mechanism in insulin degradation (Sonne, 1988). Receptor internalisation may 

also play a role in insulin signalling (Frost & Risch, 1991 ), since the internalised 

receptor remains catalytically active while insulin is bound. After prolonged 

insulin stimulation, the receptor also gets degraded causing down regulation, 

and thus, attenuation of the signal (Backer et a!., 1990).

The initial stage of signal generation following the binding of insulin involves 

the transduction of the signal across the cell membrane by the receptor (for 

review, see Olefsky, 1990). Binding of a molecule of insulin to one of the two  

insulin binding sites on the receptor causes a number of conformational changes 

in the receptor, which induce a decrease in affinity for insulin at the second
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binding site (negative co-operativity). The signal is propagated across the 

membrane by conformational changes in the R subunits. The intracellular portion 

of the Q> subunit contains a tyrosine kinase activity, which plays an essential 

role in insulin signalling (Czech et al., 1985; Rosen, 1987). Binding of insulin 

causes activation of this kinase activity, initiating autophosphorylation of the 

receptor, at potentially one or more of 5 sites arranged in 2 clusters. The 

autophosphorylation of 3 residues in the tyrosine kinase domain appears to 

result in the activation of this enzyme towards exogenous substrates, although 

the importance of the overall level and individual sites of autophosphorylation 

remain to be elucidated. This autophosphorylation plays a key role in regulating 

the tyrosine kinase activity, and is essential for maximum activation.

The unoccupied a subunit exerts an inhibitory constraint on R-chain 

autophosphorylation which is relieved by the binding of insulin. The (oRjg 

heterotetramer assembly is required for autophosphorylation and it appears that 

there is transphosphorylation between the two subunits. There are also 

suggestions that intermolecular phosphorylation may occur.

The insulin receptor is also phosphorylated on serine and threonine residues 

in the basal state and in response to phorbol esters, cAMP and insulin. This can 

cause an inhibition of insulin stimulated tyrosine autophosphorylation and, 

consequently, of tyrosine kinase activity towards other substrates. This 

mechanism may therefore exert a feedback control on the receptor tyrosine 

kinase, particularly through the insulin-stimulated receptor serine kinase (Czech 

et a/., 1988). The inactivation of the receptor tyrosine kinase by tyrosine
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specific phosphatases, when insulin is no longer bound, may also provide an 

important mechanism for controlling the activation of receptors.

1,1.1.2 The insulin signal

Binding of insulin to around 10^ insulin receptors on a target cell will elicit a 

full response in the cell, involving the activity of millions of proteins. The 

systems involved in insulin signalling must therefore involve amplification of the 

initial signal. The mechanism of signal transduction from the insulin receptor to 

the target system appears to involve several processes; (a) a cascade of protein 

kinases and phosphatases, (b) generation of small M W t. intracellular mediators,

(c) a decrease in cellular cAMP levels. These mechanisms appear to act in 

combination, with much interplay between them.

The insulin receptor tyrosine kinase, essential for the action of insulin, 

phosphorylates several proteins in vitro) however, the physiological significance 

of many of these substrates is unclear. Insulin receptor substrate-1 (IRS-1), 

originally termed pp185, is the principle cytosolic protein to be phosphorylated 

by the insulin receptor tyrosine kinase (Sun eta!., 1991), and much interest has 

focused on its role in signal transduction (see White & Kahn, 1994). Potentially 

there are 21 tyrosine phosphorylation sites on IRS-1, at least 8  of which are 

phosphorylated by the insulin receptor tyrosine kinase. IRS-1 serves as a 

docking site for several intracellular molecules that contain specific src 

homology 2 recognition domains (SH2). These bind through the IRS-1 

phosphotyrosine sites, with the amino acid sequence motif surrounding the
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phosphotyrosine determining binding specificity (Eck et a!., 1993). At least 20  

SH2 domain containing proteins have been identified to date (Kahn, 1994).

Phosphatidylinositol-3-kinase (PI3K), JAK (a tyrosine kinase), c-fyn (a tyrosine 

kinase), and SHPTPg (syp, a tyrosine phosphatase), are examples of some of the 

intracellular enzymes that are activated by their binding to IRS-1 (Fig 1.1; 

Backer at a!., 1992; Lamphere et al., 1994), through association of SH2 

domains with phosphotyrosines on IRS-1. PI3K is activated through association 

of its p85 subunit and IRS-1, with occupation of two SH2 domains by 

phosphotyrosines on IRS-1 in a YXXM  motif. Protein kinase B (PKB) is, in turn, 

activated through PI3K. It is not yet clear whether the phosphatidylinositol 

3,4,5-triphosphate (PIP3 ) generated by PI3K activity acts as a signal to PKB, 

possibly via a PKB kinase, or if PI3K has a direct effect on the phosphorylation 

of PKB or PKB kinase (Bos, 1995). PKB causes a decrease in glycogen synthase 

kinase activity through phosphorylation, and thus increases the amount of 

active glycogen synthase. PI3K activation has also been demonstrated to be 

required for the antilipolytic effects of insulin (Okada et a!., 1994), membrane 

ruffling, activation of the MAP kinase cascade, activation of p70S6 kinase, 

activation of the GTP-binding protein Rac (see Nave et a!., 1996) and the 

stimulation of glucose transport and transporter translocation (Clarke et a!., 

1994; Yang eta!.,  1996). Furthermore, PI3K has been localised to intracellular 

microsomes, although those containing PI3K appear distinct from the GLUT4 

containing microsomes (Kelly & Ruderman, 1993). However, it is possible that 

PI3K may be directly involved in vesicle budding or removal of the constraints
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to vesicle translocation (Yang et a!., 1996). The direct interactions of PI3K or 

PIP3  with effector systems remains to be elucidated.

In addition to direct activation of enzyme activities, IRS-1 also binds to 

'adaptor molecules', such as GRB2 and Nek, through SH2 domains (Fig 1.1). 

GRB-2 links to a guanine nucleotide exchange factor for ras, termed 80S , which 

promotes exchange of GTP for GDP, and thereby activates ras. Thus, the 

binding of GRB-2/S0S to IRS-1 mediates the stimulation of ras. Activated ras 

binds to Raf, a serine/threonine kinase which in turn activates MAP kinase 

(MAPK) through phosphorylation via a MAP kinase kinase (MEK). In turn MAPK 

phosphorylates several factors including mitogen activated protein, PLAg, 

transcription factors and p90 Rsk, several of which control protein synthesis, 

glycogen synthase activity and cell growth (Fig 1.1). Thus, IRS-1 is an 

important intracellular mediator of insulin action (Chuang at a!., 1993), and is 

essential for some actions, such as insulin stimulated mitogenesis (Wang eta!.,

1993). However, IRS-1 deleted mice are still partially responsive to insulin, 

suggesting that other mechanisms of insulin action exist (Tamemoto at a!., 

1994; Araki at aL, 1994). Indeed, an IRS-2 molecule has also been identified 

and suggested as a signalling protein in insulin action (Sun at a!., 1995).

Another intracellular protein directly phosphorylated by the insulin receptor 

tyrosine kinase is the 'adaptor molecule' She. In turn She associates through its 

phosphotyrosine sites with the SH2 domains on GRB2, and thus in turn to SOS, 

and leads to the activation of the ras cascade (Fig 1.1). Indeed, this appears to 

be the major mechanism of activation of the ras cascade by insulin.
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Many of the effects of insulin involve the phosphorylation or 

dephosphorylation of serine/threonine residues on target proteins (Table 1.1; 

Lawrence, 1992), probably through a cascade of kinase or phosphatase 

activities. Indeed, many protein kinases and phosphatases are activated or 

inactivated by insulin through phosphorylation or dephosphorylation (eg. see 

Denton, 1990). In 1990, Dent et a!. demonstrated the reciprocal activation of 

glycogen synthase and inhibition of phosphorylase kinase, both through 

dephosphorylation by protein phosphatase 1 (PP1). This first indicated 

mechanisms by which insulin action causes opposing events through a 

kinase/phosphatase cascade, one effector enzyme acting on more than one 

target and feeding into more than one pathway, allowing branching of the 

signal, causing stimulation of glycogen synthesis and inhibition of 

glycogenolysis.

It has also been proposed that insulin may act through the generation of low 

MW t. messengers (insulin mediators) that could allosterically regulate protein 

kinases and other proteins. Indeed, the possible generation of PIP3  by PI3K, as 

described above, is one such example. Other mediators have also been 

proposed, although the characterisation of these mediators has been difficult. 

Initially, it was thought that peptides or peptide conjugates were involved 

(Lamer, 1988). More recently, phosphoinositol glycans and diacylglycerol 

(which causes activation of protein kinase C) have been implicated; they are 

released from membrane associated glycolipids by the action of phospholipase 

C (Saltiel, 1990).
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Table 1.1 Examples of enzymes phosphorylated 
in response to insulin

CO
(J1

Enzyme Change in phosphorylation Change in activity

Pyruvate dehydrogenase Decrease Increase

Pyruvate kinase Decrease Increase

6-Phosphofructo-2-kinase Decrease Increase

Fructose-2,6-bisphosphatase Decrease Decrease

Glycogen synthase Decrease Increase

Phosphorylase kinase Decrease D ecrease

Phosphorylase Decrease D ecrease

Acetyl-CoA carboxylase Increase Increase

HMG-CoA reductase Decrease Increase

Triacylglycerol lipase Decrease Decrease

PP1G Increase Increase

cAMP phosphorylase Increase Increase

Insulin receptor Increase Decrease

ATP citrate lyase Increase No change

Phenylalanine hydroxylase Decrease

Inhibitor 1 Decrease Decrease

S6 ribosomal protein Increase Increase



A number of the actions of insulin in liver and adipose tissue appear to be 

mediated through decreases in cellular cAMP levels, when the cAMP level has 

previously been raised by the actions of other hormones. The decrease seems 

to be caused by both an activation of cAMP phosphodiesterase and the 

inhibition of adenyl cyclase. GTP binding proteins (G-proteins), distinct from the 

well characterised Gg and Gj, may be involved in these actions of insulin on 

adenyl cyclase and cAMP phosphodiesterase. It is also possible that G-proteins 

are involved with other effector systems, eg. phospholipase C and the 

translocation of glucose transporters. It is of particular interest that a number 

of G-proteins are phosphorylated on tyrosine by the insulin receptor (Zick etaL, 

1986). Indeed, small molecular weight G-proteins have been co-localised with 

GLUT4 on intracellular membranes (Etgen at sL, 1993) and, as discussed in 

Section 1 .3 .4 ., it is possible that G-proteins are involved in GLUT4 

translocation. Cyclic GMP concentrations are also raised in response to insulin, 

although the significance of this is unknown.

1.1.1.3 Effects of insulin

In addition to the short term effects caused by covalent modifications, eg. 

phosphorylation, insulin also has longer term effects on gene transcription and 

translation, and on cell replication, some of which are mediated through 

phosphorylation of nuclear proteins and transcription factors, eg. through 

MAPK. Examples of enzymes controlled by insulin by changes in 

phosphorylation/dephosphorylation are summarised in Table 1.1. In addition to
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increasing the overall rate of protein synthesis in many tissues, insulin has 

specific effects on certain proteins, and can regulate the mRNA for a number 

of enzymes (Table 1.2). Some of these effects of insulin have been 

demonstrated to be due to increased gene transcription, however, regulation of 

mRNA stability or efflux of mRNA from the cell nucleus may also play a part. 

The effects of insulin on gene transcription appear, at least in part, to be 

regulated through the binding of insulin mediated elements to insulin responsive 

sequences, upstream from the initiation site, eg. for PEPCK, c-fos, and 

glyceraldehyde 3-phosphate dehydrogenase.

Insulin also appears to stimulate peptide-chain initiation, increasing ribosomal 

binding to mRNA. A number of components of the translational machinery 

undergo reversible phosphorylation in response to insulin, indicating possible 

mechanisms for control of translation. In particular, the ribosomal protein S 6  

(see above) and the initiation factor 2 (IF2) appear to be involved in this 

regulation. Insulin phosphorylates the S6  protein (a component of the 40S  

subunit of the ribosome) via the S6  protein kinases; however, a direct 

relationship between this and increased protein synthesis has proved difficult 

to confirm.

Insulin may also dephosphorylate IF2. Phosphorylation of IF2 leads to an 

inhibition of its recycling, which is essential for its continued participation in 

peptide-chain initiation, hence, insulin will cause increased recycling and 

increased protein synthesis. PHAS-1 and eukaryotic translation initiation factor 

4E are both phosphorylated in response to insulin, causing stimulation of protein
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synthesis. This phosphorylation has been demonstrated to be through a 

pathway of IRS-1 stimulation of PI3K and p70S6 kinase (Mendez etaL,  1996).

1 .2  Diabetes mellitus and insulin resistance 

Diabetes mellitus is a clinical syndrome characterised by an increase in fasting 

blood glucose levels. In Western countries it affects up to 5%  of the population. 

It can occur from many secondary causes such as pancreatectomy, iron 

overload of the R-cells in haemochromatosis, excess cortisol production 

(Cushing's syndrome), excess growth hormone (acromegaly), liver disease and 

insulin receptor defects (eg. leprechaunism). However, most patients do not 

have any of these defects, and are said to have 'idiopathic' diabetes, that may 

arise from abnormalities at one or several sites. Diabetes mellitus has been 

classified into two distinct forms; type I (insulin-dependent or juvenile onset) 

and type II (non-insulin-dependent or maturity onset) diabetes. However, there 

is overlap between the two types and simple classification covering all patients 

is very difficult. Both forms have a genetic component, although the genes 

involved remain elusive. Type I and type II diabetes mellitus are both associated 

with long term secondary complications, including micro- and macrovascular 

disease, nephropathy, neuropathy and retinopathy, which reduce the quality of 

life and the life expectancy of those affected.
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1.2.1 Type I diabetes

Type I diabetes mellitus is an autoimmune disease, an aberrant immune 

reaction against the R-cells of the pancreas causing their destruction. Thus 

insulin is not released in response to increased blood glucose levels, and 

glucose homeostasis is impaired.

There is a clear genetic component to the disease, but with a concordance 

rate of only 30-50%  in identical twins, environmental factors must also play a 

part.

1.2.2 Type II diabetes mellitus

Type II diabetes mellitus is by far the more frequent form of the disease in all 

populations, accounting for 80-90%  of cases of diabetes in developed 

countries, and almost 100%  in many developing populations (Dowse & Zimmet, 

1989). In the US it affects 6-7%  of 20-74  year olds (Harris et a!., 1987), but 

can affect up to 50%  of the elderly population in some groups, with a higher 

incidence in some ethnic races, eg. Pima Indians. The incidence of type II 

diabetes increases between 30 and 60 years, but then tends to plateau. The 

prevalence of the disease is increasing worldwide. It is a heterogenous disorder 

with many aetiologies; therefore it is difficult to define the disease precisely, 

and to categorise patients appropriately. The disorder appears to result from 

both a defect in the actions of insulin and from a R-cell defect; however, the 

site of the primary defect and the role of these mechanisms in the initiation and 

development of the disease, are difficult to establish.
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Type II diabetes has a major genetic component, with a stronger inheritance 

than type I, and a concordance rate in identical twins of 56 -100% . However, 

environmental factors may also be involved. It has often been described 'a 

geneticist's nightmare' (eg. Neel, 1965; Turner et a!., 1995), and it remains 

unclear whether the inheritance is monogenic, or, as seems more probable, 

polygenic.

In only a small proportion of cases have specific gene mutations or linkages 

to candidate genes been identified (see Turner et sL, 1995; Polonsky, 1995). 

In Maturity Onset Diabetes of the Young (MODY), a distinct form of diabetes, 

mutations in the glucokinase gene has been identified in approximately 50%  of 

affected families. It is thought that these mutations affect insulin secretion 

because the enzyme acts in the glucose sensing mechanism of the R-cell. 

Unrelated to this defect in the glucokinase gene, the MODY form of diabetes 

can result from a mutation in chromosome 20, in the M 0DY1 gene; shown 

through linkage to the adenosine deaminase gene. The mechanism by which it 

causes diabetes is unknown. Insulin receptor mutations in patients with insulin 

resistance, insulin gene mutations in patients with high proinsulin levels, and 

mitochondrial DNA mutations associated with deafness, maternal inheritance 

and diabetes, have all been reported (see Turner et a!., 1995). However, the 

genetic defect(s) in the vast majority of cases of type II diabetes remain to be 

identified.

In 1985, the World Health Organisation Committee suggested the involvement 

of a single gene defect. However, the complexity of the pathophysiology, the
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involvement of several factors, and the results of recent studies would suggest 

that it is actually a polygenic inheritance (see Polonsky, 1995). The possibility 

that separate genetic determinants of insulin sensitivity, 13-cell function and 

appetite contribute to type II diabetes has been postulated (Turner eta!., 1995). 

Kahn (1994) has indicated that insulin sensitivity is inherited, and that the 

resulting insulin resistance precedes and predicts the development of type II 

diabetes. Primary genetic defects that may initiate the disease have been termed 

'diabetogenes' (DeMeyts, 1993).

In addition, environmental factors appear to be important in the expression of 

the disease. Obesity, in particular abdominal obesity, is a major influence in the 

expression of type II diabetes; approximately 70-80%  of affected individuals in 

Western countries are overweight. Obesity is closely associated with insulin 

resistance, which is a major determinant for diabetes in these patients. 

However, diabetes does not normally develop in these subjects until a 13-cell 

dysfunction also occurs. Diabetes incidence is highest in those countries with 

the greatest prevalence of obesity, and is related to the duration of obesity in 

the individual. Pregnancy is characterised by increased insulin resistance due to 

secretion of placental lactogen; diabetes is more common in women who have 

had several pregnancies, suggesting that the disorder can be triggered by 

placental lactogen. Other environmental factors that can influence the 

development of diabetes include the amount of physical activity (with a 

sedentary lifestyle frequent in affected subjects), the use of drugs such as 

steroids and hypertensive agents, and malnutrition in the perinatal period.
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Alcohol also appears to increase the risk of diabetes, however, this could be 

through its effects on other factors such as increased cortisol production, 

increased obesity, or through hepatic or R-cell damage. Diet seems to play a role 

in the development of type II diabetes, with the prevalence of the disease 

increasing in many populations as their diet becomes more 'Westernised' and 

the content of saturated fat is increased. Again, association with obesity may 

play a role. Often onset of type II diabetes is exacerbated by an infection.

The development of hyperglycaemia and type II diabetes mellitus appears to 

need both an impaired cellular insulin response and an impaired R-cell function. 

However, since a defect in one of these criteria will lead to the impairment of 

the other (DeFronzo, 1988), the relative roles of either as the primary lesion 

remains uncertain, with evidence suggesting that both may play a part. While 

insulin resistance in skeletal muscle is a very early event in the development of 

diabetes (see Haring & Mehnert, 1993; Kahn, 1994), others have shown that 

defects in insulin secretion can also be demonstrated very early (Porte Jr., 

1991; Polonsky, 1995). However, Kahn (1994) has suggested that insulin 

resistance precedes and predicts the development of type II diabetes and that 

the insulin secretory response is not predictive, and not decreased in 

prediabetes. It seems possible that either defect may occur primarily, and may 

be active in different sub-populations of patients (DeFronzo, 1988; Turner eta!., 

1995). Two possible mechanisms for the development of diabetes are 

postulated depending on the primary defect.

Insulin resistance at the level of hepatic glucose output or uptake cannot
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account for the insulin resistance found in early diabetes (DeFronzo, 1988). 

Thus, peripheral uptake is the primary site of insulin resistance.

The cellular defect leading to this resistance is not clear, although several 

candidates exist (Haring & Mehnert, 1993). The defect affects both membrane 

associated events, eg. glucose transport, and intracellular steps, eg. glycogen 

synthase. Possible defects include faults in the insulin receptor, including 

decreases in the receptor tyrosine kinase activity, which have been found in 

type II diabetic patients (Kahn, 1994), although it is not clear if this is a primary 

or secondary event. However, mutations in the insulin receptor gene are present 

in only 1-10%  of type II diabetics (Taylor, 1992). Other post-receptor activities 

have been demonstrated to be changed in insulin resistant states, and are thus 

possible sites for the defect in insulin resistance; they include increased PLC and 

tyrosine phosphatase activities, and decreased glycogen phosphatase and type- 

1 phosphorylase phosphatase activities. The ability of insulin to stimulate 

pyruvate dehydrogenase activity in type II diabetic patients has also been 

reported to be impaired.

Glycogen synthesis is reduced in diabetic muscle; this is thought to have a 

dominant role in the insulin resistance of type II diabetes (Shulman eta!., 1990). 

While glycogen synthase activity has been shown to be reduced in some studies 

(Bogardus et a/., 1984), NMR studies have shown a decrease in glucose 

transport/phosphorylation, not only in the diabetic state, but also in prediabetes, 

indicating possible early/initiating events in insulin resistance (Rothman eta /.,  

1992; Kahn, 1994). As discussed in Section 1 .3 .4 , a decrease in GLUT4 both
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in adipose tissue and (in some studies) skeletal muscle, has been found in some 

insulin resistant states; thus a defect in glucose transport may be an important 

factor in the decrease in non-oxidative glucose disposal.

Further results have suggested that it may be the signal transduction pathway 

to glycogen synthase that is impaired. The G-protein rad, a member of the ras 

family is expressed at vastly increased levels in type II diabetic patient muscle 

(Reynet & Kahn, 1993). Thus, the genes encoding rad and other IRS-1 coupled 

proteins may be involved in the predisposition to, and development of, type II 

diabetes mellitus. Decreases in insulin receptor phosphorylation, IRS-1 

phosphorylation and PI3K activity have all been reported in models of diabetes, 

and are potential sites for the development of insulin resistance (see Kahn,

1994).

Following a defect in insulin responsiveness, there is a compensatory increase 

in insulin secretion, hence normoglycaemia is initially maintained. Hepatic 

glucose output remains in the normal range due to the hyperinsulinaemia, 

however, as the insulin resistance increases, eventually fasting glucose will 

increase. In turn, the hyperinsulinaemia produced will cause downregulation of 

insulin receptors and intracellular activities, thereby increasing insulin resistance. 

Eventually, R-cell function will become impaired, through overstimulation and 

exhaustion, and possibly through 'glucose toxicity', causing desensitisation of 

the R-cell. Furthermore, the hyperglycaemia will affect insulin target cells, 

through 'glucose toxicity', thus exacerbating the insulin resistance. 'Glucose 

toxicity' is the concept that glucose perse  may act as a cellular toxin, and that
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sustained chronic hyperglycaemia can lead to the development of defects in 

both insulin secretion and insulin action, possibly through the downregulation 

of the glucose transport system (DeFronzo, 1988; Polonsky, 1995).

Alternatively, a primary defect in R-cell secretion of insulin has been postulated 

as a mechanism for type II diabetes development. In many diabetic patients the 

initial phase of insulin secretion is impaired, causing postprandial 

hyperglycaemia, which in turn will present a persistant stimulus to the R-cell; 

the total amount of insulin secreted may therefore be increased. As the R-cell 

defect gets worse, the plasma insulin response (although still increased in 

absolute terms) will become insufficient to return glucose levels to normal. The 

resulting hyperglycaemia will cause hyperinsulinaemia, due to continued R-cell 

stimulation, which in turn, will lead to down regulation of insulin receptors and 

intracellular events, and thus cause insulin resistance. The hyperglycaemia 

resulting from these events will also cause further impairment of R-cell function 

and peripheral insulin stimulated glucose uptake through the effects of 'glucose 

toxicity', as above. Insulinopenia will result, and cause an increase in hepatic 

glucose output, so adding to the fasting hyperglycaemia. Insulinopenia also 

induces postreceptor defects in insulin action, in the glucose transport system 

and several enzymatic steps in glucose metabolism, and diabetes will result.

Pancreatic islet cells appear normal in type II diabetics, and R-cell mass is only 

decreased by around 2 0 %; this does not explain the decrease in insulin 

secretion. Possible mechanisms of the R-cell dysfunction include; mutations in 

the glucokinase gene in MODY, increased islet amyloid polypeptide secretion
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and its deposition as amylin in (S-cells, and changes in the ultradian oscillations 

of insulin secretion (Polonsky, 1995).

Thus, a primary defect in either insulin secretion or insulin action may 

consequently cause a defect in the other and thereby cause the development 

of type II diabetes. Many other factors are involved in the final pathophysiology 

of the disease. Abnormalities of lipid metabolism are present; control of adipose 

tissue metabolism by insulin is important in controlling triglyceride, NEFA and 

glycerol levels, as well as lipoprotein secretion, and impairment of the effects 

of insulin on lipolysis and lipogenesis may play a role in the outcome of the 

disease (Reaven, 1995). These effects on adipose tissue metabolism have 

provided a link to the increased prevalence of coronary heart disease found in 

diabetic patients (Frayn & Coppack, 1992). Indeed, insulin resistance has been 

linked with several metabolic changes and risk factors that co-exist, termed 

Syndrome X (Reaven, 1988). It is possible that these co existant states are also 

mediated through adipose tissue metabolism.

Treatment of type II diabetes initially involves dietary therapy to reduce 

weight, although this seldom reduces fasting blood glucose to normal. If the 

disease deteriorates further sulphoylureas are used to stimulate insulin 

secretion, thus doubling R-cell efficiency. However, continued symptom free 

hyperglycaemia is common. Biguanide therapy, eg. metformin, may also be 

tried; This increases peripheral glucose uptake by a mechanism as yet unknown; 

however, it only results in a modest reduction in blood glucose levels. If 

symptoms persist or recur, patients may be transferred to insulin therapy to
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control blood glucose levels. However, given the progression of the disease and 

the effects of hyperglycaemia, it has been suggested that a more aggressive 

therapy of insulin injection may be beneficial early on to maintain normal fasting 

glucose, and to halt or slow the progression of the disease.

Since glucose uptake across cell membranes is the initial, and rate limiting step 

in glucose metabolism; a reduction in this uptake in insulin resistant states 

would result in raised blood glucose levels, and reduced passage of glucose into 

cells, and its control is an important factor in glucose homeostasis.

1.3 Mammalian glucose transport

The passage of glucose across cell membranes can occur in one of three 

ways; simple, non-mediated diffusion, facilitated diffusion, or active transport. 

However, as glucose is a polar molecule and not lipid soluble, cell membranes 

are relatively impermeable to simple diffusion. Indeed, the rate of glucose 

passage across a lipid bilayer is several orders of magnitude slower than its 

actual rate of passage across biological membranes, eg. the human erythrocyte 

ghost membrane (Jung, 1971). Uptake of D-glucose across cell membranes is 

mediated by carrier proteins that increase the rate of transfer to physiologically 

relevant levels. This carrier mediated transport can be either energy dependent 

(active) or energy independent (passive).

The simplest form of transport is the passive movement of glucose through 

pore proteins which have little substrate specificity; this allows small molecules,
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not restricted by charge, to penetrate the membrane. However, these pore 

proteins are not found on the plasma membranes of mammalian cells, although 

they exist in some intracellular membranes such as the mitochondrial outer 

membrane.

Active glucose transport systems are divided into two classes: the permease 

system, found only in bacteria, which mediates the entry of glucose at the 

direct expense of ATP or other high energy molecules; and secondary active 

transport systems that require co-transport of cations such as Na^ or which 

are transported down their concentration gradient. Both of these transport 

systems are able to drive the uptake of glucose against its concentration 

gradient. They are found in prokaryotic organisms in which the extracellular 

glucose concentration is highly variable, so there is a need to extract glucose 

from the surrounding environment as rapidly as possible (in some conditions 

against a concentration gradient). In eukaryotic organisms the Na'^/glucose co

transporter is restricted to specialised epithelial cells that can transport glucose 

against its concentration gradient, eg. the renal proximal tubule brush border 

membrane (Turner & Moran, 1982) and the apical membrane of the intestinal 

mucosa (Hopfer, 1987), for uptake from the renal nephron and intestinal lumen 

respectively. The Na^ gradient that drives the glucose uptake is maintained by 

active transport of Na^ across the membrane by a membrane bound Na^/K^- 

ATPase.

In contrast to the limited distribution of the Na'^/glucose co-transporter, the 

facilitated-diffusion glucose transporter family is found in almost all mammalian
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cells studied so far. These are passive D-glucose specific transport systems that 

transport glucose down its concentration gradient across cellular membranes; 

they allow uptake of blood glucose into cells and transcellular glucose transport 

and also, under certain conditions, transport of glucose out of the cell. 

Functionally distinguishable members of the facilitative D-glucose transporter 

family have been identified in different mammalian cell types (Table 1.2), and 

they reflect the function of the cell or tissue. All these transporter isoforms bind 

the fungal metabolite cytochalasin B, although GLUT2 and GLUT7 do so only 

weakly.

On the basis of hydropathic plots, Mueckler et a!. (1985) proposed a two  

dimensional model of GLUT1 in which the protein spans the lipid bilayer twelve 

times with the C- and N-termini located on the cytoplasmic side of the plasma 

membrane. Similar analyses of other isoforms suggest that they have a similar 

topological organisation. Comparison of the six transporter amino-acid 

sequences show more than 25%  identity and 39%  homology between their 

aligned residues (Bell at sL, 1990; Waddell at a!., 1992); the highest degree of 

sequence identity occurs in the transmembrane regions, suggesting a functional 

role for these regions for the transport of glucose. The variability in the 

extramembranous domains suggests that these regions may play a role in the 

differential regulation and kinetics of the transporters. An extended family of 

similar transport proteins have been identified in a range of prokaryotic and 

eukaryotic organisms (reviewed by Baldwin & Henderson, 1989; Baldwin, 

1993), indicating a common ancestry of these transporters.
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Table 1.2 Mammalian glucose transporter isoforms

en
o

Isoform MWt # Tissue distribution Amlno-acids # Km (mM)*

GLUT1 54117 Human red biood ceils; blood tissue barrier; 

placenta, brain, tissue culture ceils; transformed 

ceils; most tissues at low levels

492 17

GLUT2 57000 Liver,pancreatic 13-cell, kidney proximal tubule 

& small intestine (basoiaterai membrane)

524 42

GLUTS 53933 Brain, nerve; low levels in placenta, kidney, 

liver & heart (humans)

496 11

GLUT4 54797 Muscle, heart & adipose tissue 509 2

GLUTS 54983 Small intestine (apical membrane), adipose 

tissue & low levels in muscle & brain

501 N.D.

GLUT? 53000 Liver microsomal membranes 528 N.D.

#  Hum an glucose transporters apart from GLUT7
* Equilibrium exchange o f 3 -O -M G  in Xenopus oocytes



The specific tissue distribution of the mammalian facilitative glucose 

transporters, and their regulation and properties, reflect the specific needs of 

cells in respect to glucose uptake and metabolism. These transporters are 

responsible for the uptake of the sugar from blood into cells, supplying cellular 

glucose for energy metabolism and the biosynthesis of sugar-containing 

molecules and the export of glucose from the liver; hence they are important in 

the maintenance of whole body fuel homeostasis. Indeed, the transport of 

glucose into cells has been demonstrated to be rate limiting for glucose 

metabolism (Yki-Jarvinen et al., 1987; Fink at at., 1992).

The regulation of glucose uptake into mammalian cells is therefore an 

important factor in glucose homeostasis and its disturbance in pathological 

disorders such as Type II diabetes mellitus (see Mueckler, 1990). Theoretically, 

there are several different mechanisms by which cells can modulate their uptake 

of glucose, including the regulation of synthesis of transporters at the level of 

translation or transcription and the stability of the products, and the cell surface 

expression of these products. Differential expression of glucose transporter 

isoforms with differing transport characteristics (Table 1.2) can also affect the 

regulation of glucose uptake. Translocation of transporters from inside the cell 

to the plasma membrane, or changes in the intrinsic activity of the transport 

proteins themselves, eg. by binding of regulatory proteins or the occlusion of 

transporters within the plasma membrane have also been implicated as 

mechanisms by which glucose transport can be regulated. This regulation of 

transport can be either acute, occurring within minutes, or chronic, occurring
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over longer periods. The possible implications of transporter expression and 

their acute and chronic regulation for glucose utilisation and homeostasis are 

discussed in the following sections.

1.3.1 GLUT1 (HepG2/human erythrocyte-type glucose transporter)

The GLUT1 glucose transporter isoform is the most widely distributed of the 

facilitative D-glucose transporters; it appears to be expressed in most 

mammalian tissues, albeit at very low levels in some. It is one of the best 

characterised of the facilitative transporters, not least because of its very high 

expression in the human erythrocyte membrane, where it comprises over 5%  

of the membrane protein (Allard & Lienhard, 1985). It is an integral membrane 

protein which migrates as a broad band on SDS/polyacrylamide gels with an 

apparent M W t.45 0 0 0 -7 00 0 0  (M W t.ave55000). The broad range of M W t. is due 

to a single, heterogenous Asn-linked oligosaccharide (Gorga et aL, 1979).

Mueckler et al. (1985) first identified the cDNA for GLUT1 by screening of a 

HepG2 cDNA library, using an antiserum generated against the purified human 

erythrocyte transporter. The cDNA encoded a 492 amino-acid glucose transport 

protein of M W t.54117, the amino-acid composition of which was comparable 

to the partial amino-acid data available for the erythrocyte protein. Birnbaum et 

ai. (1986) subsequently reported the cloning and sequence of an equivalent 

cDNA from an adult rat brain library with a 97 .6%  identity to the HepG2/human 

erythrocyte GLUT1. These probes have since been used to identify the 2.9Kb 

mRNA encoding GLUT1 in most mammalian tissues. The proteins from human,
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rat, mouse, rabbit and pig are all of 492  amino-acids with > 9 7 %  identity 

between them. It is expressed at high levels in human erythrocyte membranes, 

brain (particularly brain microvessels), foetal tissues, kidney and in endothelial 

and epithelial cells associated with blood-tissue barriers such as the blood-brain 

barrier (Kasanicki eta!., 1987), the blood-nerve barrier (Froehner ef a/., 1988), 

the blood-retina barrier (Takata etaL,  1990), the blood-eye barrier of the optic 

nerve (Harik et a!., 1990), the syncytiotrophoblast of the placenta and the 

choroid plexus (Bagley at a!., 1989). It appears to be important for 

transendothelial and transepithelial transport, for which its kinetic properties 

may have become adapted (see Baldwin, 1993). GLUT1 is also expressed in 

most, if not all, cultured cell lines.

GLUT1 is thought to play primarily a 'housekeeping' role, providing the basal 

glucose supply required for the survival of these cells, hence its ubiquitous 

expression; however, it is both acutely and chronically regulated. Indeed, it does 

seem that the expression of GLUT1 is important in cells that are mitotically 

active and require increased levels of glucose.

ACUTE REGULATION: In cultured cells, increased glucose transport appears 

to be a general response to cellular stress eg. viral infection, heat shock, 

arsenite (Warren & Pasternak, 1989), inhibitors of respiration (eg. Mercado at 

al., 1989) and alkaline pH (Hakimian & Ismail-Beigi, 1991). This increase in 

transport results from an increase in the Vmax which may be greater than 10- 

fold (Shetty at a!., 1992). Stimulation of transport in BHK cells by serum and 

cellular stress (Widnell at a!., 1990), and in Clone 9 cells by alkaline pH
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(Hakimian & Ismail-Beigi, 1991), has been shown to be due to a specific 

translocation of GLUT1 from an intracellular site to the plasma membrane. 

GLUT1 is also translocated in response to insulin in 3T3-L1 fibroblasts (Yang et 

a!., 1992b; Merral at a!., 1993) and in adipocytes (Holman at aL, 1990). As 

discussed in Section 1 .3 .4 , it seems likely that GLUT1, with GLUT4, is 

continually recycled to and from the plasma membrane from an intracellular 

vesicular store (Yang at a!., 1992a) and that insulin causes an increase in the 

rate of exocytosis from the vesicles and possibly a decrease in the rate of 

endocytosis, thus increasing the cell surface number (Section 1.3.4; Holman at 

a!., 1994). In addition, it has been reported that the intrinsic activity of the 

GLUT1 transporter can be reduced in 3T3-L1 fibroblasts by cadmium and 

protein synthesis inhibitors, possibly through the presence of an inhibitory 

regulator protein (see Czech at a!., 1992).

CHRONIC REGULATION: Overexpression of GLUT1 has been shown to 

increase basal glucose transport and glycogen synthesis in skeletal muscle, 

suggesting that glucose transport may be a rate limiting step for glycogen 

synthesis (Ren at a!., 1993; Mueckler & Holman, 1995) and that changes in the 

expression of GLUT1 may be important in glucose metabolism, particularly in 

the basal state. Indeed, changes in GLUT1 levels have been reported under 

many conditions.

Prolonged cellular stress can lead to a chronic phase of stimulation in which 

both mRNA and protein levels are raised (Shetty at a!., 1992). A similar increase 

in GLUT1 expression occurs when cultured cells are starved of glucose (Haspel
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et a!., 1986; Tordjman et a!., 1990). Refeeding of the cells returns transport 

rates to normal. Starvation of experimental animals gives a similar increase in 

GLUT1 levels in some tissues eg. liver (Tal et al., 1990). While these increases 

in transport are mostly protein-synthesis dependent (eg. Yamada eta!., 1983), 

glucose deprivation has been shown to cause a decreased rate of transporter 

inactivation in murine fibroblasts (Haspel et al., 1986; Yamada et al., 1983).

In cultured cells, GLUT1 expression is also induced by factors which stimulate 

cellular growth and division and transformation of cell lines, such as serum 

(Kitagawa et al., 1989), oncogenes (eg. Flier et al., 1987; Birnbaum et al., 

1 987), tumour promoters (eg. Flier etaL, 1987; Hiraki etaL, 1988), interleukins 

(Bird et aL, 1990) and growth factors (eg. Rollins et al., 1988; Hiraki et al., 

1 988). GLUT1 mRNA is overexpressed in mammalian cancertissues (Yamamoto 

et al., 1990). In different systems these increases in GLUT1 have been 

attributed to an increase in the rate of transporter transcription (eg. Hiraki etaL, 

1988), an increase in mRNA stability (Rollins et aL, 1988) and to decreased 

rates of transporter degradation (Shawver et al., 1987). Cyclic AMP has also 

been found to stimulate GLUT1 transcription (Hiraki et al., 1989)

In adipocytes (Tai e ta L ,  1990) and in skeletal muscle (Napoli e taL ,  1996), 

chronic growth hormone treatment has been reported to reduce GLUT1 levels.
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1.3.2 GLUT2 (Liver-type glucose transporter)

Studies on glucose transport in hepatocytes suggested the presence of a 

transporter protein distinct from GLUT1, with different cytochalasin B binding 

characteristics (Axelrod & Pilch, 1983), and a high capacity and 

supraphysiological Km (6 6 mM) for glucose (Ciaraldi etaL, 1986). GLUT1 mRNA 

levels were also reported to be very low in liver (Birnbaum at a/., 1986), 

consistent with the existence of a second transporter isoform. Using low- 

stringency-hybridisation with a GLUT1 cDNA probe, two groups screened liver 

cDNA libraries and identified cDNAs that encoded proteins of 524, 523 or 522  

amino-acids in human (Fukumoto at aL, 1988), rat (Thorens at aL, 1988) and 

mouse liver (Suzue ataL,  1989; Asano ataL, 1989) respectively. The protein, 

named GLUT2, possessed a 55%  identity to GLUT1 and an 80%  identity in the 

GLUT2 protein in the different species. GLUT2 is expressed in liver, kidney and 

small intestine serosal membranes (Thorens at aL, 1988; 1990a), tissues in 

which net efflux of glucose can occur, and in the R-cells of the pancreas, 

particularly in the microvillar portion of the plasma membrane which faces 

adjacent endocrine cells (Orci at al., 1989). It is expressed in all hepatocytes 

where it is present on the sinusoidal plasma membrane (Thorens at a!., 1990a; 

Hacker at a!., 1991).

The liver plays an essential role in whole body glucose homeostasis; it takes 

up glucose post-prandially for conversion to glycogen (Craik & Elliot, 1979), and 

subsequently, when blood glucose levels fall, releases glucose back into the 

blood, either from breakdown of glycogen or from da novo synthesis from
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amino-acids. This uptake and release of glucose in the liver is not under direct 

control of insulin, although insulin does increase glucose utilisation in 

hepatocytes by stimulating several enzymes; thus it increases glucose uptake 

indirectly by keeping intracellular levels low.

The high capacity of GLUT2 ensures that the transport of glucose into and out 

of hepatocytes does not become rate-limiting as the intra- and extra-cellular 

concentration of glucose changes. The high Km indicates a pseudo first-order 

kinetic region, suggesting that glucose flux will respond linearly to changes in 

intra- or extra cellular glucose levels, again ensuring that transport does not 

become rate limiting (Mueckler, 1990). On the basoiaterai membranes of 

epithelial cells of the kidney proximal tubule and of the small intestine (Thorens 

et a/., 1990a), GLUT2 is thought to act in tandem with the Na"^/glucose co

transporter in the trans epithelial absorption of glucose, ensuring that glucose 

actively transported into these cells from the luminal surface, by the 

Na'^/glucose transporter, is rapidly exported across the serosal surface into the 

blood stream.

The presence of GLUT2 in pancreatic islet R-cells allows rapid changes in 

intracellular glucose concentrations. These are thought to act as a signalling 

mechanism which results in insulin release or suppression of release from these 

cells (Shibasaki et al., 1990; Chen et a!., 1990). Over the range of glucose 

concentrations that stimulate insulin secretion (5 -15mM) glucokinase is the rate 

limiting step in glucose metabolism, and it has been suggested that the high Km 

of GLUT2 enables glucokinase to act as a 'glucose sensor' by ensuring that
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intracellular glucose concentrations change rapidly in response to extracellular 

sugar concentrations (Orci etaL, 1989; Sadiq ataL , 1990). The importance of 

GLUT2 in insulin release is supported by its regulation under different 

conditions, and by the effects of the regulation of GLUT2 on insulin secretion 

(see Regulation). Miyazaki etaL (1990) have shown the importance of exclusive 

expression of GLUT2 in mouse insulinoma cells for glucose inducible insulin 

secretion. There is also some evidence that GLUT2 may be involved in 

transcellular signalling within the islet, due to its presence in R-cell membranes 

in contact with other cells (Orci et aL, 1989)

REGULATION OF GLUT2: Glucose transport by GLUT2 is not acutely regulated 

by insulin in hepatocytes. Also, levels of GLUT2 in the liver are not altered by 

fasting, chronic hypoglycaemia or streptozotocin-diabetes (Thorens et al., 

1990b; 1990c; Chen etaL ,  1990; Oka etaL ,  1990). However, a more recent 

report (Burcelin et aL, 1992) has demonstrated that GLUT2 expression in liver 

can be chronically regulated by hyperglycaemia (increased expression) and 

hyperinsulinaemia (decreased expression).

As mentioned, changes in the expression of GLUT2 in the pancreatic R-cell 

and the effects on insulin secretion have supported the importance of GLUT2 

in the sensitivity of 13-cells to glucose. Expression of GLUT2 in 13-cells is directly 

regulated by glucose (Yasuda et aL, 1992; Inagaki e taL ,  1992; Ogawa etaL,

1995), while overexpression has been shown to increase insulin secretory 

activity (Sivitz et al., 1989). Also, decreases in GLUT2 mRNA and protein 

content have been reported in several animal models of type II diabetes mellitus,
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such as the Zucker diabetic fatty rat (Johnson et a!., 1990), the db/db mouse 

(Thorens et a!., 1992), the streptozotocin diabetic rat (Thorens et al., 1990c) 

and the high-fat fed rat model (Kim et a!., 1995). Decreases have also been 

demonstrated in hyperinsulinaemic hypoglycaemia (Chen et a!., 1990; Koranyi 

etaL, 1992). In these cases, the animals also exhibit a loss of glucose-induced 

insulin secretion, although sensitivity to other secretagogues, eg. arginine, is 

retained. In pre-diabetic Zucker fatty rats, GLUT2 levels are normal, but they 

decrease substantially when diabetes develops (Orci et a!., 1990). In many 

cases, this loss is shown not secondary to hyperglycaemia, indicating a possible 

causal role, although hyperglycaemia can cause downregulation, which may 

contribute to the loss of insulin secretion. Further evidence for the role of 

GLUT2 in insulin secretion is the observation that immunoglobulins from type 

I diabetic patients (an autoimmune disease) inhibit glucose transport by GLUT2 

in normal islets (Johnson et a!., 1990), suggesting that the antibodies may bind 

to GLUT2 or a protein that modulates GLUT2 activity. This inhibition is not seen 

in oocytes expressing GLUT2 (Marshall et a!., 1993).

Other observations have also questioned the role of GLUT2 in insulin 

secretion. Chen et ai. ( 1992) observed that the responsiveness of the pancreas 

to glucose can recover without a return of R-cell GLUT2 levels. Also, in fresh 

islets, the glucose utilisation rate is 100-fold lower than glucose transport; thus 

it would seem unlikely that the transport rate would have much affect on 

glucose usage (Tal et a!., 1992a). Furthermore, it has been demonstrated that 

in islets with decreased GLUT2 levels, the first phase in insulin release is
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unaffected, or even increased (Tal et al., 1992b)

Hence, the exact involvement and importance of the expression and regulation 

of GLUT2 in the responsiveness of the pancreas to glucose remains to be fully 

elucidated.

1 .3 .3  GLUT3 (Foetal muscle and brain-type transporter)

Using low-stringency-hybridisation with a GLUT1 cDNA probe, Kayano at al. 

(1988) isolated a cDNA from a human foetal skeletal muscle library that 

encoded a 496 amino-acid protein (with a 64%  and 52%  identity to GLUT1 and 

GLUT2 respectively) which was subsequently shown to transport glucose 

(Burant & Bell, 1992). In monkeys, rabbits, rats and mice (Nagamatsu et al., 

1992; Maher et al., 1992; Yano et al., 1991 ) mRNA for GLUTS has been found 

at high levels only in the brain; however in humans the mRNA is present in most 

tissues, with particularly high levels in brain, kidney and placenta. To date, 

GLUTS protein has only been identified in brain, specifically in neurons and 

microvessels (Gerhart etal., 1992). The presence of GLUTS mRNA in fibroblasts 

and smooth muscle (in blood vessels) has been suggested as a possible reason 

for the ubiquitous finding of the mRNA (Gould & Bell, 1990). GLUTS appears 

to be a neuronal glucose transporter; the low Km may represent an adaptation 

to the low glucose concentrations found in the extracellular fluid of the brain 

(Lund-Anderson, 1979). The significance of a high affinity for xylose is not clear. 

Elevated levels of GLUTS mRNA have been reported in mammalian cancer cells 

(Yamamoto e ta l. ,  1990).
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1 .3 .4  GLUT4 (Muscle/adipocyte-type transporter)

Of the glucose transporter isoforms described to date, none were expressed 

at high levels in insulin responsive tissues, which are responsible for the uptake 

of a large part of post prandial blood glucose, ie. skeletal muscle and to a lesser 

extent adipose tissue and heart muscle. These tissues show an increase in their 

rate of glucose uptake in response to insulin (eg. a 20-30  fold increase in rat 

adipocytes) due, at least in part, to the translocation of glucose transporters 

from an intracellular pool to the plasma membrane (Fig 1.1; Cushman & 

Wardzala, 1980; Suzuki & Kono, 1980).

The poor cross-reactivity between GLUT1 antibodies and the adipocyte 

transporter suggested a distinct glucose transporter isoform, as did experiments 

on the translocation of GLUT1, where GLUT1 movement was found to be 

insufficient to account for the translocation of cytochalasin B binding sites or 

for the increase in glucose transport.

The dilemma was solved when James et al. (1988) identified a novel 

transporter of M W t.43000  in insulin responsive tissues, using a monoclonal 

antibody raised against a low density microsomal fraction from rat adipocytes. 

Using low-stringency-hybridisation with a GLUT1 cDNA fragment as a probe, 

DNA from rat adipocyte and heart libraries was isolated, cloned and sequenced; 

it encoded a protein that was recognised by this monoclonal antibody (James 

et a!., 1989). The 509 amino-acid protein showed a 65%  sequence identity to 

human GLUT1 and a 54%  and 58%  identity to rat GLUT2 and GLUT3 

respectively. GLUT4 is very different from GLUT1 kinetically (see Baldwin,
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1993) with a far lower Km for transport. The GLUT4 protein from human, 

mouse and rat shows a 95%  identity between species.

GLUT4 mRNA and protein has been found only in insulin responsive tissues, 

ie. skeletal and cardiac muscle and in brown and white adipose tissue. It is also 

present in cultured 3T3-L1 adipocytes, although only after differentiation of the 

fibroblastic cell line. In rat adipocytes (Zorzano et al., 1989), and muscle 

(Zorzano at a!., 1996), GLUT4 accounts for 90 -95%  of the glucose 

transporters.

The existence of a unique glucose transporter isoform specific to insulin 

sensitive tissues raises the possibility of differential regulation of this 

transporter, and of specific control mechanisms that are important in glucose 

homeostasis and in the actions of insulin on glucose disposal. It also raises the 

possibility of specific abnormalities in GLUT4 function and control in disease 

states, giving rise to abnormalities in insulin-dependent glucose utilisation, eg. 

type II diabetes.

ACUTE REGULATION: Of major importance in post prandial glucose 

homeostasis is the acute regulation of GLUT4 by insulin, particularly in skeletal 

muscle, the major site of glucose uptake after a meal (Ferrannini eta!., 1985). 

In 1980, two groups independently proposed that insulin increased glucose 

transport in adipocytes by the translocation of glucose transporters from an 

intracellular store to the plasma membrane (Cushman & Wardzala, 1980; Suzuki 

& Kono, 1980). Subsequent experiments have confirmed GLUT4 as the major 

isoform involved in the translocation, and demonstrated this translocation in
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other insulin responsive tissues such as skeletal muscle (Klip et a!., 1987; 

Hirschman et a!., 1990), heart muscle (Watanabe et al., 1984; Slot et a!., 

1991a), diaphragm (Wardzala & Jeanrenaud, 1981) and brown adipose tissue 

(Slot et a!., 1991 b).

The extent of transporter redistribution has been confirmed and quantified by 

immunochemical and cell surface labelling techniques. Using immunogold 

labelled anti-GLUT4 antibodies Slot et ai. have shown, in heart muscle (1991 a) 

and in brown adipocytes (1991b), that in the basal state 99%  of GLUT4 is 

located within the cell. Upon insulin stimulation, around 40%  of it redistributes 

to the plasma membrane. Using the cell impermeable photolabel ATB-BMPA, 

Holman's group demonstrated that in adipocytes insulin increases the cell 

surface concentration of GLUT4 by 1 5-20x, while increasing GLUT1 by only 3- 

5x (Gould & Holman, 1993). Both methods have been used to demonstrate the 

continual recycling of GLUT4 from the plasma membrane via the clathrin coated 

pit-endosome pathway; an increased rate of exocytosis of transporters in 

response to insulin accounted for the increased cell surface concentration (Slot 

et a!., 1991b; Satoh et a!., 1993). Jhun et ai. (1992), using a different cell 

surface label, and Czech & Buxton (1993) have suggested that endocytosis is 

also decreased (by 50-65% ) in the presence of insulin, although other groups 

have found a smaller effect of around 30%  (Satoh et a!., 1993; Yang & 

Holman, 1993).

In the basal state much more GLUT4 is retained intracellularly than GLUT1; 

this allows a far greater redistribution upon stimulation. In the absence of insulin
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there is a selective withdrawal of GLUT4 transporters from the recycling 

pathway to a specialised intracellular compartment (Piper etaL,  1991). GLUT4 

is present in a different population of intracellular vesicles to GLUT1 in rat 

adipocytes (Zorzano etaL, 1989) and in skeletal muscle (Piper & James, 1991), 

and it appears that there is more than one subpopulation of the GLUT4 

containing vesicles; these are translocated in response to different stimuli, eg. 

insulin or exercise. In fact, Holman etal. (1994) have suggested the possibility 

of 4-5 separate pools of GLUT4 intracellularly.

GLUT4 is also sequestered in an intracellular pool when expressed in different 

cell types (see Gould & Holman, 1993). It would thus seem that there is a 

unique domain on the GLUT4 protein, targeting it to the specific vesicles in 

which it is found; these in turn must have receptors for the targeting signal 

which are differentially sorted by the cell. The targeting site on the GLUT4 

protein remains uncertain. Piper at ai. (1992), using chimaeras of GLUT4 and 

GLUT1 have indicated that the N-terminal region is sufficient, and have 

demonstrated the importance of a phenylalanine residue in this region (Piper at 

a!., 1993). However, other groups have suggested that other regions are 

involved (Asano at a!., 1992). Indeed, Czech at ai. (1993) suggested that the 

extreme C-terminal region is dominant in GLUT4 sorting, and Verhey & 

Birnbaum (1994) showed that a leu-leu sequence in the C-terminal 30 amino 

acid sorting signal which is critical for GLUT4 sequestration. Thus, it seems 

probable that both the N- and C-termini are important in GLUT4 targeting. These 

regions may bind to 'chaperone protein(s)' that are required at different stages
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in intracellular sorting (Gould & Holman, 1993). The mechanism of translocation 

and fusion of vesicles to the plasma membrane is still unclear, but the co

localisation of several SNARE proteins with the GLUT4 vesicles and the plasma 

membrane suggests a possible involvement of SNAP-SNARE protein interactions 

(Zorzano, 1996). Also, Kelly & Ruderman (1993) reported that IRS-1 associated 

PI3K is mainly associated with a low density microsomal pool, suggesting the 

possibility of a direct involvement of PI3K in enhancing exocytosis and possibly 

inhibition of endocytosis (Section 1 .1 .1 .2 ; Yang e ta l. ,  1996).

When GLUT4 is recruited to the plasma membrane, there is a slight lag phase 

between its appearance (T% =  2mins) and the stimulation of transport 

(Ty^«3mins) in rat adipocytes (Karnieli eta!., 1981; Clark ef a/., 1991), and in 

3T3-L1 adipocytes (Gibbs eta!., 1988). This may occur due to the transporters 

being hidden at the surface when associated with trafficking proteins in the lag 

phase or in occluded states (Gould & Holman, 1993). It is also possible that this 

lag phase may reflect the increased time required (approximately 2-fold) for the 

stimulation of transporter intrinsic activity by insulin (Clark ef a/., 1991); this in 

turn may be related to the occlusion of GLUT4 (Vannucci at a!., 1992).

The pathway between the translocation of glucose transporters and the early 

events after insulin binding to its receptor involves the stimulation of PI3K 

activity through IRS-1, and possibly the association with GLUT4 containing 

vesicles (Section 1.1.3). It appears that the mechanisms retaining GLUT4 

intracellularly are different from those which cause tranlocation. In 3T3-L1 cells, 

GLUT4 is only translocated in response to insulin after differentiation of the cell
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line into adipocytes (Calderhead et al., 1990). In undifferentiated 3T3-L1 

fibroblasts, transfected with GLUT4, the transporter is not translocated, in spite 

of being sequestered to an intracellular site (Haney et a!., 1991). Thus, it 

appears that other factors are involved in translocation, factors that become 

prevalent during differentiation.

It is possible that G-proteins are involved; non-hydrolysable GTP analogues 

mimic the effects of insulin on GLUT4 translocation in 3T3-L1 adipocytes 

(Baldini et a!., 1991) and low molecular weight G-proteins are bound to the 

intracellular membranes containing GLUT4 in adipocytes (Cormont ef a/., 1991 ) 

and in muscle (Etgen eta!., 1993). Results concerning the effects of insulin on 

GLUT4 phosphorylation and the effects of phosphorylation on GLUT4 activity 

and translocation have been mixed. A phosphatase inhibitor, okadaic acid, 

blocks the action of insulin on GLUT4 translocation, suggesting that 

phosphorylation or dephosphorylation events may be involved, (Lawrence eta!., 

1990), however; no changes in the phosphorylation state of GLUT4 were found 

in some experiments (Nishimura et a!., 1991). Later reports suggested that 

phosphorylation of GLUT4 decreases its intrinsic activity, and that insulin has 

a direct effect by promoting dephosphorylation of GLUT4 thus stimulating its 

intrinsic activity (Begum et a!., 1993; Reusch eta !.,  1993).

GLUT4 can be acutely regulated by other factors as well as insulin. Exercise 

(Hirschman et a!., 1988) and hypoxia (Cartee et a!., 1991) both stimulate 

glucose transport by GLUT4 translocation to the plasma membrane, the effects 

of which are additive to those of insulin, indicating a separate intracellular
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vesicle population, a finding supported by subcellular fractionation procedures 

(Coderre et al., 1995; Zorzano eta!.,  1996). PMA (through protein kinase C) 

and GTP[S] (possibly through GTP binding proteins) also stimulate GLUT4 

translocation to the plasma membrane through independent pathways from each 

other and from insulin (Todaka et a!., 1996). Cyclic AMP stimulates GLUT4 

translocation to the plasma membrane in adipocytes, but at high concentrations, 

it inhibits its intrinsic activity (Kelada et a!., 1992).

Other substances, acting through changes in intrinsic activity (including R- 

adrenergic agonists, adrenocorticotropic hormone and glucagon) inhibit insulin- 

stimulated transport, decreasing the Vmax by around 50% , but only in the 

absence of antilipolytic agents, eg. adenosine, nicotinic acid and prostaglandin 

El. These antilipolytic agents potentiate insulin stimulated glucose transport 

(Simpson & Cushman, 1986). However, none of these agents affect subcellular 

distribution of transporters (Kuroda et a!., 1987; Smith et a!., 1984). It is 

thought that these effects are mediated through the effects of G-proteins; 

lipolytic agents through Gg and antilipolytic through G, (Kuroda et al., 1987; 

Nishimura e ta l. ,  1991).

CHRONIC REGULATION: Insulin resistance, present in type II diabetes mellitus, 

obesity, cirrhosis etc., is characterised by the failure of insulin to elicit a normal 

increase in glucose uptake in insulin sensitive peripheral tissues, of which 

skeletal muscle is the major contributor (Ferrannini et al., 1985; DeFronzo,

1988). Also, a strong correlation between GLUT4 content in skeletal muscle and 

glucose transport has been demonstrated (Henriksen et al., 1990; Kern et aL,
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1990). Therefore, the regulation of expression of GLUT4, the main transporter 

in these tissues, is of major importance in insulin resistant states. Although 

adipose tissue accounts for less than 1 % of whole body glucose disposal in rats 

and humans (Kraegen et a!., 1985; DeFronzo, 1988) much of the work has 

been done on this tissue; there are fewer problems working with it, due to the 

easier isolation of a homogenous cell suspension compared to skeletal muscle, 

and there are also many similarities in the control of glucose transport between 

the two tissues (eg. Baldwin, 1993).

Early studies on streptozotocin (STZ) diabetic rat adipocytes (Garvey at al., 

1989; Berger at al., 1989; Sivitz at al., 1989) and insulin resistant adipocytes 

from fasted (Berger at al., 1989; Charron & Kahn, 1990) and high-fat fed rats 

(Hissin at al., 1982) showed a decreased level of GLUT4 mRNA and protein. 

GLUT1 levels were unchanged. With insulin treatment or refeeding to correct 

insulin resistance, GLUT4 levels were returned transiently to higher levels than 

controls and then to normal. This transient increase above normal levels 

corresponds to a hyper-responsive phase of insulin stimulated glucose transport 

(Kahn at al., 1987; 1988; Charron & Kahn, 1990).

In adipocytes from type II and obese patients, decreases in GLUT4 have been 

identified (Garvey ef a/., 1988; 1991; Sinha ataL ,  1991). In 24 hour cultured 

rat adipocytes, a decrease in insulin-responsiveness is associated with a 

decrease in GLUT4:GLUT1 ratio from 9:1 to 3:1 (Kozka & Holman, 1993). A 

similar shift in ratio is seen in obese rat adipocytes and denervated muscle cells, 

which become insulin resistant (Block at al., 1991).
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Although GLUT4 levels were changed in adipose tissue, initial results on 

skeletal muscle were not so conclusive. Decreases in GLUT4 in skeletal muscle 

have been reported for the STZ injected rat (Garvey et a!., 1989; Ramlal at a!.,

1989). In fasted rats GLUT4 levels were actually above control levels (Charron 

& Kahn, 1990). Dohm etal. (1991 ) reported an 18%  decrease in GLUT4 in type 

II diabetic patients, findings supported by the studies of Friedman et ai. (1991 ) 

and Vogt et ai. (1992). However, Pederson et ai. (1990) failed to find any 

change in mRNA or protein in type II diabetics or in the db/db mouse model. 

Other reports have also suggested that there may be no change in skeletal 

muscle GLUT4 levels (eg. Koranyi et a!., 1990; Sivitz et a!., 1989; Handberg et 

a!., 1990). Thus, the exact involvement of GLUT4 levels in the cause and 

progression of insulin resistance remains unclear. The aim of this project was 

to investigate whether changes in GLUT4 expression or function may play a role 

in the cause and development of peripheral and whole body insulin insensitivity 

in insulin resistant states.

1 .3 .5  GLUTS (Small intestine-type glucose transporter) and the pseudogene 

GLUT6

Kayano et ai. (1990) screened a human small intestine (jejunum) cDNA library 

using low-stringency-hybridisation with a fragment of GLUT1 cDNA as a probe. 

High levels of an mRNA encoding a protein containing 501 amino-acids with 

between 39-42%  sequence identity to the four previous transporter isoforms 

was identified. This protein was designated GLUTS. GLUTS mRNA levels were
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high in small intestine and kidney, while lower levels were reported in skeletal 

muscle and adipose tissue. A subsequent study by Shepherd et al. (1992) has 

shown GLUTS protein to be present in human small intestine, brain, kidney, 

skeletal muscle, adipocytes and heart. In the small intestine it is located on the 

brush border surface of mature enterocytes, where it may act in concert with 

the Na^ dependent glucose transporter to effect sugar uptake from the lumen 

when glucose concentrations are high. However, more recent observations 

suggest that GLUTS is primarily a high-affinity fructose transporter (Burant et 

a!., 1992). Thus, its main function in the small intestine could be the uptake of 

dietary fructose. Although present in insulin sensitive tissues, no translocation 

is seen in adipocytes in response to insulin, and its contribution to glucose 

transport remains unclear (Shepherd et a!., 1992).

A second, pseudogene cDNA sequence was identified by Kayano et ai. (1990) 

from the small intestine cDNA library and designated GLUT6. This cDNA 

showed a 79 .6 %  sequence identity to GLUTS, however, due to the presence 

of multiple stop codons and frame shifts within the sequence, it does not code 

for a functional protein.

1 .3 .6  GLUT7 (Hepatic endopiasmic-reticulum glucose transporter)

Using an antibody to a putative rat liver glucose transport protein, Waddell et 

ai. ( 1992) isolated a cDNA clone encoding a protein containing 528 amino-acids 

from a rat liver cDNA library. This transporter, termed GLUT7, has a 68%  

sequence identity to GLUT2. It is located in the microsomal fraction of rat liver
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(Waddell et al., 1991) and, when expressed in COS cells, it is localised to the 

endoplasmic reticulum due to a consensus motif at the C-terminal of the protein 

for retention there (Waddell at a!., 1992).

The terminal step in glucose production by both glycogenolysis and 

gluconeogenesis is catalysed by glucose 6-phosphatase and takes place in the 

lumen of the endoplasmic reticulum. GLUT7 is thought to function in the 

endoplasmic reticulum membrane to allow glucose to pass from the lumen to 

the cytosol of the hepatocyte for export from the cell via GLUT2.
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CHAPTER 2

ESTABLISHMENT OF ANIMAL MODELS OF INSULIN RESISTANCE

2.1 Introduction

2.1.1 Models

Many experimental models have been used to study diabetes mellitus and 

insulin resistance, and the possible mechanisms underlying these states. The 

aim of this project was to investigate the early stages of NIDDM and its 

associated insulin resistance separately from many of the complications and 

later manifestations that can also occur. Both the neonatal streptozotocin- 

injected rat and the high-fat fed rat seemed to offer animal models that satisfied 

these criteria, at least partly. These models were therefore set up to establish 

their characteristics and to investigate the role of glucose transporter function 

in their reduced insulin responsiveness.

2.1.1.1 Neonatal streptozotocin injected rats

Streptozotocin (N-[methylnitrosocarbomyl]-D-glucosamine) is a metabolite of 

the soil fungus Streptomyces achromogenes) this was originally described as 

an antibiotic and anti-tumour agent in 1960, but was later found to be cytotoxic 

to pancreatic R-cells. This toxicity occurs via several mechanisms, including
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plasma membrane damage (Cooperstein et al., 1981), depletion of islet NAD 

content (Schein at a!., 1973) and induction of strand breaks in R-cell DNA 

(Uchigata et a!., 1982). When injected into adult rats at 50-60mg/kg body 

weight, streptozotocin (STZ) causes the destruction of R-cells producing severe, 

permanent insulin-deficient diabetes (Junod et a!., 1969) similar to type I 

diabetes in humans. The reduction in R-cell number is of prime importance in 

type I diabetes; however, it is not clear in type II diabetes whether insulin 

deficiency is a primary defect, leading to insulin resistance, or vice versa 

(Section 1.2.2).

Forth a et ai. (1974) first investigated the effects of STZ in foetal and neonatal 

rats and developed an animal model with similarities to type II diabetes mellitus 

by injection of newborn animals with lOOmg/kg STZ (Portha eta!.,  1979). By 

injecting neonatally, there is a partial regeneration of B-cell mass and the 

development of the rats shows similarities to type II diabetes. They show a 

transient hyperglycaemia and decrease in pancreatic insulin at 4 days; both of 

these recover, to euglycaemia and 70%  of control values respectively. In adult 

rats, there is a defect in insulin release in response to glucose, as well as a 

moderate increase in basal plasma glucose and an impaired glucose tolerance 

(Portha et a!., 1979).

A more severe model, developed by Bonner-Weir et ai. (1981) involved the 

injection of 2 day old neonates with 90mg/kg STZ. These animals show similar 

defects to the earlier model, but with a more marked basal hyperglycaemia. A 

selective defect in glucose stimulated insulin release and of B-cell function, in
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addition to the decreased R-cell mass, was reported for this model (Weir et a!., 

1981). Further studies have indicated an impaired insulin action and have 

suggested that there is a peripheral insulin resistance which is secondary to the 

insulin deficiency, ie. that it is derived from a metabolic dysfunction rather than 

a primary cellular defect (Levy ataL, 1984; Fantus eta!., 1987). These results 

were in accordance with those reported for adult rats injected with STZ (eg. 

Kasuga at a!., 1978; Kobayashi & Olefsky, 1979). Both Kobayashi & Olefsky 

(1979) and Fantus at at. ( 1987) reported decreased adipocyte glucose transport 

in their models, and Karnieli at aL (1981) demonstrated a decrease in glucose 

transporter numbers in adipocytes from adult treated animals; these findings 

could explain the observed insulin resistance.

The progression of the neonatal STZ injected rat model, with peripheral insulin 

resistance preceeding hyperglycaemia (Weir at aL, 1981), along with the ease 

of producing and maintaining the model and the reported perturbations of 

glucose transport, made this an attractive model to investigate. However, 

although the effects on B-cell function in these animals seems consistent, some 

groups have failed to find insulin resistance (eg. Kergoat at aL, 1985).

As we were interested in the early stages of peripheral insulin resistance and 

the mechanisms underlying its development, we decided to investigate the less 

severe model developed by Forth a at aL (1979), to determine whether insulin 

resistance was induced by partial R-cell insult and, if so, to investigate the role 

of glucose transport and transporters in this development.
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2.1.1.2 High-fat fed rat model

As early as 1934, Himsworth demonstrated that the reduced glucose tolerance 

observed in response to a diet high in fat was related to a reduction in the 

sensitivity to the action of insulin. Typical Western diets consist of more than 

40%  of calories as fat (see Susini & Lavau, 1978), and this high fat intake is 

considered a major contributor to a number of disease states such as type II 

diabetes and obesity (Storlien et aL, 1986). The use of high fat diets in 

experimental animals has therefore become a useful model for in vivo and in 

vitro experiments. A number of studies have shown decreased insulin stimulated 

glucose metabolism and uptake in skeletal muscles (eg. Grundleger & Thenen, 

1982; Susini & Lavau, 1978; Storlien at a!., 1986; Kraegen at a!., 1986) and 

in brown and white adipose tissue (eg. Lavau at ai., 1979; Ip at a!., 1976; 

Hissin at ai., 1982; Salans at a!., 1981 ; Storlien at a!., 1986) as well as whole 

body insulin resistance (Storlien at ai., 1986; Kraegen at ai., 1986).

The precise mechanisms underlying this insulin resistance and reduced glucose 

metabolism remains unclear. The 'glucose-fatty acid cycle' proposed by Randle 

at ai. ( 1963) provided a possible explanation, suggesting that increased supply 

and oxidation of fatty acids and ketone bodies inhibits glucose oxidation and 

glycolysis. However, it has been demonstrated that an acute increase in plasma 

NEFA level, although inhibiting pyruvate dehydrogenase in liver and peripheral 

tissues, does not consistently impair whole body glucose utilisation during 

physiological hyperinsulinaemia (Kruszynska at ai., 1990; Jenkins at ai., 1988). 

Also, the fatty acid composition of diet has been demonstrated to influence
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insulin sensitivity, substitution of fish oil into otherwise highly saturated diets 

preventing the development of insulin resistance (Storlien et a!., 1987; 1991). 

These results therefore suggest that mechanisms other than simple competition 

for oxidative metabolism must be important.

With a high proportion of fat in the Western diet, the prevalence of insulin 

resistance, and the peripheral insulin resistance reported to be caused by high 

fat diets, the high-fat fed rat was considered an attractive model to investigate 

the possible causative mechanisms involved in the development of whole body 

insulin resistance. The composition of the diet is very important in this model. 

We chose a diet shown previously to induce whole body insulin resistance 

(Storlien et el., 1986) but which was not too dissimilar to Western diets. Most 

previous studies used ad libitum fed rats. However, we decided to study 20  

hour fasted animals to ascertain chronic effects of high fat feeding and to 

negate any short term influences such as possible differences in feeding 

patterns. In ad libitum fed rats on a high-fat/low-carbohydrate diet, low glucose 

and insulin levels would be expected, which could have short term effects on 

the variables being studied. Thus, by studying 20 hour fasted animals, we could 

investigate the mechanisms of insulin resistance independently of any short 

term effects of circulating glucose, insulin or NEFA levels.
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2 .1 .2  Oral glucose tolerance tests

To assess the response to an oral glucose load blood glucose and plasma 

insulin concentrations were measured following oral glucose intake. The levels 

of these two variables depend upon several factors. The initial phase of the 

glucose curve depends on the glucose load, the absorption of glucose from the 

gut and the rapidity and amount of insulin secretion, since an early insulin 

response is important in suppressing hepatic glucose output (HGO) by 80-90% . 

The latter part of the curve depends upon the sensitivity and responsiveness of 

the R-cell to glucose and gut peptides, insulin clearance by the liver and also on 

the sensitivity of peripheral tissues (ie. muscle and adipose tissue) to insulin.

The OGTT curve is therefore sensitive to abnormalities in both insulin secretion 

and insulin action. However, these two factors are related to and dependent 

upon each other, so an abnormal OGTT response is not easy to interpret. 

Abnormalities in one of these variables will affect the other, eg. if the early 

insulin response is blunted, the blood glucose levels will remain elevated due to 

a decreased uptake in insulin responsive tissues and continued HGO. This 

elevated glucose will in turn continue to stimulate the R-cell to release insulin 

and hence insulin levels will remain elevated. Therefore, care must be taken in 

interpreting abnormal OGTT results.
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2 .1 .3  Euglycaemic-hyperinsulinaemic glucose clamp

The glucose clamp technique (DeFronzo et a!., 1979) first allowed a 

quantitative measure of whole body insulin sensitivity. Previous methods had 

allowed only a qualitative or less accurate quantitative assessment of insulin 

action in vivo. The ability to assign a quantitative value to the overall insulin 

sensitivity of an individual is important in many ways. It allows for the accurate 

diagnosis of insulin resistance and the monitoring of this index in the 

progression of disease states. It allows a comparison between individuals and 

a measure of the efficacy of treatment on insulin resistance. It also facilitates 

assessment of the relative importance of decreased insulin sensitivity in the 

pathogenesis of glucose intolerance and as a predictor of future metabolic 

pathologies. Quantitation of insulin sensitivity allows a direct quantitative 

comparison of the effect of different cellular defects to insulin resistance and 

an appraisal of the insulin resistance invoked in animal models, where cellular 

defects may be caused or sought.

The euglycaemic-hyperinsulinaemic glucose clamp involves the infusion of 

insulin at a constant rate in order to attain a stable concentration. Normally, this 

would cause a fall in blood glucose due to increased peripheral uptake and 

decreased hepatic glucose output (HGO). However, by infusing glucose 

intravenously at a variable rate and assaying the blood glucose level, this can 

be maintained at a target concentration, usually the basal value. With blood 

glucose levels constant, endogenous insulin secretion barely changes and a 

constant hyperinsulinaemia is attained. Somatostatin can be infused

78



simultaneously to suppress any endogenous insulin secretion. When the steady 

state is reached, at a constant hyperinsulinaemia, the rate that glucose needs 

to be infused to maintain an unchanged blood glucose level will be constant, 

and this rate is a measure of the insulin sensitivity.

Insulin sensitivity is generally defined as the rate of glucose infusion required 

to maintain blood glucose levels during insulin infusion in the steady state, 

termed M (DeFronzo et aL, 1979) normalised to body weight. However, care 

must be taken in direct comparisons of the values obtained under different 

conditions (see Ader & Bergman, 1987). Insulin clearance may vary in 

individuals and so, therefore, will the level of insulinaemia achieved with the 

constant infusion of insulin. The glucose level at which the clamp is performed 

will affect results and it is necessary to match blood glucose levels before 

beginning the clamp; however, using insulin to do this may affect insulin 

sensitivity. The timing of the point at which steady state is achieved may also 

raise problems. Finally, at steady state, the rate of glucose disappearance (Rd) 

is a measure of glucose uptake by insulin dependent and insulin independent 

tissues. The contribution of these two components can be very different in 

glucose intolerant subjects and this can lead to an underestimate of the degree 

of insulin resistance (see Ader & Bergman, 1987).
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2 .1 .4  Glucose turnover

Glucose turnover (utilisation and HGO) was measured using an isotope dilution 

method (see Ader & Bergman, 1987). The 'glucose pool' of the body is labelled 

in the basal state with a primer injection followed by steady infusion of 3-[^H]- 

glucose until steady state is achieved.

In the basal steady state the infused tracer is diluted only by endogenous 

glucose production; hence the ratio of labelled to unlabelled glucose in plasma 

is equal to the ratio of their entry into the glucose pool. Therefore, in the basal 

steady state: Rd = HGO = tracer infusion rate (dpm/min)/blood glucose specific 

activity (dpm/mg). In the basal state approximately 75%  of glucose uptake is 

by insulin independent tissues.

After infusion of insulin and glucose during the clamp, there is a decrease in 

HGO along with the increased glucose utilisation. Once steady state has been 

achieved though, the glucose utilisation can be calculated as before where 

glucose appearance (Ra) is equal to glucose disappearance: Ra = Rd = Tracer 

infusion rate/Blood glucose specific activity. The rate of glucose appearance 

(Ra) is due to both HGO and the glucose infusion, therefore: HGO = Rd - G 

infusion.

In the non-steady state, glucose turnover can be calculated using the Steele 

equations (Steele, 1959).
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2.2 Methodology

2.2.1 Animals

2.2.1.1 Neonatal streptozotocin (STZ) injected rats

Pregnant inbred Ludwig-Wistar rats were obtained from Harlan Olac Ltd. 

(Bicester, Oxon, U.K.). On the day of birth the neonate rats were weighed and 

injected intraperitoneally with streptozotocin (dissolved in 0 .05M  citrate buffer, 

pH4.5) at a dose of lOOmg/kg body weight. Control litters were injected with 

a similar volume of citrate buffer. Rats were weighed twice a week and handled 

regularly to acclimatise them to experimental conditions. Animals were weaned 

onto standard chow after 3 weeks and fed ad libitum until required. Male rats 

were used in all experiments.

Weight gain of the two groups of rats is summarised in Fig 2.1. STZ injected 

rats gained weight slightly, but significantly less rapidly than the control animals 

after injection.

2.2.1.2 High-fat fed rat

Syngeneic male Ludwig-Wistar rats weighing 80-1 OOg (Harlan Olac Ltd.) were 

randomised into two groups that were maintained on either; 1) a high fat diet 

providing 55%  of calorific intake as fat (primarily lard), 24%  from carbohydrate 

and 21%  from protein, or 2) a control diet, providing 10%  of energy as fat, 

69%  from carbohydrate and 21 % from protein. The composition of the diets, 

summarised in Table 2.1, was similar to that reported to induce insulin 

resistance in rats by Storlien et ai. (1986). Diets were provided by Special Diet
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Fig 2.1 Neonatal streptozotocin 
injected rats
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Services (Witham, U.K.). Animals were housed in a temperature-controlled room 

on a 12 hour light-dark cycle and a pair feeding regimen was employed to 

ensure equivalent energy intake in the two groups. Food was weighed out each 

day and the food left from the previous day was collected and weighed and the 

calorific intake of each animal calculated (Fig 2.2b). The food allowance of each 

rat was then modified on the next day to take account of the previous intake 

of the paired rat of each group.

Animals were weighed daily to confirm that weight gain in the two groups was 

similar (Fig 2.2a). Studies were performed after 4-5 weeks on the experimental 

diets, at which time the rats weighed around 250g. All studies were conducted 

on 20 hour fasted animals.

2 .2 .2  Oral glucose tolerance test

Oral glucose tolerance tests were performed on 20 hour fasted experimental 

animals, treated as described in the preceding sections. For at least 4 weeks 

before the experiments animals were routinely weighed and handled to 

acclimatise them to experimental conditions and to minimise stress levels. 

Polyethylene cannulae (Bard-I-Cath, Bard International, Sunderland, U.K.) were 

inserted into the left external jugular vein of rats under ether anaesthesia 20 

hours before the study. The cannulae were tunnelled subcutaneously, emerging 

from the backs of the animals and secured in position. Animals were allowed 

to recover from the anaesthesia and kept in individual cages with free access 

to water but not food. Studies were performed on unanaesthetized, unrestrained
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Table 2.1 Composition of high-fat 
and control diets

(g/kg diet)

Ingredient High fat diet Control diet

Lard 339 41

Cornflour 169 448

Icing sugar 85 219

Casein 284 188

Methionine 3 2

Gelatine 19 14

W heatbran 51 38

Vitamin mix 50 50

Energy content 

(MJ/kg)

22 2 15

1
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Fig 2.2 High-fat and control fed rats
(a) Animal weight gain
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animals on the following day.

Two basal 200//I blood samples were taken at 15 minute intervals at the 

beginning of the OGTT, for fasting blood glucose and plasma insulin 

concentrations. At time 0, 400m g of glucose was administered orally (0.8ml of 

a 50%  (w/v) dextrose solution) through a 1 ml syringe, which the rats consumed 

with normal drinking behaviour. Blood samples (200//I) were taken from the 

indwelling cannulae at 5, 10, 15, 20, 30, 45, 60 and 90 minutes and replaced 

with an equal volume of 0 .1 5M NaCI. Blood glucose was immediately measured 

by the glucose oxidase method using a Yellow Springs YSI Glucose analyser 

(Clandon Scientific, London, U.K.). Plasma was separated by centrifugation of 

whole blood at 10OOOxg for 1 minute in a MSE microcentaur microfuge and 

stored at -4 0 °C for insulin determination (Section 3.6).

2.2.3 Euglycaemic-hyperinsulinaemic glucose clamp

Euglycaemic-hyperinsulinaemic glucose clamp studies were performed on 

animals fasted for 20 hours. They were weighed regularly weighed and handled 

to acclimatise them to experimental conditions and to minimise stress levels 

during the experimental procedure. Polyethylene cannulae (Bard-I-Cath) were 

inserted into the left femoral and left jugular vein, positioned to emerge through 

the skin on the back of the animal and held in position. Cannulation of rats was 

performed 20 hours prior to study, under ether anaesthetic, and food removed 

after cannulation. Animals had free access to water.

Basal glucose turnover was measured using a primed infusion of 3-^H-glucose,
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diluted in HjO, with a primer injection of 3jjC\ and an infusion rate of 

0.03/yCi/min for 60 minutes. Blood samples ( 1 50//I) were taken from the femoral 

venous cannula at 50, 55 and 60 minutes for determination of plasma glucose 

concentration and specific activity. Infusion of 3-^H-glucose was continued 

throughout the clamp at a rate of 0 .1 2//Ci/min. Blood samples (150//I) were 

taken for plasma insulin and glucose specific activity for the calculation of 

clamp glucose turnover at 140 and 150 minutes and replaced with an 

equivalent volume of 0 .1 5M NaCI. For determination of glucose specific activity, 

samples were deproteinised with BalOHjg/ZnSO^ as described by Somogyi 

(1945). Glucose turnover was calculated from the ratio of tracer infusion rate 

(d.p.m./min) to the plasma glucose specific activity.

For the euglycaemic-hyperinsulinaemic clamp soluble insulin, (Actrapid, Novo, 

Bagsvaerd, Denmark) diluted in haemaccel plasma replacement (Polygeline), was 

infused at a rate of 75mU/h, starting at the end of the 60 minute period for 

basal glucose turnover measurement and continued for 2 hours through one 

limb of a double lumen cannula (Miles, Stoke Poges, U.K.) connected to the 

indwelling jugular veinous cannula. Blood samples (30//I) were taken every 5-10  

minutes from the femoral cannula and the blood glucose level monitored, using 

a YSI Yellow Springs glucose analyser, and maintained at 4.0m M  by a variable 

infusion of 50%  (w/v) glucose through the other limb of the double lumen 

cannula. Blood samples were taken for insulin measurements at 0, 90 and 120  

minutes.

Steady state was generally obtained after 90 minutes and the insulin
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sensitivity was measured as the glucose requirement to maintain the blood 

glucose level at 4.0m M  between 90 and 120 minutes.

2.3 Results

2.3.1 Neonatal streptozotocin injected rats

2.3.1.1 Oral glucose tolerance tests

Control of blood glucose levels in the experimental animals after an oral 

glucose load was determined using the oral glucose tolerance test (OGTT), as 

described above.

Blood glucose levels in the neonatally streptozotocin (STZ) injected and control 

animals after a 400mg oral glucose load are shown in Fig 2.2(a). Plasma insulin 

levels over the same time course are summarised in Fig 2.2(b). Fasting blood 

glucose and plasma insulin levels were similar in both groups of rats. After a 

400mg oral glucose load, the mean blood glucose levels of the controls rose to 

a peak value of 7.1 mM at 15 minutes and then fell back to near basal levels by 

90 minutes. The glucose levels in the neonatally STZ injected rats rose slightly 

more rapidly and continued rising to a peak level of 11 .3mM at 30 minutes. The 

level remained elevated at 90 minutes after the oral glucose load. The area 

beneath the 90 minute glucose curve was significantly greater in the treated 

animals, (controls, 7 .92  ±  0.24mmol/l/1 !6h; STZ treated, 12.66 ±

0.77mmol/l/1 Vah; p < 0 .0 0 1 ), indicating marked glucose intolerance. At least 

part of the reason for this decreased glucose tolerance can be seen by the very

88



Fig 2.3 Oral glucose tolerance test
(a) Blood glucose levels
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Results expressed as m ean± SEM (n=6)
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low plasma insulin response in the treated animals, with a peak insulin 

concentration of 1.45/yg/l at 30 minutes compared to 5.73/;g/l at 20 minutes 

in control rats, and a significantly lower area beneath the plasma insulin curve 

(controls, 3 .0 9 ±  0.6/yg/l/1 Yah; STZ treated, 1 .3 9 ±  0.14//g /l/1 !&h; p < 0 .0 2 ),  

probably due to the toxicity of STZ to the R-cells. Plasma insulin levels remained 

slightly elevated after 90 minutes in the treated animals, probably due to 

continued stimulation of the pancreas by the high blood glucose levels, although 

a reduced insulin clearance might also have been a factor.

2.3.1.2 Euglycaemic-hyperinsulinaemic glucose clamp

Insulin sensitivity of STZ injected rats, determined using the glucose clamp 

procedure (Section 2 .2 .3 ), was found not to be significantly different from 

control animals under steady state conditions. Basal glucose concentrations 

were similar in both groups of animals and were successfully maintained at 

4.0m M  during the clamp. The glucose infusion rate required to maintain blood 

glucose at 4.0m M  in the steady state was not different between the two groups 

(STZ injected rats: 181 .2 ±  4.5/ymol/min./kg n = 4; Control rats: 179.1 ±  

4.3//mol/min./kg n = 7) indicating the absence insulin resistance in these 

animals.
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2 .3 .2  High-fat fed rats

2.3.2.1 Oral glucose tolerance test

Oral glucose tolerance tests were performed on 7 rats fed on the high-fat diet 

and 7 rats on the control diet. The blood glucose and plasma insulin response 

to a 400mg oral glucose load is shown in Fig 2.3 . After 4 weeks on the 

experimental diets fasting blood glucose (controls, 3 .9  ±  0.1 mM; fat-fed, 4.1 ±  

0.1 mM) and plasma insulin levels (controls, 1 .8 ±  0.3yt/g/l; fat-fed, 2 .0  ±  

0.3/yg/l) were similar in both groups of rats. After 400m g oral glucose the peak 

blood glucose was at 30 minutes in rats fed the high-fat diet and at 15 minutes 

in the control rats. Blood glucose levels in the high-fat fed animals remained 

elevated above those of control animals up to 1 2 0  minutes, resulting in a 

significantly greater area beneath the two hour blood glucose curve (controls, 

10.87 ±  0.30mm ol/l/2h; fat fed, 1 1 .7 4 ±  0 .1 9mmol/l/2h, p < 0.05); therefore 

the highfat fed animals showed a mild glucose intolerance.

The early insulin response to the oral glucose load appeared blunted in the rats 

fed a high-fat diet, with plasma insulin levels rising at a slower rate, and peaking 

later (25mins vs 5mins) and at a lower value {b.8jjg/\ vs 7.7jjg/\). However, 

plasma insulin levels tended to be higher at later time points in the high-fat fed 

animals, and there was a slightly greater area under the two hour insulin curve 

(control, 6 .33  ±  0.65//g /l/2h; 8 .29  ±  0.5//g /l/2h, p = 0 .08 ). This was probably 

due, at least partly, to continued stimulation of the B-cell by the raised glucose 

levels, although ther may also have been a decreased metabolic clearance of 

insulin.
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Fig 2.4 Oral glucose tolerance test
(a) Blood glucose levels
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2 .3 .2 .2  Euglycaemic-hyperinsulinaemic glucose clamp

Insulin sensitivity in vivo in both groups of rats was assessed using the 

glucose clamp technique in combination with infusion of 3-[^H]-glucose to 

measure rates of glucose turnover, as described in Section 2 .2 .3 .

Results obtained under basal conditions and during the last 30 minutes of the 

clamp under steady state conditions are summarised in Table 2.2 . Basal glucose 

turnover and HGO were similar in the two groups of rats. During the clamp 

studies, blood glucose concentrations were successfully maintained at 4.0m M  

in both groups and were not significantly different between the two groups.

Plasma insulin levels during the last 30 minutes of the clamp were significantly 

higher in the rats fed the high-fat diet than in those fed the control diet (control, 

1 0 0 ±  7 mU/l; fat fed, 1 53 ±  18 mU/l, p < 0 .0 5 ) indicating a 34%  reduction in 

insulin metabolic clearance rate or a lack of suppression of pancreatic insulin 

output. During infusion of insulin, glucose turnover was increased nearly 5-fold 

in the control animals. In the high-fat fed rats, glucose turnover was not 

increased to the same extent and was 37%  lower than in the control group 

(Table 2 .2 , p < 0 .0 0 1 ). There was a similar 37%  reduction in the amount of 

glucose needed to maintain blood glucose at 4.0m M  indicating whole body 

insulin resistance. Hepatic glucose output during the clamp was suppressed in 

both groups of rats and was not significantly different between the two groups.
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Table 2.2 E uglycaem ic-hyperinsu linaem ic  c lam p data
B a s a i

Control Fat fed Control Fat fed

n
1

7 7 5 5

Plasma glucose (mmol/l) 1 6 .2±  0.3 6 .3 ±  0.3 6 .4±  0.2 6 .4 ±  0.2

Plasma insulin (mU'l) - - 100± 7 153± 18*

3-3H-glucose Ra 

(pmol/min/kg)

40±  2 41 ±  4 192± 12 121±  7 * * *

Glucose infusion rate 

(pmol/mm.^kg)

- - 184± 15 116± 7**

Hepatic glucose output 

(jumol/min/kg)

40,2 ±  2 41 ±  4 8 ±  6 5 ±  10

Results expressed as m e a n z  SEM  
’  p < 0  05, * *  p < 0  005 . ’ * *  p <0 .00 1  vs control rats
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2 .4  Discussion

2 .4 .1  Neonatal STZ injected rats

In the STZ injected animals, there was a slight reduction in the rate of increase 

in body weight, but animals did not show any basal hyperglycaemia as adults. 

STZ injected rats showed marked intolerance to an oral glucose load, and a 

lower rate of removal of glucose from the blood. The main reason for this 

appears to be a highly blunted insulin release in response to oral glucose, 

indicating that the STZ was toxic to the R-cells and there was only limited 

regeneration. Glucose clamp studies showed no insulin resistance in this model, 

glucose infusion rates being the same as for controls under steady state 

conditions. Hence, it would appear that an insult to the R-cell and the resulting 

insulin deficiency does not per se lead to insulin resistance.

As previously mentioned, there have been mixed results from studies on the 

neonatal STZ injected rat model. Some groups reported peripheral insulin 

resistance (eg. Levy et a!., 1984) while others, like us, failed to find it (eg. 

Kergoat et aL, 1985). During our studies, Blondel et aL (1989) published the 

results of experiments designed to elucidate the reasons for these 

discrepencies. They investigated the effects of the timing of STZ injection, at 

day 0 and at 2 and 5 days after birth. Like us, they found no peripheral insulin 

resistance in rats injected on day 0 or 2. Only those injected on day 5 showed 

such resistance. Thus, these results confirmed that insulin resistance does not 

necessarily result from insulin deficiency; however, they suggested that a 

degree of insulin deficiency is necessary to give a decrease in insulin action.
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Peripheral insulin action remained, even after a 50%  reduction in R-cell mass 

and loss of glucose induced insulin release, together with a mild 

hypoinsulinaemia and hyperglycaemia. However, with a more drastic R-cell 

destruction resulting in greater hypoinsulinaemia and hyperglycaemia, peripheral 

insulin resistance does develop. Further studies have shown that phlorizin 

treatment to correct hyperglycaemia prevented peripheral insulin resistance in 

the 5 day old STZ model, suggesting that hyperglycaemia per se can lead to 

insulin resistance.

The Blondel study (1989) showed some differences to previous reports. The 

model developed by Weir et aL (1981), with injection of neonates on day 2, 

showed peripheral insulin resistance, whereas that of Blondel etsL  did not. Our 

animals showed minor differences from the day 0 model of Blondel, showing 

slight weight loss and normal basal glycaemia. It is thought that these 

differences may be strain related, depending on the regeneration capacity of the 

R-cell after insult.

Our results, along with those of Blondel et aL (1989) and Kergoat et aL 

(1985), showing no insulin resistance in these animals, suggested that this is 

not an accurate model of type II diabetes or insulin resistance. Injection at an 

older age would create a more severe model that is closer to type I diabetes, R- 

cell destruction being the prime defect; there would be less regeneration of the 

R-cells creating complications with insulin secretion. Indeed, in parallel studies 

we found that rats injected with 80mg/kg STZ on day 3 after birth, to produce 

a more severe diabetes, became very sick and we were unable to conduct tests
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on them (results not shown). Due to the disappointing results (ie. no peripheral 

insulin resistance) this animal model was deemed unsuitable and was not 

pursued further.

2.4.2 High-fat fed rats

Rats fed a high-fat diet gained weight at the same rate as isocaloric control fed 

animals and showed no differences in adipocyte cell size or fat pad weight, 

indicating that, at least in the epididymal and perirenal fat deposits, there was 

no increased adiposity. This is in contrast to the results of Storlien et at. (1986); 

they used a similar diet composition, but with larger animals and a different 

strain of rat, and showed an increased whole body adipose tissue weight. Thus, 

it is possible that with a high-fat diet, increased adiposity and obesity are 

factors that occur more readily with increased age and body weight.

Basal glucose and insulin levels were not different in the two groups of 

animals. Oral glucose tolerance tests showed a mild glucose intolerance in rats 

fed a high-fat diet with a slight blunting of early insulin release and increased 

blood glucose levels. Early insulin release has been shown to be an important 

factor in insulin action (Bruce et aL, 1988); hence it is possible that this may 

play a role in the development of impaired glucose tolerance and insulin 

resistance.

There was also a tendency for insulin levels to remain higher in high-fat fed 

rats. This hyperinsulinaemia is generally attributed to increased insulin secretion 

secondary to insulin resistance (Ramirez et aL, 1990). However, since the liver
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removes a large (« 5 0 % ) and variable proportion of insulin in its first pass, 

peripheral insulin levels are difficult to interpret. Indeed, the euglycaemic- 

hyperinsulinaemic clamp data revealed a 34%  decrease in insulin metabolic 

clearance rate, which might contribute to the higher insulin levels. This 

contrasts with the reports of other groups (Kraegen eta!., 1986; Storlien etaL, 

1986). Insulin clearance is mediated through the insulin receptor; insulin binding 

to hepatocytes from fat fed animals has been reported to be reduced (Sun etaL, 

1977) and hepatocyte insulin degradation inhibited by increased NEFA 

availability (Svedberg et aL, 1990), findings which are in keeping with our 

results. Our results are also consistent with the good correlation shown 

between in vivo insulin action and insulin clearance (Nijs et ai., 1990).

Rats fed on a high-fat diet became insulin insensitive in comparison to control 

animals, to an extent similar in these 2 0  hour fasted rats to that reported 

previously in 5 hour fasted rats (Storlien et ai., 1986). At plasma insulin 

concentrations similar to those found in ad iibitum fed rats (Kruszynska et ai., 

1991 a), insulin stimulated whole body glucose utilisation was 37%  lower in fat 

fed rats. Hepatic glucose production (HGO) was completely suppressed in both 

groups of rats. This is in contrast to the impaired suppression of HGO found in 

high-fat fed rats by Storlien et ai. (1986). A possible explanation for this 

difference is that our studies were performed on rats fasted for 2 0  hours, when 

liver glycogen was virtually depleted in both groups of rats (Table 7.3), whereas 

Storlien et ai. used 5 hour fasted animals. This explanation is supported by the 

finding that an acute elevation of plasma NEFA results in an impaired
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suppression of HGO during clamps in rats with high liver glycogen levels, but 

not in fasted rats with low glycogen content (Kruszynska et al., 1991a).

Since little net glucose uptake by the liver would be expected at a blood 

glucose concentration of 4m M, and less than 10%  of infused glucose is 

deposited as liver glycogen during a euglycaemic clamp (Kruszynska at a/., 

1991 a), the reduction in glucose utilisation in fat fed rats implies an impairment 

of glucose uptake by peripheral tissues, particularly skeletal muscle (Kraegen at 

a/., 1985; Kruszynska at al., 1986).

Thus, the high-fat fed rat provides a model of whole body and peripheral tissue 

insulin resistance. It therefore provides a useful model to examine the 

mechanisms underlying the early stages in insulin resistance in individual 

tissues, with particular reference to the decreased glucose transport previously 

reported (Section 2 .1 .1 .2 ).
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CHAPTER 3 

GENERAL MATERIALS AND METHODS

Unless otherwise stated all chemicals were obtained from Sigma Chemical 

Company (Poole, Dorset, U.K.) or B.D.H. Chemicals (Poole, Dorset, U.K.).

3.1 Isolation of adipocytes

Adipocytes from rat epidydimal or perirenal fat pads, and from human omental 

fat were prepared by the method of Foley et al. (1980; adapted from Rodbell, 

1964) with some modifications for human tissue. All solutions were prepared 

using sterile distilled HgO. Stock 10%  bovine serum albumin (BSA: fraction V, 

Cat. no. A 4503, Sigma) was prepared as follows: BSA (50g) was dissolved in 

250ml of sterile distilled HgO at 4 °C . The solution was dialysed against 3 x 31 

of sterile HgO, and then filtered, first through Whatman 41 filter paper and then 

sterile-filtered through O.SyL/m pore size nylon filters. The pH of the BSA solution 

was adjusted to 7 .4  with 1M NaOH, the volume to 500ml with sterile HgO to 

give a 10% solution; the solution was then stored in 20-40m l aliquots at -20°C .

Adipose tissue was washed and dissected free from blood and connective 

tissue in lOmM HEPES buffer, pH7.4, containing 140mM NaCI, 2mM KgHPO^, 

0.5m M KH2 PO4 , 1.25mM IVIgSO^, 2.5m M CaClg, 5% BSA (HEPES/5% BSA
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buffer). The tissue was transferred to fresh buffer and finely minced, with sharp 

dissecting scissors, into pieces of approximately 2-4mm (human tissue was not 

minced to such small pieces (4-8mm) due to the larger cell size). Collagenase 

solution in HEPES/5% BSA buffer was added to 1 mg/ml and digestion of 

adipose tissue carried out in capped 50ml polypropylene centrifuge tubes, at an 

angle of 3 0 °  to the horizontal, in a shaking water bath at 3 7 °C , 120rpm, until 

digestion was complete. During digestion, the suspension was occasionally 

swirled gently to disperse clumps of cells and to aid digestion. Digestion was 

also checked by swirling the tubes gently. When the cells were dispersed with 

no clumping, and the suspension appeared creamy and flowed down the sides 

of the tubes evenly, digestion was deemed complete (usually 50-60 minutes for 

rat tissue, 60-80  minutes for human adipose tissue). The adipocytes were then 

diluted 2x in HEPES/5% BSA buffer and filtered through 250//m  pore size nylon 

mesh (Lockertex, Warrington, Cheshire, U.K.). Nylon mesh with a 400/ym pore 

size was used for filtering human fat cells. The cells were then washed 4x by 

suspending in HEPES/5% BSA buffer, and the cells were allowed to float to the 

top of the buffer; the infranatant was removed from beneath the cells using a 

syringe with a Wintrobe needle. For the final two washes, cells were brought 

to lOOOrpm in a Sorvall R3500 benchtop centrifuge and immediately braked. 

After the final wash, cells were resuspended in buffer to the lipocrit required.
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3.2 SDS/polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated by SDS-PAGE performed using 15cm x 10cm x 

0.15cm  vertical slab gels according to the protocol of Laemmli (1970). 

Electrophoresis was carried out using a Bio-Rad Protean II system. All reagents 

were of electrophoresis grade.

Slab gels were prepared with a 2cm stacking gel consisting of 3%  (w/v) 

acrylamide, 0 .8%  (w/v) bisacrylamide, 0 .1%  (w/v) SDS in 125m M Tris-HCI, 

pH 6 . 8 , polymerised with 0 .05%  (v/v) tetramethylethylenediamine (TEMED) and 

0.1 % (w/v) ammonium persulphate. Separating gels consisted of 10%  (w/v) 

acrylamide, 0 .27 %  (w/v) bisacrylamide, 0.1 % (w/v) SDS, 375m M  Tris-HCI, 

pH 8 . 8 , polymerised with 0.1 % (w/v) ammonium persulphate and 0 .016 %  (w/v) 

TEMED. Solutions were degassed prior to addition of SDS, ammonium 

persulphate and TEMED. Protein samples were solubilised in gel sample buffer 

to give final concentrations of 40mM Tris-HCI, pH 6 . 8 , 0 .8m M  EDTA, 0 .8%  

(w/v) SDS, 4mM DTT, 10% (w/v) glycerol, 0.1 5/yg/ml Pyronin Y. Samples were 

vortexed and stored at -2 0 °C  until use.

Electrophoresis was carried out with a reservoir buffer of 25m M Tris, 1 SOmM 

glycine, 0.1 % (w/v) SDS, pH8.3, on the Protean II vertical electrophoresis 

system using a Bio-Rad 1000 /500  power supply. Samples were electrophoresed 

at 25mA per gel during migration through the stacking gel and then at 35mA  

per gel during resolution in the separating gel until the tracking dye had 

migrated to the bottom of the gel and good separation of the prestained markers 

was achieved. Molecular weight markers were routinely loaded alongside the
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samples, either prestained (MW t. 14000-130000 , Bio-Rad), or as unstained low 

range markers (MW t. 17000-97400 , Bio-Rad) made up in gel sample buffer.

If gels were to be stained with Coomassie blue, protein was fixed by 

incubation overnight in 10% (v/v) acetic acid, 25%  (v/v) isopropanol. The gels 

were then transferred into 10%  (v/v) acetic acid, 25% (v/v) isopropanol, 

0 .0 2 5 %  (w/v) Coomassie Page blue 83 for 12 hours. Gels were initially 

destained by incubation in 10%  (v/v) acetic acid, 25%  (v/v) isopropanol, 

0 .0 0 2 5 %  (w/v) Coomassie Page blue 83 for 12 hours, followed by several 

changes of 10%  (v/v) acetic acid over a further 12 hours. Gels were 

photographed in the Dept, of Medical Illustration, Royal Free Hospital.

3.3 Western blotting and immunodetection of proteins

Proteins separated by SDS/PAGE as in Section 3 .2  were transferred to 

nitrocellulose essentially by the method of Towbin et al. (1979), using a LKB- 

Pharmacia Multiphor Novablot semi-dry electrophoresis transfer system.

Gels were removed from the electrophoresis plates, the stacking gel removed 

and the separating gel placed into 38mM glycine, 48mM Tris, 0 .0 375%  (w/v) 

SDS, 20%  (v/v) methanol (transfer buffer) for 20 minutes at room temperature 

to equilibrate. Each gel was then placed onto a sheet of 0.45//m  pore size 

nitrocellulose (Sartorius) cut to equal size and pre-wet in transfer buffer and 

then sandwiched between two stacks of equal size filter paper (each stack of 

4x3M M  Whatman paper) presoaked in transfer buffer, between the plates of the 

Novablot apparatus.
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Electrotransfer was carried out at a constant current of 1. 6 mA/cm^ of gel for 

1.25 hours at room temperature. Following transfer, the portion of nitrocellulose 

containing molecular weight markers was removed and the bands visualised by 

staining in 0 .1%  (w/v) amido black, 25% (v/v) isopropanol, 10%  (v/v) acetic 

acid, followed by destaining in 10%  (v/v) acetic acid. The remainder of the 

nitrocellulose was placed into 20mM Tris-HCI, 500m M NaCI, 0 .2 %  (v/v) Tween- 

20, pH7.5, (TTBS) and the gel stained with Coomassie blue, as described in 

Section 3 .2 , to check the efficiency of transfer.

Proteins immobilised on the nitrocellulose were immunodetected after first 

blocking the remaining protein binding sites by incubation with TTBS containing 

5% (w/v) low fat milk powder (Marvel), at room temperature for 1 hour. 

Blocking buffer was removed, the nitrocellulose rinsed in TTBS and transferred 

to a straight-sided 250ml Sterilin specimen bottle. The blots were then 

incubated overnight at room temperature on a spiral mixer with the primary 

antibody, either affinity-purified antibody at a concentration of 2.5//g/m l, or 

antiserum at a dilution of 1:200-800, in TTBS containing 1% milk powder.

Following extensive washing of the blots in TTBS, bound antibody was 

detected by incubation with [^^®I]-F(ab' ) 2  donkey anti-rabbit IgG (3.7MBq/ml, 

Amersham), diluted to 9.25Bq/ml in TTBS, 1% (w/v) milk powder, at room 

temperature for 2 hours. Excess second antibody was then removed and the 

nitrocellulose extensively washed with TTBS before allowing to air-dry. The 

nitrocellulose was mounted onto filter paper or card, wrapped in Saran-wrap and 

exposed to a sheet of Fuji RX X-ray film in an autoradiography cassette with a
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single intensifying screen at -7 0 °C  for between 4  hours and 7 days.

3.3.1 Quantitative Western Blotting

To determine the number of immunologically reactive glucose transporters in 

tissues it was necessary to set up a quantitative Western blotting procedure and 

to ascertain that the signal obtained from autoradiography was linear and 

proportional to the concentration of transporter present.

GLUT1:

Using protein-depleted human erythrocyte membranes prepared in Dr. S. 

Baldwin's laboratory, gel sample standards were prepared and a calibration 

curve of the GLUT1 glucose transporter was set up. GLUTl standards 

containing between 5-200ng glucose transporter were run on SDS/PAGE; 

Western blotting with a [’^®I]-F(ab' ) 2  anti-rabbit IgG detection system was used 

to examine the relationship between the amount of glucose transporter loaded 

onto the gel and the resulting signal.

The GLUTl standards were separated by electrophoresis as described in 

Section 3 .2 . After Western blotting onto nitrocellulose, and immunodetection 

of the glucose transporters with an anti-GLUTI C-terminal peptide antibody 

followed by an I^^®l]-F(ab' ) 2  anti-rabbit IgG and autoradiography, the glucose 

transporters were quantified in two ways. The density of the bands on the 

autoradiographs was determined by linear densitometry using a Chromoscan 3 

densitometer at 530nm and a calibration curve produced using the peak area of 

each band (arbitary units). Also, the radioactivity of each band was determined
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by aligning the autoradiograph over the nitrocellulose and, using it as a 

template, excising the radioactive bands. An equal area of nitrocellulose was cut 

for each band and two bands were taken from a blank part of the blot to serve 

as background controls. The pieces of nitrocellulose were placed into glass 

tubes and r-counted on a LKB RiaGamma counter.

An example of the calibration curve determined using the y-counting procedure 

is shown in Fig 3.1(a). The response was linear over the range from 0-200ng  

of G L U T l. A similar linear relationship was obtained when the autoradiography 

bands were measured densitometrically (Fig 3.1(b)). Thus, both detection 

methods gave similar results. Although the response curve shown only ranges 

between 0 - 2 0 0 ng, the response was found to be linear up to 1 //g of glucose 

transporter (results not shown).

GLUT4:

A similar method was used to assess the relationship between the 

concentration of GLUT4 glucose transporter and signal.

Low density microsomal (LDM) membranes were prepared from rat adipocytes 

as described in Section 5 .2 .2 , gel samples prepared and a calibration curve set 

up between 0-40//g membrane protein. An example of the radioactivity 

associated with the bands and the densitometer readings obtained from the 

autoradiographs are shown in Fig 3 .2 . The relationship was linear over the range 

0-40//g membrane protein for both methods of measurement. A similar linear 

relationship of GLUT4 content and autoradiograph signal was obtained using 0- 

200jjg rat muscle membranes (results not shown).

106



Fig 3.1 Quantitative Western blotting
(a) Relationship of GLUTl protein to 

density of banding on autoradiograph
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Fig 3.2 Quantitative Western blotting
(a) Relationship of GLUT4 protein to 

density of banding on autoradiograph
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The quantitative Western blotting procedure used for the GLUTl and GLUT4 

glucose transporters was a reproducible and simple way to compare the levels 

of each of these proteins in different membrane preparations. Following Western 

blotting, both the density of the band obtained on the autoradiograph and its 

radioactivity were linear in relation to the amount of protein loaded onto the gel. 

To facilitate direct comparison of the concentration of glucose transporters in 

samples separated on different gels, standard membrane preparations were 

loaded onto the gels, often at several concentrations.

3 .4  Protein assavs

3.4.1 Bradford protein assay 

Unless otherwise stated, protein concentrations were determined by the dye- 

binding method of Bradford (1976) using the Bio-Rad Coomassie blue dye 

concentrate. For the working solution, this concentrate was diluted 1:4 with 

HgO. Samples (10-30//I) were diluted to 100//I with 0 .1M  NaOH. Working 

solution (2ml) was added to 100//I of unknown sample or protein standards, 

vortexed and the absorbance at 595nm read after at least 5 minutes at room 

temperature. The coloured solution was stable at room temperature for at least 

30 minutes. The concentration of unknown samples was determined by 

comparison with the absorbance of a calibration curve using standards of 0 - 

50/yg of BSA.
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3 .4 .2  Lowry protein assay

The protein concentration of antisera and the different fractions obtained 

during antibody purifications, including purified antibodies was determined using 

the method of Lowry et a!. (1951). The solutions used were; Solution A: 2%  

(w/v) sodium carbonate in 0 .1 M sodium hydroxide; Solution B: 1 % (w/v) copper 

sulphate in HgO; Solution B': 2%  (w/v) sodium/potassium tartrate in HgO. 

Working solutions for the assay were; Solution C: 40ml solution A, containing 

0 .5 %  (w/v) SDS, to which 0.4ml solution B and 0.4m l solution B' had been 

sequentially added; Solution D: a 1:1 dilution of Folin's phenol reagent with 

HgO. Solution C (1 ml) was added to 200/vl of unknown sample or protein 

standard, vortexed and incubated for 2 0  minutes at room temperature, after 

which 100)L/l of solution D was added to each sample, immediately vortexed and 

incubated for a further 30 minutes at room temperature. The absorbance at 

750nm of the resulting solutions was read and the protein concentrations of the 

unknown samples determined by comparison with a calibration curve prepared 

using 0-50//g BSA.

3.5 Thiol assay

Sulphydryl groups were assayed by an adaptation of the method of Ellman 

(1959), using 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB). This reacts with 

sulphydryl compounds to yield a mixed disulphide and the bright yellow  

thionitrobenzoate anion, the production of which can be followed at 412nm. 

The samples (containing approximately 50nmol thiol group) or HgO blanks were
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added to glass tubes containing 67//I 10mM DTNB and 600//I sodium phosphate 

buffer, pH7.5, and the volumes made to 1 ml with HgO. The tubes were mixed, 

incubated at room temperature for 10 minutes and the absorbance at 412nm  

measured. The concentration of free thiol groups was calculated given the molar 

extinction coefficient of thionitrobenzoate of 14100M'^cm \

3.6 Insulin assay

Rat serum insulin levels were determined using a radioimmunoassay (RIA) kit 

(Novo Biolabs, Bagsvaerd, Denmark). The assay involved incubation of sample 

or insulin standard with anti-insulin antibody, such that the amount of unbound 

antibody was inversely proportional to the initial insulin concentration. ^̂ ®l- 

insulin was then introduced to the assay and was bound by the free antibody 

from the first stage. Thus, the amount of ^^^l-insulin-antibody complex was 

inversely proportional to the initial sample insulin concentration while the 

amount of free ^^^l-insulin was directly proportional. Free ^^®l-insulin was then 

separated from the bound ^^^l-insulin by precipitation of the insulin-antibody 

complex with ethanol.

Buffer solutions used in the assay were FAM, a 0 .04M  phosphate buffer, 

pH7.4, containing 0.1 % (w/v) BSA and 0 .0 24%  (w/v) sodium merthiolate; and 

NaFAM containing 0 .6%  (w/v) NaCI and 6 % (w/v) BSA in FAM. Serum samples 

were obtained by centrifuging whole blood in heparinized microfuge tubes at 

10OOOxg for one minute. Serum was removed, placed into clean tubes, capped 

and stored at 4 0 °C  until assayed.
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Rat insulin standards and serum samples were diluted as required in NaFAM. 

Insulin standard (50//I, 0-4ng/ml) or unknown sample was aliquotted into LP4 

assay tubes on ice and 50//I of antiserum (1 :18000  dilution of anti-porcine 

insulin guinea pig serum) added to each tube. The tubes were mixed and 

incubated for 20 -24  hours at 4 °C . ^^^l-labelled porcine insulin (50/yl) was then 

added to the tubes followed by mixing and incubation for 4 hours at 4 °C . To 

stop the reaction and precipitate out the bound ^^®l-insulin, 0.8m l of 95%  

ethanol was added to the assay tubes, still maintained at 4 °C , which were then 

vortexed and the suspension centrifuged at 2000xg for 10 minutes. The 

supernatant was transferred to a clean tube and radioactivity (̂ ®̂l) counted for 

10 minutes on an LKB riagamma counter. The insulin concentrations of 

unknown samples were determined from a standard curve.

3 .7  Centrifugal cytochalasin B binding assay

Cytochalasin Bis a fungal metabolite which binds to the mammalian glucose 

transporters in a D-glucose but not L-glucose inhibitable manner. Cytochalasin 

B also binds to actin and other cellular and membrane proteins; this binding is 

inhibitable by dihydrocytochalasin B and cytochalasin E, thus in binding assays 

an excess of cytochalasin E was included to inhibit binding to these other 

proteins. Binding measurements were made in the presence and absence of a 

saturating concentration (500m M) of D-glucose to correct for non-specific 

binding of cytochalasin B to the membranes. The centrifugal cytochalasin B 

binding assay is used in situations where the number of binding sites is low,
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and separates bound cytochalasin B from free ligand by pelleting the membrane 

bound cytochalasin B. To calculate trapped unbound ligand in the pellet, [^^C]- 

urea was included in the incubation mixture.

Cytochalasin B was dried down over P2 O5  in vacuo overnight, and dissolved 

in ethanol to a final concentration of 200/yM. The molarity was checked by 

measurement of the absorbance at 2 0 0 nm, given the molar extinction 

coefficient of cytochalasin B of 25 000 M ‘^cm \  A 10//M [^H]-cytochalasin B 

stock solution was prepared by drying down under a stream of nitrogen 1 0 nmol 

of unlabelled cytochalasin B (50//I), as prepared above, and lOnmol of [^H]- 

cytochalasin B (13.5Ci/mmol; NEN, DuPont, Wilmington, U.S.A.) in a glass 

tube. The cytochalasin B was redissolved in 40//I ethanol and diluted to 10/yM 

with 1.96ml millipore filtered, milli-Q HgO. The concentration of the solution was 

checked by measurement of the absorbance at 21 Onm and the solution scanned 

from 200-300nm  to check that the curve was smooth and peak free. A 1:1 mix 

of this [^H]-cytochalasin B solution with [^"^C]-urea (32//Ci/ml, NEN) in 2x 

concentrated 20mM Tris-HCI, Im M  EDTA, 255m M  sucrose, pH7.4, (TES) was 

prepared for dilution into the binding assay. This cytochalasin B:urea mix was 

diluted in TES to give 4 concentrations of cytochalasin B; 0 .25 //M , 0 .5 //M , 1/yM 

and 2//M , thus giving final concentrations in the assay of 4 1 .67nM , 83.33nM , 

166.67nM  and 333.33nM  cytochalasin B to construct a Scatchard plot 

(Scatchard 1949). Binding was assayed in duplicate in the presence or absence 

of 500m M D-glucose at each concentration, in 0.2m l cellulose propionate micro

ultracentrifuge tubes (Beckman).
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A 10//I aliquot of the appropriate cytochalasin B concentration was placed into 

each assay tube on a bed of ice. Membranes in TES to be assayed were 

incubated with 4 .63 //M  cytochalasin E and in the presence or absence of 

0 .598 M  D-glucose in TES, prior to pipetting 50//I of the appropriate suspension 

into each of the assay tubes. Tubes were vortexed and incubated on ice for 60  

minutes, after which the membranes were pelleted by centrifugation at 

IBSOOOxg for 1 hour at 4 °C , in a Beckman TL-100 bench-top ultracentrifuge. 

A 25/yl sample was taken from the supernatant of each tube and transferred to 

a mini scintillation vial containing 4ml of scintillation fluid and counted for dual 

isotopes (^^C/^H) on a Beckman scintillation counter.

The remainder of the supernatant was drawn off and discarded, and 50//I 

0.2M  NaOH added to the pellet, which was vortexed and incubated covered at 

60 °C , for 1 hour. After incubation, tubes were vortexed again and placed into 

mini scintillation vials containing 4ml scintillation fluid, mixed vigorously and 

counted on a Beckman scintillation counter for dual label. Blank samples 

containing only [^"^Cl-urea or [^H]-cytochalasin B were also prepared for 

calculation of isotope crossover and specific activity. Data was calculated by 

Scatchard analysis and dissociation constants and binding site concentrations 

determined by radial subtraction of the curve obtained in the presence of D- 

glucose from that obtained in its absence, by use of the LINEAR computer 

program.
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3.8 Marker enzyme assavs

3.8.1 5'nucleotidase

5'nucleotidase activity was determined by an adaptation of the method of 

Avruch & Hoelzl-Wallach (1971), measuring the production of [^^C]-adenosine 

from [^^C]-adenosine-5'-monophosphate ([^^C]-5'AMP). Separation of substrate 

and product was by precipitation of the [’"^CJ-B'AMP with ice cold ZnSO^ and 

Ba(0 H)2 , followed by centrifugation. Each sample was assayed in triplicate.

Samples (25/yl) were pipetted into LP4 assay tubes on ice. The reaction was 

started by addition to the samples of 275//I of assay mix, to give final 

concentrations of 50mM Tris-HCI, pHS.O, 0 .1 8mM MgClj, 0 .05M  2 '3 'A M P, 1 % 

(v/v) Triton X -100, 0.4m M  5'AM P (0.02)t/Ci/ml, NEN). The mixture was 

vortexed gently, and incubated at 3 7 °C with gentle agitation for 60 minutes. 

The reaction was stopped by placing the tubes onto ice and adding 250//I ice- 

cold 0 .1 5M ZnSO^, followed by 250//I 0 .1 5M Ba(0 H)2 , to precipitate AMP. The 

mixture was kept on ice for 5 minutes and then centrifuged at 1200xg for 10 

minutes at 4 °C . A 600//I aliquot of the supernatant was taken, placed into 10ml 

scintillation fluid in vials and counted for [’^C] for 10 minutes. Blank samples, 

substituting H2 O for the membranes, and total counts, replacing the ZnSO^ and 

Ba(0 H ) 2  with H 2 O, were included in each assay and the >t/mol adenosine 

formed/hour/mg protein was calculated from the specific activity of the [^^C]- 

5'AMP. 2 '3 'A M P  was included in the assay mix to inhibit non-specific 

phosphatase activity.
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3.8.2 Uridine diphosphate (UDP)-gaiactose: N-acetylglucosamine galactosyl 

transferase

The activity of galactosyltransferase was determined by a modification of the 

method of Fleischer ( 1974), measuring the transfer of [^^C]-galactose from UDP- 

[^"^Cl-gaiactose to N-acetylglucosamine (NAG), to form I^'*C]-acetyllactosamine. 

The acetyllactosamine was separated from the negatively charged UDP-[^^C]- 

galactose by anion exchange chromatography, with unreacted UDP-t^'^C]- 

galactose remaining bound to the column, whilst the [^'^Cj-acetyllactosamine 

formed in the reaction was eluted. Each sample was assayed in duplicate with 

NAG and with a blank, substituting HgO for NAG.

Sample (25//I) was pipetted into microfuge tubes on ice and the reaction 

started by addition of 50//I assay mix containing 2mM UDP-I^'^Cl-galactose 

(0.25//C i/m l, Amersham), 20mM DTT, 20mM IVInClg, 1% (v/v) Triton X -100, 

0 .2%  (w/v) BSA in 5mM MBS buffer, pH6.5, in the presence or absence of 

50mM NAG. The mixture was vortexed gently and incubated at 3 7 °C  for 3 

hours with gentle agitation. The reaction was stopped by addition of 50//I of 

0.2M  EDTA, pH7.2; the tubes were then placed onto ice. Water (500//I) was 

added and the mixture added to a Dowex 2X-8 Cl anion exchange column 

equilibrated with HgO (packed to 0.6ml in a 1 ml syringe plugged with glass 

wool). Microfuge tubes were washed with 2x500//l HgO and all washings 

passed through the columns. All eluant was collected into scintillation vials, 

10ml scintillation fluid was added and samples counted for on a Philips 

scintillation counter. Blank samples were included by incubating without
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membranes, while total counts were measured by placing the assay mix and 

washings directly into a vial.

Galactosyltransferase activity was determined by the difference in radioactivity 

between samples incubated with NAG and the same samples incubated in the 

absence of NAG.

3 .8 .3  Citrate synthase assay

The activity of citrate synthase was determined using the method of Coore et 

al. (1971), by measuring the free thiol groups on the coenzyme A (CoA) 

released by the activity of citrate synthase on acetyl-coenzyme A (acetyl CoA) 

and oxaloacetic acid (OAA). Sulphydryl groups were assayed using 5 ,5 '- 

dithiobis(2-nitrobenzoic acid) (DTNB), as described in Section 3.5.

Sample (10//I) was added to 1 ml solution A, containing 50//M  acetyl CoA, 

100)t/M OAA, 100//IVI DTNB, 0 .1%  (v/v) Triton X -100  in lOOmM Tris-HCI, 

pH7.4 in a 1 ml cuvette, the solution mixed and the change in absorbance at 

4 1 2nm followed over 4 minutes at room temperature. The rate of thiol group 

production was determined as in Section 3.5.

3.9 Statistical analysis

Results are expressed as mean ±  SEM unless otherwise stated. The 

significance of differences between two groups was evaluated using a two  

tailed, unpaired Student's f test.
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CHAPTER 4

PREPARATION AND PURIFICATION OF ANTI-PEPTIDE ANTIBODIES

4.1 Introduction

In order to investigate glucose transporter isoform distribution and number in 

various tissues, it was necessary to be able to identify the different subtypes 

and to measure their quantity. Antibodies are clonally produced, and secreted 

by B-lymphocytes in response to stimulation by an appropriate antigen; the 

antibodies produced can then be used to identify the antigen. Production of 

specific antibodies would thereby facilitate the identification of the different 

isoforms of glucose transporter.

Previous studies have shown that it is possible to raise antibodies against 

small synthetic peptides by use of the free peptide (Young et a!., 1983; Atassi 

& Webster, 1983), or more readily, by covalently linking the peptides to a large, 

immunogenic carrier protein (for review see Szelke, 1982). These anti-peptide 

antibodies have both a site directed nature and a pre determined specificity, 

which makes them particularly useful as probes (for review see Lerner, 1984). 

Antibodies against small peptides corresponding to various hydrophilic, 

extramembranous regions of the GLUTl glucose transporter have been raised 

by this method and were found to recognise both the peptides themselves and
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the whole protein on Western blots (Davies et aL, 1987; Haspel at aL, 1988). 

One of the most immunogenic of the peptides was that corresponding to the C- 

terminal region of the protein. This region is one of the least conserved between 

the different transporter isoforms (see Baldwin, 1993) and great success has 

been achieved in raising antibodies to peptides from terminal sequences in other 

proteins (Walter, 1986). As is evident from the proposed secondary structure 

of the glucose transporter family (Mueckler at al., 1985) this terminal region is 

extramembranous, and therefore appears to fulfil the criteria for raising 

antibodies that will recognise the whole protein. Antibodies against this region 

of GLUTl have been shown to recognise the native conformation of the 

transporter (Davies at a!., 1990). Antibodies were therefore raised against the 

C-terminal peptides of GLUT2 and GLUT4, while antisera to the C-terminal 

peptide of GLUTl were available from Dr. S. Baldwin's laboratory.

The N-terminal region of the GLUT4 glucose transporter is also thought to be 

extramembranous, and antibodies to this peptide were also raised.

4.2 Methods

4.2.1 Peptide synthesis

Peptides corresponding to residues 1-16 and 494-509  of GLUT4 and residues 

507-522 of GLUT2 were synthesized by the N'-fluorenylmethoxycarbonyl 

polyamide solid phase method (Atherton & Sheppard, 1985), using a M kl 

C am b rid g e  R esearch  B io ch em ica ls  P e p s y n th e s ize r and N '-
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fluorenylmethoxycarbonyl amino acid pentafluorophenyl esters (Fmoc-amino 

acid OPfp) or N'-fluorenylmethoxycarbonyl amino acid oxobenzotriazine esters 

(Fmoc-amino acid ODhbt).

Solvents and reagents:

N,N-dimethylformamide (DMF) was passed through a molecular sieve (Sodium 

aluminosilicate, 1/16" pellet, pore diameter 4Â) to remove contaminating 

dimethylamine. The removal of dimethylamine was necessary since its presence 

could produce untimely cleavage of the base-labile Fmoc group during peptide 

synthesis. Molecular sieve (200g) was added to a 2.51 Winchester bottle of 

DMF, which was incubated open for 30 minutes at room temperature, then 

placed with the lid resting on the Winchester at 4 °C  overnight; it was resealed 

the following day. Removal of dimethylamine was confirmed by testing the 

treated DMF for free secondary amine using 1 -fluoro-2,4-dinitrobenzene (FDNB). 

Equal volumes of DMF and a 1 mg/ml solution of FDNB in 95%  ethanol were 

mixed and left for 30 minutes before reading the absorbance at 381 nm. This 

absorbance was compared with a blank solution of 0.5mg/ml FDNB in 95%  

ethanol (the absorbance at 381 nm of which is usually around 0.2). The DMF 

under test was usable if its absorbance at 381 nm was no more than 0 .1 -0 .15  

higher than the blank. Prior to use, the DMF was filtered through Whatman No. 1 

filter paper. The treated DMF was not used for peptide synthesis for more than 

5 days without retreatment.

Dichloromethane was passed down a 20x2cm  column of activated basic
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alumina immediately before use to separate out contaminating HCI. All other 

reagents were used without further treatment.

Pepsyn KA resin (Milligen, Bedford, M .A ., U.S.A.) was used as a support on 

which to synthesize the peptide. This resin is freely permeable to dipolar, aprotic 

solvents such as DMF, and consists of a polar polydimethylacrylamide 

(polyamide) gel held within the pores of an inert, macroporous rigid kieselguhr 

matrix, containing 4-hydroxymethylphenoxy acetic acid as the peptide linkage 

agent. The resin typically contained 0.09-0.1  mmol equivalents of peptide 

linkage groups per gram, and contained norleucine as an internal standard for 

amino acid analysis.

The Fmoc-amino acid pentafluorophenyl esters and Fmoc-amino acids required 

for synthesis were obtained from Milligen. Serine and threonine were supplied 

as Fmoc-amino acid oxobenzotriazine esters, also from Milligen. 

Dicyclohexylcarbodiimide and the catalysts 4-dimethylaminopyridine and 1- 

hydroxybenzotriazole were purchased from Milligen or Aldrich. All other 

reagents were of the highest grade obtainable.

Assembly of peptides:

Peptide synthesis was performed using 1g of Pepsyn KA resin (maximum 

theoretical yield of 0 .09-0.1 mmol of peptide), which was suspended in DMF 

and loaded into the reaction column of the peptide synthesizer. The amino acids 

were then sequentially added as Fmoc-amino acid active esters, starting with 

the N-terminal residue (the C-terminal residue of the GLUT4 N-terminal peptide).
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Peptides were synthesized with an additional N-terminal cysteine residue 

(except the GLUT4 N-terminal peptide, which had an additional C-terminal 

cysteine residue), to facilitate both conjugation of the peptide to carrier proteins 

for immunisation (Section 4 .2 .2 ) and the preparation of immunoaffinity columns 

(Section 4 .2 .8 ). The Pepsyn KA resin was obtained containing a cysteine 

residue attached, and the peptide was synthesized from this residue by 

sequential addition of further amino acids.

Each amino acid was added by the same sequence of events. The resin was 

washed with DMF and then 20%  piperidine in DMF introduced for 10 minutes 

to expose the amino group of the amino acid by removal of the base-labile Fmoc 

moiety. Piperidine was washed from the column with DMF and deprotection 

confirmed by measurement of free amino groups using the Kaiser ninhydrin test 

(Kaiser et a!., 1970). A sample of resin (10-20 beads) was taken from the 

column and transferred to a glass assay tube. Two drops of 280m M  ninhydrin 

in ethanol, 80%  phenol in ethanol and 50//M  KCN in pyridine were sequentially 

added to the tube, and the sample heated for 5 minutes at 100°C . The 

presence of free amino groups gave a deep blue colour, confirming 

deprotection. The next Fmoc-amino acid was then introduced onto the resin as 

the pentafluorophenyl or oxo benzotriazine ester in a 3-fold molar excess 

(O.Smmol), dissolved in a minimum volume of DMF, containing 0.1 mmol of 1- 

hydroxybenzotriazole to optimize coupling efficiency. Coupling was allowed to 

proceed 60 minutes with recirculation. Excess amino acid was then washed off 

the column with DMF and a check of coupling made using the Kaiser test.
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Complete coupling gives a yellow colour, indicative of no free amino groups. If 

coupling was complete, the cycle of deprotection and coupling was then 

repeated for each amino acid, until the peptide was complete.

On completion of synthesis, the resin plus peptide was removed from the 

reaction column, washed with 50ml diethylether and dried in vacuo overnight 

over sodium hydroxide. Deprotection of side chains and cleavage of the peptide 

from the resin was achieved by treatment with anhydrous TFA, containing EOT 

(a scavenging agent to prevent side reactions of the peptide with reactive 

species generated during cleavage). Cleavage time and scavenging agents used 

varied, depending upon the amino acid composition of the peptide to be 

cleaved, but generally peptides were cleaved in a solution of 60ml 95%  TFA, 

5%  E D I for 2 to 6  hours with occasional swirling of the mixture. The 

supernatant was then filtered through a sintered glass funnel into a round 

bottomed flask, the resin washed with a further 50ml of cleavage solution and 

filtered as above. The liberated peptide, collected in the round bottomed flask, 

was rotary evaporated at 3 0 °C  until the mixture appeared oily, and then 150ml 

of diethylether slowly added and incubated overnight. The precipitate was 

washed 3x with diethylether and after the final wash, the peptide was dried, 

initially under a stream of nitrogen and then in vacuo over sodium hydroxide, 

overnight. The peptide was collected into a preweighed glass tube, the % yield 

calculated, and stored at -20°C .
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4.2.2 Conjugation of peptides to keyhole limpet haemocyanin (KLH)

Synthetic peptides were conjugated to KLH using sulpho-m- maleimidobenzoyl- 

N-hydroxysuccinimide ester (sulpho-MBS, Pierce), following reduction of the 

terminal cysteine on the peptide with dithiothreitol (DTT). The method 

essentially followed that of LaRochelle et a/. (1985).

KLH (15mg) was dissolved in 1 ml of 50mM sodium phosphate buffer, pH7.4, 

and dialysed overnight at 4 °C  against 21 of this buffer. Duplicate 5//I (80//g) 

samples were taken for amino acid analysis. Free thiol groups were blocked by 

incubation of 0.5m l (8 mg) of the KLH with 10/yl of freshly made 50m M N- 

ethylmaleimide (NEM) (final concentration 0.98m M ) at 2 5 °C  for 30  minutes. 

Sulpho-MBS (4mg: 200//I of a 20mg/ml solution in HgO) was added and the 

incubation continued for a further 30 minutes at 2 5 °C. Conjugated KLH-MBS 

was separated from unreacted sulpho-MBS by gel exclusion chromatography on 

a 20x1 cm Sephadex G50 (Pharmacia-LKB) column equilibrated with 50mM  

sodium phosphate, pH7.4. The eluate was monitored at 280nm and the peak 

protein-containing fractions pooled.

Peptide (8 mg) was dissolved in 500//I of 50mM sodium phosphate, pH6.0, and 

reduced using DTT (added to 20mM) under nitrogen for 1 hour at room 

temperature. The reduced peptide was separated from DTT and from any 

reagents remaining from peptide synthesis (eg. EDT) by gel exclusion 

chromatography on a 20x1 cm Sephadex G IG  (Pharmacia-LKB) column 

equilibrated with 50mM sodium phosphate, pH6.0. The eluate was monitored 

at 230nm and the peak peptide-containing fractions were pooled. Fractions
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were also tested for thiol groups (Section 3.5) to ensure that the peptide and 

DTT eluted separately, as contamination of the peptide with DTT would 

interfere with conjugation.

The pooled KLH-MBS and peptide fractions were combined and incubated for 

4 hours at 2 5 °C with constant mixing. Uncoupled peptide was removed by gel 

filtration chromatography on a second 20x1 cm Sephadex G50 column 

equilibrated with 10mM sodium phosphate, 148m M sodium chloride (phosphate 

buffered saline, PBS) pH7.2, and the conjugate dialysed overnight at 4 °C  

against 2x21 PBS, pH7.2. Protein concentration was determined by the method 

of Lowry (1951, Section 3 .4 .2 ), and duplicate 80/yg samples taken for amino 

acid analysis. The remainder was stored in aliquots of 100//g protein at -20°C .

4 .2 .3  High performance liquid chromatography (HPLC)

The purity of synthesized peptides was assessed by reverse phase HPLC using 

a Varian 5000  liquid chromatograph and Linear 1200 chart recorder (Varian 

Instrument Group, Palo Alto, C.A., U.S.A.) together with a Rheodyne model 

7125 syringe-loading sample injector with lOOyt/l loop. Peptide (30//I) at 

0.5mg/ml was separated on an Aquapore RP-300 reverse phase Ĉ g column of 

300Â  pore size (4.6mm I.D. x 25cm, Brownlee Labs., Santa Clara, C.A., 

U.S.A.), protected by a suitable guard column. Fractions were eluted using a 5- 

40%  linear gradient of acetonitrile in 0.1 % (v/v) TFA over 90 minutes at a flow  

rate of 1 ml/minute. Peaks were detected at 220nm, collected and prepared for 

amino acid analysis by drying down the samples on a Speedy Vac Concentrator,
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connected via a refrigerated condensation trap (Savant Instruments Inc., 

Hicksville, N.Y., U.S.A.) to a rotary piston vacuum pump. The solvents for 

peptide elution. Solvent A (0.1 % (v/v) TFA in double distilled HgO) and Solvent 

B (0 .1%  (v/v) TFA in acetonitrile), were sterile filtered through Sterivex-GS 

0.22/ym filter units (Millipore) prior to use.

4.2.4 Amino acid analysis

Samples for amino acid analysis (50-100/yg of protein) were lyophilised using 

a Speedy-Vac concentrator. The dry samples were then hydrolysed in 6 M HCI, 

containing 0 .0 4%  (v/v) 2-mercaptoethanol and 0.1 % (w/v) phenol at 1 10°C  in 

sealed, evacuated tubes for 24 hours. Following hydrolysis, the samples were 

dried in vacuo over sodium hydroxide and then dissolved in 0 .2M  sodium 

citrate, pH2.2 (loading buffer, Pharmacia-LKB). Prior to analysis, the samples 

were sterile filtered through 0 . 2 2 )i/m nylon filters.

Amino acid analysis was performed using a LKB Bromma 4151 Alpha Plus 

analyser, and data analysed using a Trilab 2000  multichannel chromatography 

system (Trivector Systems International, Sandy, Beds., U.K.). Amino acids were 

separated by ion exchange chromatography and the peaks obtained recognised 

by reference to a calibration mixture of known amino acids (Pharmacia-LKB). 

The quantity of each amino acid was determined automatically by integration 

of the peak area values.
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4 .2 .5  Immunisation of rabbits

Antisera against the peptide-KLH conjugates were raised in male New Zealand 

White rabbits. For the initial immunisation, 250/yg of conjugate in PBS, pH7.2, 

was emulsified in a 1:3 ratio with Freund's complete adjuvant, and 200//g  

injected intramuscularly. Ideally, 1 ml of emulsion was injected, although with 

lower concentration conjugates, volumes up to 2ml were used. Four weeks after 

the initial injection, a booster injection of antigen (100/yg), emulsified in Freund's 

incomplete adjuvant (1:3) was given, and the first blood taken after a further 

1-2 weeks. Further blood was taken every 4 weeks and the titre of antibody 

checked using a screening ELISA test (Section 4 .2 .7 ). Booster injections (as 

above) were given as required when the antibody titre fell (at a minimum 

interval of 4 weeks).

4 .2 .6  Preparation of antisera

Rabbits were bled from the ear vein (20-40ml) and the blood aliquotted into 

10ml glass tubes. The blood was allowed to clot around a glass rod by 

incubation for 1 hour at 37°C  and then overnight at 4 °C , to complete the 

clotting. The blood was centrifuged at 1200xg for 10 minutes to pellet the clot 

and free erythrocytes, and the serum transferred to clean glass tubes. The 

serum was then incubated for 30 minutes at 5 6 °C  to inactivate the complement 

system and stored at -20 or 70°C .
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4 .2 .7  Enzyme-linked immunosorbent assay (ELISA)

ELISA plates (96 well, Nunc Maxisorp; Nunc, Kamstrup, Denmark) were 

coated with synthetic peptide (20ng/well) or membrane sample. Synthetic 

peptides were dissolved at 1 mg/ml in DMSO, diluted to a working concentration 

of 250ng/ml in 50mM NagCOg, pH9.6, and 80/vl (20ng) of the solution added 

to the wells of the ELISA plate. The peptide was adsorbed onto the plate by 

drying down in vacuo over sodium hydroxide pellets, overnight. Membrane 

samples were diluted to the concentrations indicated in the following chapters 

in 50mM NagCO^, pH9.6, 100//I was loaded into each well and adsorbed onto 

the plate by incubation overnight at room temperature.

The coated wells were washed 5x with 136mM NaCI, 2.7m M  KCI, I.Bm M  

NagHPO^, 1.2m M KHgPO^, 0 .02%  (w/v) sodium azide, 0 .05 %  (v/v) Tween-20, 

pH7.2 (PBSA-T). Unoccupied protein binding sites in the wells were then 

blocked by incubation for 2 hours at room temperature with 200//I PBSA-T 

containing 5%  (w/v) low fat milk powder (Marvel), after which the plates were 

again washed 5x with PBSA-T. Aliquots (100//I) of serial dilutions of antisera (5 

or 10 fold), or fractions from antibody purifications (2 or 5 fold), in PBSA-T 

containing 1  % (w/v) milk powder, were loaded into the wells in triplicate and 

incubated overnight at room temperature. Plates were washed 5x with PBSA-T 

and then 100//I of a 1:3000 dilution of goat anti-rabbit IgG conjugated to 

alkaline phosphatase (Bio-Rad), in PBSA-T containing 1% (w/v) milk powder, 

were added to each well. Plates were incubated a further 2 hours at room 

temperature. After washing the plates 5x with PBSA-T, 100//I of 1 mg/ml p-
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nitrophenyl phosphate (Sigma 104 phosphatase substrate) in lOmM  

diethanolamine, 1mM IVIgClg, pH9.8, was added. The plates were incubated at 

room temperature until a yellow colour developed, the absorbance of which was 

measured at 405nm  using a Titretek Multiskan M C C/340 Mkll plate reader. 

Readings were taken at various time points until a range of absorbance was 

obtained for each set of dilutions.

4.2.8 Affinity purification of anti-peptide antibodies

Purification of antibodies was a 2 stage process, first separating serum IgG 

from other serum proteins, using either a Protein A sepharose CL-4B 

(Pharmacia-LKB) or CM Affi-gel blue (Bio-Rad) column, followed by application 

of the IgG fraction to an affinity column containing immobilised synthetic 

peptide as an affinity matrix to bind specific IgG. Initial separation of serum IgG 

from other serum proteins was designed to prevent proteolytic degradation, by 

serum proteases, of peptide bound to the affinity column. For some later 

purifications, this initial step was dispensed with as degradation of the peptide 

was found to be minimal, and the serum was applied directly to the affinity 

column. All procedures were carried out at 4 °C  unless otherwise stated.

Preparation of affinity columns:

Peptides were immobilised on an iodoacetyl-activated agarose matrix 

(Sulpholink, Pierce), coupling occurring through the terminal cysteine sulphydryl 

group of the peptide reacting with the iodoacetyl terminus of the sulpholink
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matrix. The reactions were carried out in the dark to prevent light catalysed 

oxidation of the iodide released to iodine and the subsequent reaction of iodine 

with protein tyrosine residues. Sulpholink and the sulpholink-peptide conjugate 

were protected from light wherever possible to enhance stability. Synthetic 

peptide (3mg) was dissolved in 500/yl 50mM Tris-HCI, 5mM EDTA, pH8.5 

(Tris/EDTA) in an air-tight tube. If peptides proved insoluble in buffer, then 6 mg 

peptide was dissolved in a minimal volume of DMSO, and the volume made to 

500//I with Tris/EDTA. To ensure the peptide sulphydryl groups were fully 

reduced, 25/yl of 1M DTT was added, the tube flushed with nitrogen, sealed and 

incubated for 1 hour at room temperature. The reduced peptide was then 

separated from excess DTT and other contaminants by gel filtration 

chromatography on a 20x1 cm Sephadex G IG  column, previously equilibrated 

with Tris/EDTA. The eluate was monitored at 230nm and the peak peptide- 

containing fractions pooled. Aliquots (50//I) of the peptide peak were taken for 

determination of thiol content (Section 3.5) and care taken to avoid 

contamination of the peptide peak with DTT.

Sulpholink (3ml) was washed at room temperature in a sinter funnel with at 

least 6  volumes of Tris/EDTA to remove storage buffer. After washing, the 

Sulpholink was transferred to a glass tube, covered with foil to prevent light 

catalysed reactions, allowed to settle, and the supernatant removed. The 

peptide solution from the G IG  column, in a volume of 2-3ml, was added to the 

Sulpholink gel and incubated at room temperature for 3G minutes on a rotary 

mixer, followed by incubation for 3G minutes without mixing, after which the
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supernatant was removed. To determine peptide coupling, a thiol assay (Section 

3.5) was performed on duplicate samples of the supernatant and the initial 

peptide peak. The extent of removal of peptide from the supernatant was used 

as a measure of the efficiency of coupling (usually around 85% ). Any remaining 

free peptide was washed out by repeated resuspension and settling in 

Tris/EDTA, discarding the supernatants, then any excess iodoacetyl groups on 

the sulpholink gel were blocked by incubation with 0 .025 M  cysteine at room 

temperature for 30 minutes on a rotary mixer, followed by 30 minutes without 

mixing. The coupled gel was packed into a 5x1 cm column and washed with 

16x volume 1M NaCI. The column was equilibrated with PBS, pH7.2, and 

stored in PBS, pH7.2, containing 0 .0 2%  (w/v) sodium azide, at 4 °C .

Separation of antibodies:

Serum IgG was separated from other serum proteins using either protein A- 

sepharose CL-4B (Pharmacia-LKB) for the GLUT4 C-terminal antiserum, or CM 

Affi-gel blue (Bio-Rad) for the GLUT2 C-terminal, and GLUT4 N-terminal, 

antisera.

Protein A-sepharose CL-4B (1.25g, equivalent to 5ml swollen gel) was 

hydrated in PBS and washed by repeated centrifugation at lOOOrpm and 

resuspension in PBS, before packing into a 10x1cm column and equilibrating 

further with PBS. The binding capacity of Protein A-sepharose CL-4B was 10- 

20mg IgG per ml gel. Rabbit antisera was assumed to contain around 20mg 

IgG/ml; therefore the column should have sufficient capacity to bind most of the
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IgG in 3-4ml of antiserum. GLUT4 C-terminai peptide antiserum (3-4ml) was 

loaded onto the column and recirculated at a flow rate of 25ml/hour for 2 hours, 

after which the eluate, containing albumin and other serum proteins, was 

collected in 2.5ml fractions. The column was washed with PBS, collecting the 

eluate and monitoring the absorbance at 280nm until this absorbance fell to 

near zero. Bound IgG was then eluted by an acid wash of 0 .1M  acetic acid, 

145mM NaCI, pH2.4, and the absorbance at 280nm measured. The peak IgG- 

containing fractions were pooled and the pH adjusted to 7 .2  by addition of 100- 

200/vl 2M Tris per 2.5ml of eluate. The pooled fractions were then dialysed 

overnight at 4 °C  against 2x21 PBS. The protein A-sepharose column was 

washed through with PBS and stored at 4 °C  in PBS containing 0 .02%  sodium 

azide until required. The dialysed IgG was then ready to load onto the peptide 

affinity column.

The initial separation of IgG from other serum proteins for the GLUT2 C- 

terminal and the GLUT4 N-terminal antisera was carried out using a CM Affi-gel 

blue column. This binds albumin and other serum proteins, including serum 

proteases, but does not bind IgG. CM Affi-gel blue was loaded into a 20x1 cm 

column and washed with 1M acetic acid, 1.4M  NaCI, 40%  (v/v) isopropanol 

until the eluate ran clear. The washed column was equilibrated with 0.01 M 

K2 HPO4 , 0 .1 5M NaCI, 0 .02%  (w/v) sodium azide, pH7.25 (Buffer A), and 4-5ml 

antiserum applied. The serum was washed through with buffer A at a flow rate 

of 0.2ml/minute and the absorbance of the eluate monitored at 280nm. The IgG 

peak, consisting of the initial protein fractions to elute, was pooled and a 500//I
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aliquot stored at 2 0 °C  for later analysis. Elution from the CM Affi-gel blue 

column was continued until the absorbance at 280nm fell to near zero. The 

bound serum albumin and proteases were eluted using 0.01 M K2 HPO4 , 1.4M  

NaCI, pH 7.25. The column was regenerated with 2x volume of 2M guanidine- 

HCI, equilibrated with buffer A and stored at 4 °C .

The IgG fraction from either the protein A-sepharose CL-4B or the CM Affi-gel 

blue column, or 5ml of antiserum, was loaded onto the peptide-bearing affinity 

column, equilibrated with PBS (Buffer A for IgG from the CM Affi-gel blue 

column), before use. The IgG or serum was recirculated through the column for 

1-2 hours, ensuring that it passed through at least 3x, at a rate of 

0.1 ml/minute. By testing the eluate by ELISA, it was determined that no further 

specific IgG could be removed after the second pass through the column. Non

specific IgG and other weakly bound proteins were washed from the column 

with PBS containing BOOmM NaCI (Buffer A containing BOOmM NaCI for IgG 

from the CM Affi-gel blue column), until the absorbance at 2B0nm of the eluate 

fell to zero.

Specific IgG was then eluted from the column by extreme pH, either acid or 

alkaline. For the N-terminal peptide and C-terminal peptide antibodies to GLUT4 

and the GLUT2 antibody, the first elution was by addition of 10ml 50mM  

diethylamine, pH 11.0. Peak fractions were pooled and neutralised using 0.1 M 

acetic acid, 0 .1 5M NaCI. The column was washed through with PBS (or buffer 

A) and any remaining antibody was eluted with 10ml 0 .2M  glycine-HCI, pH2.4, 

again pooling peak fractions and neutralising with 2M Tris. The pooled peaks
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were dialysed separately against 2x21 PBS, pH7.2, for 24 hours, aliquotted into 

500//I samples and stored at -2 0 °C . The two elution procedures varied in 

eluting efficiency between sera, and the order the two solutions were 

introduced was changed if the yield of antibody was initially low. Both 

procedures were always used to ensure that all possible antibody was removed 

from the column.

For GLUT1 antibody purification, the low pH elution was performed first since 

this gave a better yield of antibody (Dr. P. Bavin, personal communication). The 

affinity column was washed with PBS, pH7.2 and stored in PBS containing 

0 .02%  (w/v) sodium azide at 4 °C  after use. All samples throughout the 

purification procedures were assayed for protein concentration by the method 

of Lowry (1951) (Section 3 .4 .2) and were characterised using ELISA (Section 

4.2 .7) and SDS/PAGE (Section 3.2).

4.2.9 Antibody biotinylation

Antibodies were biotinylated using the reagent sulfosuccinimidobiotin (sulfo- 

NHS-biotin, Pierce & Warriner, Chester, U.K.). This reacts with primary amines 

to form amide bonds, linking biotin to the antibody.

Antibody (200-500/yg) was dialysed overnight at 4 °C  against 2x11 50mM  

sodium bicarbonate buffer, pH9.0. The antibody was harvested and 

concentrated down to approximately 1  mg/ml in a centrikon - 1 0  filtration unit 

(Amicon, Danvers, MA, U.S.A.) by centrifugation at 540xg. Samples of buffer 

were saved for ELISA testing (Section 4 .2 .7 ).
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Sulfo-NHS-biotin was dissolved at 4mg/ml in 50mM sodium bicarbonate, 

pH 9.0, and incubated at approximately 1 -2 mg sulfo-NHS-biotin/mg of antibody 

on ice for 2 hours. After incubation, excess biotin was collected by 

centrifugation at 540xg through a centrikon-30 filtration unit (Amicon) and 

stored for ELISA. The biotinylated antibody was washed 3x by resuspension in 

1ml of 0 .1M  sodium phosphate buffer, pH7.0, followed by concentration 

through a centrikon-30 as before. Final resuspension of the biotinylated 

antibody was in 0 .1 M sodium phosphate buffer, pH7.0, containing 0 .02 %  (w/v) 

sodium azide, and this suspension concentrated to l-2m g/m l. The biotinylated 

antibody was stored at 4 °C .

Biotinylation of IgG was confirmed by ELISA using the relevant peptide as 

antigen, essentially as decribed in Section 4 .2 .7 , with the following 

modifications. After washing the plates and blocking uncoated protein binding 

sites, 1 0 0 /yl of serial dilutions of biotinylated antibody or other solutions from 

the biotinylation, diluted in PBSA-T containing 1 % (w/v) milk powder, were 

added in triplicate to the wells and incubated for 2  hours at room temperature. 

The wells were washed 5x with PBSA-T and 100//I of streptavidin-alkaline 

phosphatase (Amersham) at a 1:500 dilution in PBSA-T, 1% milk powder, 

added and incubated for 30 minutes at room temperature. The wells were 

washed again in 5x PBSA-T and alkaline phosphatase colour development 

reagents added. The absorbance at 405nm was read as described in Section 

4 .2 .7 .
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4 .2 .1 0  Sandwich ELISA

ELISA plates were coated with GLUT4 C-terminal peptide antibody diluted in 

50m M NagCOg buffer, pH9.6, at various concentrations, by incubation overnight 

at room temperature. Other plates were coated at 800ng/well with rabbit IgG 

(Sigma). Plates were washed 5x with PBSA-T and unoccupied protein binding 

sites blocked by incubation with 200//l/well of PBSA-T containing 5%  (w/v) milk 

powder for 2 hours at room temperature. Blocking buffer was then washed off 

with 5x PBSA-T and solubilised membrane solutions in PBSA-T containing 1 % 

(w/v) milk powder, 1 % (v/v) Triton X -100, 0 .1%  (w/v) SDS, added to the wells. 

Membranes were prepared by pelleting the original sample at 200000xg for 20  

minutes using a Beckman TL-100 benchtop ultracentrifuge and then 

resuspending the membrane pellet in 90//I of solubilisation buffer of PBS 

containing 6 M urea, l% (w /v ) SDS, 6 mM DTT, 1mM PMSF, 0.1 mM E-64, 

1//g/ml Pepstatin A. The membranes were mixed vigorously until solubilised, 

and sonicated if required. Triton X -100  was added to 1 % (v/v) and further 

dilutions of membranes made in PBSA-T containing 1 % (v/v) milk powder, 0.1 % 

(w/v) SDS, 1% (v/v) Triton X -100. After incubation with the membranes 

overnight at room temperature, the plates were washed 5x with PBSA-T and 

100jj\ of a 1:500 dilution of the biotinylated GLUT4 N-terminal peptide antibody 

in PBSA-T, 1% (w/v) milk powder, added to each well. Plates were incubated 

at room temperature for 3 hours, washed 5x with PBSA-T and then 100//I of 

streptavidin-alkaline phosphatase (1 :500 dilution in PBSA-T, 1% (w/v) milk 

powder) was added and the solution was incubated for 30 minutes at room
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temperature before washing again 5x in PBSA-T. Alkaline phosphatase colour 

development reagent was added and the absorbance read at 405nm  as in 

Section 4 .2 .7 .

4.3 Results

4.3.1 Peptide synthesis

4.3.1.1 C-terminal peptide of GLUT2

A peptide corresponding to the C-terminal region of the GLUT2 glucose 

transporter, the sequence of which is shown in Table 4 .1 , was synthesised as 

described in Section 4 .2 .1 . After cleavage from the resin, the yield of peptide 

was 116mg (94 .5% ). Amino acid analysis of the unfractionated peptide gave 

a very good fit to the expected analysis (Table 4 .1 ). HPLC gave a large, broad 

asymmetric peak (3) at 23 .5%  Buffer B and other minor peaks at 21%  (1), 

22.5%  (2) and 26%  (4) Buffer B. These peaks were collected and prepared for 

amino acid analysis.

The analysis of peak 1 was poor, probably due to the very small amount of 

peptide analysed (1 nmol). The analysis of peak 2 had a poor baseline fit and 

again only small amounts of peptide were available for analysis (2nmol). There 

was almost certainly contamination of the peptide with glycine giving the 

excessively high value obtained for that amino acid. The high arginine value was 

due to baseline problems and the high lysine value due to an overlap with the 

ammonia peak. The major peak (3) gave a very good analysis, giving values
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Table 4.1 C-terminal peptide of GLUT2

Ç-^°^R-K-A-T-V-Q-M-E-F-L-G-S-S-E-T-V^22

Amino acid analysis

Amino acid Expected Unfractionated Peaki Peak2 Peak3 Peak4

Asx (D&N) 0 . 0

peptide

0 .03 0 .50 0 .62 0 .07 0 .7 0

Thr ( I ) 2 . 0 1.76 1.36 1.40 1.96 1 . 8 8

Ser (S) 2 . 0 2 . 0 0 2.69 2.42 2 . 1 0 2.23

Glx (Q&E) 3.0 2 .98 2 .92 3 .14 3.11 2 .52

Pro (P) 0 . 0 N.D. N.D. N.D. N.D. N.D.

Gly (G) 1 . 0 1.17 1.72 7 .27# 1.05 1.30

Ala (A) 1 . 0 0.91 0 .70 1.06 0 .97 1.06

Val (V) 2 . 0 1.80 1.27 1.60 1.85 1.76

Met (M) 1 . 0 0.95 0 .62 0 . 8 8 0.91 1.04

lie (1) 0 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

Leu (L) 1 . 0 1.07 1.56 1.29 1.08 1.19

Tyr (Y) 0 . 0 0 . 0 0 0 .16 0 . 1 2 0 . 0 0 0 . 0 0

Phe (F) 1 . 0 1.09 1 . 2 2 1.03 1.04 1.14

Lys (K) 1 . 0 0.97 1 .5 2 * 1 .4 8 * 1 .1 7 * 1 .6 2 *

His (H) 0 . 0 0 . 0 2 0.08 0 .04 0 . 0 0 0.09

Arg (R) 1 . 0 1 .1 7 0 0 .5 7 0 1 .2 6 0 1 .1 5 0 0 .8 5 0
# probable contamination
* overlap with ammonia peak 
0  problems with baseline
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very close to those expected. Again there was slight overlap of the lysine peak 

with ammonia and a poor baseline fit for arginine, giving slightly raised values 

for these two amino acids. Peak 4  also gave a reasonable analysis, with high 

Asx and low Arg due to poor baseline fits and again a high Lys due to overlap 

with the ammonia peak. Again only a small amount of peptide (1 .5nmol) was 

analysed, thus the analysis was not ideal.

From these results it was concluded that the peptide was the one required and 

therefore was conjugated without further fractionation, ready for immunisation 

into a rabbit.

4.3.1.2 C-terminal peptide of GLUT4

The C-terminal peptide of GLUT4 (Table 4.2) was synthesised as described in 

Section 4 .2 .1 . After cleavage from the resin, the yield of peptide was 148mg 

(86 .2% ). Amino acid analysis of the unfractionated peptide gave a profile as 

expected (Table 4.2) except for a high glycine value. This is possibly due to a 

contamination of analysis, in particular due to the large amounts of glycine used 

in the laboratory in SDS-PAGE (Section 3.2). High performance liquid 

chromotography (HPLC) of the peptide gave 3 peaks; a medium sized peak (1) 

at 7%  Buffer B, a large peak (2) at 19.5%  Buffer B and a medium sized peak at 

22%  Buffer B. These peaks were collected and prepared for amino acid 

analysis.

Analysis of peak 1 showed insignificant amounts of amino acids ( < O.Snmol). 

Analysis of peak 2 (Table 4.2) gave an amino acid profile almost identical to the
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Table 4 .2  C-terminal peptide of GLUT4

C-494v -K-P-S-T-E-L-E-Y-L-G-P-D-E-N-D^°^

Amino acid analysis

Amino acid Expected Unfractionated
peptide

Peak2 Peak3

Asx (D&N) 3.0 3 .0 2 .94 2 .92

Thr (T) 1 . 0 1.09 1.07 1.06

Ser (S) 1 . 0 1 . 0 2 1 . 1 1 1 . 1 2

Glx (Q&E) 3.0 2 .94 3.03 2 .97

Pro (P) 2 . 0 N.D. N.D. N.D.

Gly (G) 1 . 0 1 .7 4 * 1 .3 3 * 1.19

Ala (A) 0 . 0 0.13 0 .07 0 .30

Val (V) 1 . 0 0 .94 0.81 0 .98

Met (M) 0 . 0 0 .15 0 .13 0 . 0 0

lie (1) 0 . 0 0 . 0 0 0 . 0 0 0 . 0 0

Leu (L) 2 . 0 2.08 1.97 1.96

Tyr (Y) 1 . 0 0 .99 0 .94 1 . 0 0

Phe (F) 0 . 0 0 . 0 0 0 . 0 0 0 . 0 0

Lys (K) 1 . 0 0 .95 0 .99 1 .92#

His (H) 0 . 0 0 . 0 0 0 . 0 0 0 . 0 0

Arg (R) 0 . 0 0 . 0 0 0 . 0 0 0 . 0 0

* possible contamination with glycine from the lab
# possible overlap with ammonia peak
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unfractionated peptide ie. as expected from the synthesis. Therefore, it 

appeared that peak 2 contained the peptide we were interested in. Analysis of 

peak 3 (Table 4.2) also gave a very similar trace to the unfractionated peptide. 

The high lysine value found in peak 3 appeared to be due to a poor resolution 

of this peak from the first ammonia peak and therefore due to contamination. 

It would seem from its amino acid composition that this peak also contained the 

C-terminal peptide of GLUT4. It is possible that peak 3 was a disulphide linked 

dimer of the peptide. From these results it was decided that the unfractionated 

peptide had the correct amino acid composition and therefore conjugation to 

KLH and immunisation of the rabbits was continued without further purification.

4 .3 .1 .3  N-terminal peptide of GLUT4

The peptide corresponding to the N-terminal sequence of the GLUT4 glucose 

transporter (residues 1-16) was synthesised as described in Section 4 .2 .1 , with 

an intended amino acid sequence as shown in Table 4 .3 . The yield of peptide 

after cleavage from the resin was 105mg (65 .6% ). Amino acid analysis of the 

unfractionated peptide was fairly good, apart from a high Glx value and again 

slightly high glycine levels (Table 4 .3). HPLC of the peptide gave 5 peaks, a 

medium peak (1 ) at 7%  Buffer B, two smallish peaks (2&3) at 19%  and 19.5%  

Buffer B, a large peak (4) at 19.8%  Buffer B and another small peak (5) at 20%  

Buffer B. These peaks were collected and prepared for amino acid analysis. 

Analyses for each peak can be seen in Table 4 .3 .

Peak 1 showed small amounts of amino acids and is probably not a peptide
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Table 4 .3  N-terminal peptide of GLUT4

816m -p_S-G-F-Q-Q-I-G-S-E-D-G-E-P-P'-Ç 

Amino acid analysis

Amino acid Expected Unfractionated Peak2 PeakS Peak4 PeakB

Asx (D&N) 1.0

peptide

0 .93 1.18 1.21 1.04 1.12

Thr (T) 0 .0 0 .00 0 .0 0 0 .00 0 .00 0 .00

Ser (S) 2 .0 2 .34 2 .36 2 .19 2 .24 2.31

Glx (Q&E) 4.0 5.66 4 .25 3.71 6 .26 4 .38

Pro (P) 3 .0 N.D. N.D. N.D. N.D. N.D.

Gly (G) 3 .0 3 .56 3 .15 2 .57 3.11 2.96

Ala (A) 0 .0 0 .03 0 .5 0 0 .33 0 .1 4 0 .10

Val (V) 0 .0 0 .03 0 .12 0 .15 0 .04 0.07

Met (M) 1.0 0 .69 0 .53 1.14 0 .86 0.87

lie (1) 1.0 0.91 1.08 1.03 0 .96 0.89

Leu (L) 0 .0 0 .00 0 .0 0 0 .09 0 .00 0 .00

Tyr (Y) 0 .0 0 .02 0 .0 0 0 .00 0 .00 0 .00

Phe (F) 1.0 0 .94 1.07 1.06 1.04 1.15

Lys (K) 0 .0 0 .00 0 .0 0 0 .00 0 .00 0 .00

His (H) 0 .0 0 .03 0 .0 4 0 .00 0 .02 0 .00

Arg (R) 0 .0 0 .00 0 .0 0 0 .00 0 .0 0 0 .00
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but the same peak as seen with the GLUT4 C-terminal peptide. Peak 2 showed 

high levels of Ala and Ser, as did peak 3, as well as low levels of Met. It is 

possible that the high serine and alanine levels were due to contamination, 

particularly as the amount of peptide analysed was very low ( 1 -2nmol). The low 

methionine levels may have been due to oxidative damage of this amino acid 

during preparation for analysis. Peak 4, the major peak on HPLC showed a fairly 

good amino acid profile, apart from a high Glx value. One possible explanation 

for this could be the large amount of peptide analysed (60nmol) rather than too 

high Glx in the peptide. The amino acid profile of peak 5 was similar to that 

expected.

From these results the Glx levels look rather high; however, it was decided to 

go ahead with conjugation of the peptide (in its unfractionated form) and 

immunisation of the rabbit; at least part of the preparation was the correct 

peptide and each peak was fairly close to the expected sequence.

4.3.2 Preparation and purification of antipeptide antibodies

4.3.2.1 Anti-GLUTI antibodies

Antiserum against a peptide corresponding to the GLUT1 glucose transporter 

C-terminal region (residues 477-492) was raised in rabbits by Dr. A. Davies by 

the methods described in Sections 4 .2 .1 -4 .2 .6 . This antiserum recognised the 

peptide and the native transporter on ELISA and recognised a protein of 

«M W t.a v e 53 0 0 0  on Western blots of human erythrocyte membranes. Further 

characteristics and specificity of the antiserum were determined by Dr. A.

143



Davies. To ensure specificity and to decrease non-specific binding on blots, the 

antiserum was affinity purified using synthetic C-terminal peptide as a ligand 

immobilised on Sulpholink resin, as described in Section 4 .2 .8 . The peptide 

affinity column was prepared by Dr. P. Bavin.

The elution profile from the column is shown in Fig 4 .1 , with serum albumin, 

non-specific IgG and other serum proteins coming through with the high salt 

wash in the first broad peak, and the specifically bound antibody eluting upon 

addition of glycine and diethylamine. The yield of affinity purified antibody in the 

main glycine peak was 2.1 mg/ml serum. Including the tail of the glycine peak 

and the diethylamine peak increased the total yield of antibody to 2.5mg/ml 

serum.

To ascertain the protein profile of the various fractions from the purification 

and contamination of the antibody with other proteins, samples were prepared 

for electrophoresis, boiled for 5 minutes and then electrophoresed on 10%  

SDS/PAGE gels (Section 3.2). The proteins in the gel were stained with 

Coomassie blue. Contamination of the purified IgG with albumin and other 

serum proteins was shown to be very low (Fig 4 .2 ). Therefore, it was assumed 

that the protein concentration determined for the antibody fraction was 

equivalent to the concentration of IgG.

To determine the titre of antibody in the different fractions, an ELISA was 

carried out using serial dilutions of each of the solutions from the purification. 

Either the GLUT1 C-terminal peptide or protein depleted human erythrocyte 

membranes were adsorbed onto ELISA plates as antigen. The titre of an
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Fig 4.1 Purification of GLUT1 antibody
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(b)
MWt

- 9 7 4  
—66  2

- 4 5 0

1 2 3 1 2  3 4

(C) (d)
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-9 7  4 
- 66*2
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-21 5
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Fig 4.2 SDS-polyacrylamide gel electrophoresis of the fractions from anti

peptide antibody purifications; (a) GLUT! antibody: Lane 1. Serum; 2. Albumin 

& NSIgG; 3. Glycine elution, (b) GLUT2 antibody: Lane 1. Serum; 2. IgG 

fraction; 3. Albumin & serum proteins; 4. Diethylamine elution, (c) GLUT4 Ç- 

terminal antibody: Lane 1. Serum; 2. Albumin & serum proteins; 3. IgG fraction; 

4. Diethylamine elution, (d) GLUT4 N-terminal antibody: Lane 4. Diethylamine 

elution; 1. Serum; 2. IgG fraction; 3. Albumin & serum proteins.
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antibody solution against a particular antigen was described as the dilution 

factor of the solution at half the maximal absorbance obtained, at 405nm. 

Results of a standard purification from a GLUT1 peptide coated plate are 

summarised in Fig 4.4(a). The titre of affinity purified antibodies (1 :20000) was 

approximately 50%  of the serum titre (1 :40000), with the titre of the non

specific IgG and albumin fraction only 1:200. Considering the affinity-purified 

antibodies were approximately 36x more dilute than the antiserum, and the low 

loss of specific antibody in the non-specific IgG and albumin fraction, this 

represents an efficient and successful means of purifying the specific anti- 

GLUT1 antibodies. Purification, in terms of antibody reactivity/mg protein, was 

increased approximately 18x in comparison to the serum.

4 .3 .2 .2  Anti-GLUT2 antibodies

An antiserum against a peptide corresponding to the GLUT2 glucose 

transporter C-terminal region (residues 507-522) was raised according to the 

protocol described in Section 4 .2 .1 -4 .2 .6 . The serum recognised the synthetic 

peptide on ELISA and reacted with a protein of « M W t .58000  on Western blots 

of liver membranes. The titre of antibody in the serum fell rapidly after the first 

bleed, only responding slightly to booster injections. The serum was specific to 

the GLUT2 peptide though and appeared to recognise the correct protein on 

Western blots. It was therefore used in spite of the low amounts present.

Antibodies were purified by affinity chromatography on a column of 

immobilised GLUT2 C-terminal peptide, after first removing serum albumin and
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proteases by chromatography on a CM Affi-gel blue column. IgG was washed 

from the CM Affi-gel blue column, pooled and applied to the peptide affinity 

column. The elution profile of both columns from a typical purification is shown 

in Fig 4 .3 . Albumin and other proteins that bound to the CM Affi-gel blue 

column were eluted with a high salt wash, giving the second peak seen from 

this column.

Non-specific IgG was washed from the peptide affinity column and the bound 

anti-peptide antibody eluted using 50mM diethylamine, pH 11.0, followed by 

0 .2M  glycine, pH 2.4 (Fig 4 .3 ). Peaks were pooled and dialysed as described 

(Section 4 .2 .8 ) and the protein concentration and antibody titre and specificity 

determined.

In the initial purification, the glycine elution was applied first; however, a fairly 

low yield of antibody was obtained and in subsequent purifications diethylamine 

was applied first and gave a far greater yield. The yield of antibody varied 

between 4 0 -1 30//g protein/ml serum, depending on the titre of the original 

serum being purified.

To determine the degree of contamination of the IgG fraction with other 

proteins, samples were electrophoresed as described for GLUT1 (Fig 4 .2 ). It 

was possible to distinguish the IgG from the other serum proteins, with each 

fraction giving a protein profile similar to that expected. Contamination of the 

purified antibody fraction was low, therefore, the concentration of IgG was 

taken to be equivalent to the protein concentration determined for the IgG 

fraction.
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Fig 4.3 Purification of GLUT2 antibody
(a) IgG separation
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Fig 4.4 ELISA of antibody purification
(a) GLUT1 anti-C-terminal peptide antibody
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The antibody titre of each fraction was determined by ELISA, an example of 

which is shown in Fig 4.4(b) . In this case, the titre of specific antibody was 

approximately 1:350 compared to 1:800 for the antiserum. The non-specific IgG 

fraction showed low reactivity on ELISA, with a titre below 1:100, the exact 

value not being ascertained since the maximum absorbance was not known. 

During purification, therefore, most of the specific antibody elutes in the 

expected fractions with little being lost in the non-specific IgG fraction. 

However, the yield and titre of the antibody were low, due to the poor response 

of the rabbit to the antigen. The antibody appeared to recognise the correct 

peptide and protein and was therefore thought suitable for use, even at this low 

concentration.

4 .3 .2 .3  Anti-GLUT4 C-terminai peptide antibodies

Antisera raised to the C-terminal peptide of GLUT4 (residues 494-509) as 

described in Section 4 .2 .1 -4 .2 .6 , were found to react strongly with the C- 

terminal peptide of GLUT4 on ELISA and to label a protein of « M W t.53000  on 

Western blots of adipocyte low density microsomal membranes. The titre of the 

antibody in the antisera was generally good, remaining around 1:6000-1 :11000 . 

However, on the Western blots there was also some cross-reactivity with other 

proteins in the membrane preparation. The antibodies were therefore purified as 

described in Section 4 .2 .8 .

Serum IgG was first separated from albumin and other serum proteins on a 

protein A-sepharose CL-4B column. Fig 4 .5 . Albumin and other serum proteins
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Fig 4.5 Purification of GLUT4 antibody
(a) C -term inal protein A sepharose colum n
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were washed from the column in the initial broad peak. Bound IgG was then 

eluted by an acid wash, collected, neutralised and dialysed overnight against 

PBS, pH7.2. The IgG peak was then applied to a peptide affinity column 

(Section 4 .2 .8 ). Specifically bound antibody was eluted, initially with 50mM  

diethylamine, pH 11.0, and then with 0 .2M  glycine, pH2.4, Fig 4 .5 . The peaks 

were pooled and dialysed as described and stored at 20 °C . The yield of 

purified antibody varied between 161-414//g/ml serum depending upon the titre 

of serum used in the purification.

SDS/PAGE of the various fractions was carried out as described previously to 

determine contamination of the IgG fraction with other serum proteins. The 

results from a typical purification are shown to be free from contamination (Fig

4.2) and therefore the protein concentration of the antibody fraction was taken 

as the concentration of IgG.

Results of a typical screening ELISA of the various fractions obtained during 

an affinity purification of antiserum are shown in Fig 4.7(a). The anti-GLUT4C- 

terminal antiserum titre was 1:10000, with the IgG fraction from the protein A- 

sepharose CL-4B column giving a lower titre of 1:2000, while the albumin 

washed from the column gave very low activity to the peptide. When purified 

on the affinity column, the eluted antibody fraction gave a titre of 1 : 1 0 0 0 . 

Taking into account the protein concentrations of each fraction, this represents 

a 2 .7x and 3 8 .5x purification of the IgG fraction and diethylamine peak fraction 

respectively over the serum, in terms of antibody reactivity/mg protein. Thus, 

purification of the antibody from other proteins was achieved, and it was
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recovered in the expected fraction.

4 .3 .2 .4  Anti-GLUT4 N-terminal peptide antibodies

Antisera to the N-terminal peptide of GLUT4 (residues 1-16) were raised in 

rabbits as previously described. The antisera showed strong reactivity to the 

GLUT4 N-terminal peptide on ELISA and recognised a protein of » M W t.52000  

on Western blots of adipocyte low density microsomal membranes. The titres 

of the antisera were initially very high (1:50000), but gradually fell and only 

responded slightly to booster injections. Specific antibody was purified 

according to the protocol in Section 4 .2 .8 , initially separating serum IgG from 

albumin and other serum proteins on a CM Affi-gel blue column, the elution 

profile of which is shown in Fig 4 .6 . The initial peak, containing the IgG fraction 

was applied to the peptide affinity column and after washing non-specific IgG 

from the column, specific antibody was eluted with 50mM diethylamine, 

p H II.O , followed by 0 .2M  glycine, pH2.4 (Fig 4 .6). The yield of purified 

antibody varied between 247-287/yg/ml serum.

Results of SDS/PAGE of the different fractions from a typical purification, as 

described for GLUT1, are shown in Fig 4 .2 . Serum IgG was shown to be 

separated from the other serum proteins with little contamination. It was 

therefore assumed that the concentration of protein determined for the antibody 

fraction was equivalent to the concentration of IgG.

The titre of antibodies in each fraction was determined by ELISA as shown in 

Fig 4.7(b). Anti-GLUT4 N-terminal peptide antiserum had a titre of 1:20000. The
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Fig 4.6 Purification of GLUT4 antibody
(a) N-terminal peptide IgG separation
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Fig 4.7 ELISA of antibody purification
(a) GLUT4 anti-C-terminal peptide antibody
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titre of the albumin peak eluted from the CM Affi-gel blue column was 1:1000, 

showing a quite high loss of reactive antibody in this fraction. In later 

purifications this step was removed and serum placed directly onto the affinity 

column. The diethylamine eluted antibody fraction gave a titre of 1:2500, while 

the non-specific IgG fraction showed a very low reactivity to the GLUT4 N- 

terminal peptide. Therefore, in spite of the loss of some antibody in the albumin 

fraction (removed in later purifications), these results show that the antibody 

was separated from contaminating proteins and was mainly recovered in the 

expected fraction.

4.3.4 Specificity of antibodies

4.3.4.1 Specificity of antibodies-ELISA

The reactivity of the antisera to their respective peptides had been shown by 

ELISA, indicating the presence of peptide specific antibodies. These antibodies 

were affinity purified and the cross-reactivity of the antibodies against the other 

glucose transporter peptides checked by ELISA. GLUT1 C-terminal peptide, 

GLUT2 C-terminal peptide, GLUT4 Ç- and N-terminal peptides were adsorbed 

onto ELISA plates and used to screen the antibodies raised against the four 

peptides to determine to what extent the antibodies cross-reacted between the 

peptides. ELISAs were performed as described in Section 4 .2 .7 , and the titre of 

each antibody calculated in terms of protein concentration of the antibody 

solutions.

The results of the GLUT1 peptide coated plates are shown in Fig 4.8(a).
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Highest reactivity against the GLUTl peptide was seen in the affinity-purified 

anti-GLUTl antibodies with a titre of «O.IB/yg/ml. The other three antibodies 

showed low reactivity against this peptide, even at 100/yg/ml. The anti-GLUT4 

C-terminal peptide antibodies showed the most cross-reactivity, followed by the 

anti-GLUT2 antibodies, with the anti-GLUT4 N-terminal peptide antibodies 

showing least cross-reactivity. Even at 100//g/ml the anti-GLUT4 C-terminal 

peptide antibodies only showed 19%  of the maximal activity of the anti-GLUTl 

antibodies.

For the GLUT2 peptide coated plate (Fig 4.8(b)), the highest reactivity was 

seen from the anti-GLUT2 antibodies, giving a half-maximal activity at a 

concentration of «0.09y[/g/ml. The anti-GLUT4 C-terminal peptide antibodies 

showed only a low cross-reactivity against this peptide, while neither the anti- 

GLUTl nor the anti-GLUT4 N-terminal peptide antibodies showed any cross

reactivity up to a concentration of 50/yg/ml.

The anti-GLUT4 C-terminal peptide antibodies gave a strong reaction on the 

GLUT4 C-terminal peptide coated plate (Fig 4.9(a)), with a titre of »0.06/yg/m l. 

The anti-GLUTl antibodies showed a quite high cross-reactivity at 50//g/ml, 

reaching 50%  of the maximum activity of the anti-GLUT4 C-terminal peptide 

antibodies. However, this cross-reactivity fell off rapidly at higher dilutions, to 

be insignificant at the concentrations at which the antibodies were generally 

used (2//g/ml). The anti-GLUT2 antibodies also showed a low cross-reactivity 

to the GLUT4 C-terminal peptide, while the anti-GLUT4 N-terminal peptide 

antibodies showed no cross-reactivity.
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Fig 4.8 Cross-reactivity of antibodies-ELISA
(a) GLUT1 C-terminal peptide coated ELISA plate
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Fig 4.9 Cross-reactivity of antibodies:ELISA
(a) GLUT4 C-terminal peptide coated ELISA plate
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For the GLUT4 N-terminal peptide coated plate (Fig 4.9(b)), the anti-GLUT4 N- 

terminal peptide antibodies gave the highest reactivity, with a titre of 

«  0.05/yg/ml. The anti-GLUT2 antibodies showed a low reactivity to the peptide, 

while neither the anti-GLUTl nor the anti-GLUT4 C-terminal peptide antibodies 

showed any cross-reactivity up to a concentration of 50yc/g/ml.

Therefore, it can be seen there is no strong cross-reactivity between any of 

the affinity purified antibodies and any peptide, apart from that to which the 

antibody was raised. Due to these low reactivities, the true titre of the 

antibodies to peptides other than the one against which they were raised cannot 

be calculated, since the maximal activity is not reached. From these results it 

would seem that at the concentrations used, there would be no problems with 

the antibodies in terms of their cross-reactivity to other peptide epitopes from 

the other glucose transporters, at least on ELISA.

4.3.4.2 Specificity of antibodies-Western blotting

To confirm the lack of cross-reactivity of the antibodies found on ELISA, and 

to check that the small amount of cross-reactivity seen at high antibody 

concentrations did not affect transporter identification on Western blots, the 

specificity and absence of cross-reactivity of the purified antibodies to the 

different glucose transporter isoforms was confirmed by Western blotting of 

various tissue membranes against the antibodies and by comparison with the 

known tissue distribution of the transporters (Table 1.2).

Membrane fractions were prepared from rat and human tissue as described in
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Section 6 .2 .1 . Human erythrocyte membranes were available from Dr. S. 

Baldwin. Gel samples were prepared from the membranes, electrophoresed on 

10%  SDS/polyacrylamide gels and transferred to nitrocellulose (Sections 3 .2  &

3.3). Glucose transporters were detected using the affinity-purified antibodies 

prepared previously, followed by an iodinated second antibody, as described in 

Section 3 .3 .

The antibodies raised against the GLUTl peptide detected high levels of a 

protein at « M W t.53000  in human erythrocytes and rat brain, along with lower 

levels in rat kidney, heart, skeletal muscle, fat, diaphragm and liver (Fig 4 .10), 

reflecting the reported distribution of GLUTl (Table 1.2). The high levels 

detected in human muscle and liver probably reflect the contamination of these 

membranes with human erythrocytes.

Antibodies against the GLUT2 peptide showed high levels of a protein of 

« M W t.58000  in rat liver membranes, with lower levels in rat pancreas and 

human liver (Fig 4 .11 ). In the studies in the pancreas there was a more diffuse 

and lower M W t. banding, probably due to proteolytic degradation of 

transporters during isolation of the membranes. Under some isolation 

conditions, the pancreas membranes showed no reactivity to the antibody, 

presumably due to excessive degradation. Transporters were not detected in 

any other tissues.

Anti-GLUT4 C-terminal peptide antibodies detected a protein of «  M W t.52000  

in the insulin-sensitive tissues of rat skeletal muscle, heart, diaphragm, perirenal 

and epididymal fat, and in human skeletal muscle and fat (Fig 4 .12 ), but not in
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Fig 4.10 Western blot of various tissue membranes against the anti-GLUTl Ç- 

terminal antibody (50/yg unless stated). Lane: 1. Human erythrocyte membrane, 

lOytyg; 2. Rat liver; 3. Rat heart; 4. Rat diaphragm; 5. Rat kidney; 6. Rat brain; 

7. Rat perirenal fat; 8. Rat epididymal fat; 9. Rat pancreas; 10. Rat muscle; 11. 

Human muscle; 12. Human liver; 13. Human erythrocyte membrane, 10yt/g.
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Fig 4.11 Western blot of various tissue membranes against the anti-GLUT2 Ç- 

terminal antibody (100/yg unless stated). Lane: 1. Human erythrocyte 

membrane, 5/yg; 2. Rat brain; 3. Rat kidney; 4. Rat diaphragm; 5. Rat liver; 6. 

Rat heart; 7. Rat perirenal fat; 8. Rat pancreas; 9. Rat muscle; 10. Rat 

epididymal fat; 11. Human muscle; 12. Human liver; 13. Rat pancreas, 50/yg.
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Fig 4.1 2 Western blot of various tissue membranes against the anti-GLUT4 Ç- 

terminal antibody (50/jg unless stated). Lane: 1. Rat muscle; 2. Rat liver; 3. Rat 

heart; 4. Rat diaphragm; 5. Rat kidney; 6. Rat brain; 7. Rat perirenal fat; 8. Rat 

epididymal fat; 9 Rat pancreas; 10. Rat muscle; 11. Human muscle, 10Ofjg; 12. 

Human liver, 100/vg; 13. Human omental fat.
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the other tissues tested; the tissue distribution was as expected (Table 1.2).

The tissue specificity of each of the antibodies, the MWt. of proteins 

identified, and the absence of cross-reactivity with tissues which were not 

expected to express the relevant transporter, confirmed that the antibodies were 

detecting the correct glucose transporter isoform. Any small cross-reactivity 

seen on ELISA did not affect detection of glucose transporters following 

Western blotting. The antibodies were therefore considered suitable for use.

4 .3 .5  Sandwich ELISA of GLUT4

To ascertain whether both the anti-GLUT4 N-terminal and C-terminal peptide 

antibodies recognised and would bind to the same glucose transporter protein 

a sandwich ELISA was performed, as described in Section 4.2.10.

Fig 4 .13 shows the result of a standard curve using varying amounts of 

adipocyte low density microsomal membranes. ELISA plates were coated with 

800ng/ml of GLUT4 C-terminal peptide antibody in this instance. These results 

show that both the anti-GLUT4 N-terminal and C-terminal peptide antibodies 

bound to the solubilised GLUT4 glucose transporter at the same time. They also 

confirm that these two antibodies recognised the same transporter protein.

The assay method appeared very sensitive, with a linear portion of the 

standard curve between 0 -2 //g membrane protein; further work might allow 

development of this technique for quantification of the GLUT4 glucose 

transporter.
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Fig 4.13 GLUT4 antibody sandwich ELISA
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4.4  Discussion

The peptides synthesised were characterised by HPLC and amino acid analysis 

and were found suitable for conjugation to a carrier protein and immunisation 

of rabbits for the raising of antibodies. Each antiserum raised reacted against 

the relevant peptide on ELISA, thus showing that antibodies were being 

produced. On Western blotting a high level of non-specific background staining 

was often seen with each of the antisera, however, this could be overcome by 

affinity purification of the antibodies.

The affinity purified antibodies were fully characterised by ELISA and Western 

blotting. The ELISA results demonstrated that the affinity-purified antibodies had 

a high reactivity to the respective peptides against which they were raised, 

while there was negligible cross-reactivity with other isoform peptides at the 

concentrations at which the antibodies were to be used. Even at higher 

concentrations there was only a small amount of cross-reactivity in some cases. 

To confirm that these cross-reactions would not affect normal use of the 

antibodies. Western blots against various tissue membranes were carried out.

On Western blots, each of the antibodies against the C-terminal peptides of 

G LUTl, GLUT2 and GLUT4 was found to detect a protein of the correct 

apparent MW t. in the relevant tissues, with no cross-reactivity to other tissues. 

The antibodies raised to both the C-terminal (Fig 5.1 ) and N-terminal (results not 

shown) peptides of GLUT4 showed a translocation of protein from the 

intracellular low density microsomal membranes to the plasma membrane in 

adipocytes following exposure to insulin, thus providing further evidence that
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the protein detected was the insulin-regulated glucose transporter.

The results from the Sandwich ELISA indicate that the anti-GLUT4 C-terminal 

peptide antibody and the anti-GLUT4 N-terminal peptide antibody both 

recognised the same protein. The fact that this protein is abundant in adipocyte 

low density microsomal membranes, a rich source of the GLUT4 glucose 

transporter protein further suggests that both of these antibodies recognised the 

GLUT4 transporter.

The results from Western blotting indicated the specificity of the antibodies 

and absence of cross-reactivity with other transporter isoforms. They confirmed 

that the small amounts of cross-reactivity found on ELISA were not significant 

and did not occur on Western blotting. Therefore, the antibodies can be used 

for the detection and quantification of the specific glucose transporter isoforms 

in different tissues by Western blotting with confidence.
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CHAPTER 5

GLUCOSE TRANSPORT AND GLUCOSE TRANSPORTER TRANSLOCATION

IN RAT ADIPOSE CELLS

5.1 Introduction

Several previous studies have shown a decreased insulin stimulated glucose 

uptake and utilisation in adipocytes from rats fed a high-fat diet (eg. Ip et a!., 

1977; Olefsky & Saekow, 1978; Lavau at a!., 1979; Kraegen at a!., 1986). 

Salans at a/. (1981) demonstrated that this decreased uptake could be fully 

explained by a decrease in the number of glucose transporters appearing at the 

cell plasma membrane in response to insulin. Following the discovery that 

insulin promotes the uptake of glucose by the translocation of glucose 

transporters from an intracellular store to the plasma membrane (see Section 

1.3.4), Hissin at al. (1982) reported a decrease in the number of glucose 

transporters (measured by cytochalasin B binding) in the intracellular low 

density microsomal store in high-fat fed rats. This resulted in a lower number 

of transporters being recruited to the plasma membrane in response to insulin, 

suggesting that the insulin resistance seen in adipocyte glucose transport may 

be a consequence of this depletion. Decreases in adipocyte glucose transporter 

number have also been reported in other animal models of insulin resistance
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(see Section 1.3.4).

Although skeletal muscle is the major site of glucose uptake after a meal, in 

vitro studies on muscle are technically difficult. However, there are many 

similarities in the regulation of glucose metabolism in adipocytes and skeletal 

muscle. In both tissues, at basal glucose and insulin levels (Pederson et ai., 

1982; Rossetti & Giaccari, 1990; Ren et si., 1993) and after insulin stimulation 

(Yki-Jarvinen et ai., 1987; Katz et ai., 1988; Fink et ai., 1992), glucose 

transport is rate limiting for glucose metabolism. GLUT4 is the major transporter 

isoform in both tissues (Kahn et ai., 1991), and in both insulin enhances 

glucose uptake by the translocation of glucose transporters from an intracellular 

pool to the plasma membrane. Furthermore, in several insulin resistant states, 

eg. obesity and type II diabetes, the diminished rates of insulin stimulated 

glucose transport in adipocytes show good correlation with the degree of in vivo 

insulin insensitivity measured by the euglycaemic clamp technique (Garvey & 

Kolterman, 1989). We therefore hypothesised that a decrease in glucose 

transport in adipocytes, as reported by others in ad libitum fed rats, might 

account for the continued whole body insulin resistance seen in 2 0  hour fasted 

high-fat fed rats (Section 2 .3 .2 .2 ) and that a decrease in the GLUT4 glucose 

transporter isoform or an effect on the translocation of transporters might be 

involved. As described in Section 2 .1 .1 .2 , 20 hour fasted rats were studied to 

negate any short term influences of diet on plasma glucose, insulin and NEFA 

levels.

GLUT4 accounts for more than 90%  of the adipocyte glucose transporters
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(Zorzano et at., 1989) and, using surface labelling techniques, Holman et al. 

(1990) showed that it is translocation of GLUT4 that largely explains the 

increase in Vmax for glucose transport in response to insulin. Hence, we 

decided to investigate this isoform.

5.2  Methods

5.2.1 U-[^^C]-D-glucose transport assay 

Adipocyte U-[^'^C]-D-glucose uptake was measured by the method of 

Kashiwagi et ai. (1983). Isolated adipocytes, prepared as described in Section 

3.1, (2%  final lipocrit) in 500//I of lOmM HEPES, 5% BSA buffer, pH7.4, were 

incubated in the presence or absence of varying concentrations of porcine 

insulin (O-IOOnM) at 37 °C  in a shaking water bath for 30 minutes. Trace 

amounts (300nM) of U-[^'*C]-D-glucose (47.5nCi, Amersham) were then added 

and the adipocytes were incubated for a further 60 minutes at 3 7 °C at 10Orpm. 

Glucose uptake was stopped by centrifugation (lOOOOxg, 60 seconds) of a 

300jj\ aliquot of the cell suspension through 100//I of silicone oil (200/1 OOcs, 

Dow Corning) in a 400//I microcentrifuge tube. The fat cells remained above the 

oil layer, whilst the buffer went to the bottom of the tube. Thus, by cutting the 

tubes through the oil layer, the radioactivity associated with the adipocytes was 

determined by placing the top portion of the microfuge tube into 1 0 ml of 

scintillation fluid, mixing vigorously and counting for in a Philips

scintillation counter. Total radioactivity was determined by scintillation counting
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of 100//I of the aqueous layer. Uptake rates of the U-[^^C]-D-glucose could thus 

be calculated, knowing the specific activity of the isotope, the cell volume and 

cell lipocrit.

Linearity of uptake (up to and above the timecourse routinely used) and dose 

response curves were ascertained prior to use under basal and insulin stimulated 

conditions (results not shown). Glucose transport rates and insulin stimulation 

were similar in epididymal and perirenal fat cells (results not shown).

5 .2 .2  3-0-Methylglucose uptake assay

To assess glucose uptake into adipocytes and to confirm the validity of the 

less well characterised [^^C]-U-glucose uptake assay, the 3-0-methylglucose 

assay was set up. Adipocytes were isolated as described in Section 3 .1 , and 

resuspended to a lipocrit of 40% . Cells were pipetted into polypropylene 

centrifuge tubes in a shaking water bath at 37 °C , lOOrpm; insulin was added 

at the required concentrations and cells were preincubated for 30 minutes. From 

the above tubes, 50/y| aliquots of cells were pipetted onto 10//I of 1.587m M  

[^"^C]-3-0-methylglucose (Amersham) for the allotted time. Generally, assays 

were for 2 .5 seconds, timed using a metronome on 0 .5  second beats. Uptake 

was stopped with 400//I of ice cold 0.33m M  phloretin, in albumin free buffer, 

from a 1ml syringe. Cells were isolated from buffer by centrifugation of 300//I 

of suspension through 100//I 200/1 OOcs silicone oil at 10OOOxg for 30 seconds. 

Tubes were cut through the oil layer and the upper portion of the tube, 

containing adipose cells, was put into 1 0 ml scintillation fluid and counted for
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Samples were assayed in triplicate or quadruplicate and tubes processed 

two at a time.

Linearity, timecourse and dose response curves for the assay were ascertained 

prior to use (results not shown).

5.2.3 Subcellular fractionation of adipocytes

Subcellular fractionation of adipocyte membranes was achieved by differential 

centrifugation according to the method of Simpson et a!. (1983). Adipocytes 

were isolated as described in Section 3.1 . Pooled adipocytes from 4-6 rats were 

resuspended into 36ml of 10mM HERES buffer, 5%  (w/v) BSA, pH7.4, in 950ml 

polypropylene jars (Nalgene, Sevenoaks, Kent, U.K.), in the presence or absence 

of lOOnM porcine insulin and incubated at 3 7 °C  for 30 minutes with gentle 

shaking.

Following incubation, the cells were isolated by centrifugation at 1 BOOrpm and 

braking immediately and the infranatant removed from beneath the cells. The 

cells were washed in 20mM Tris-HCI, pH7.4, Im M  EDTA, 255m M  sucrose 

buffer (TES) at 18 °C  by gentle mixing, followed by centrifugation at 1 BOOrpm, 

as above. TES (30ml) was then added to the cells and the cell suspension 

rapidly homogenised with 10 strokes in a BBml Teflon pestle-glass homogeniser 

(Thomas Scientific, U.S.A.; specific clearance 0.1 Bmm) at 37Brpm using a 

Heidolph RZR-2000 rotary homogeniser at 4 °C . Subcellular membranes were 

then prepared by differential centrifugation. TES buffer was used throughout 

and all procedures were carried out at 4 °C .
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The cell homogenate was centrifuged at 1 GOOOxg^ax for 15 minutes, the 

infranatant removed using a Wintrobe needle and saved for preparation of the 

microsomal fraction. The solidified fat cake was removed with a spatula and 

discarded. The pellet, containing plasma membranes, mitochondria and nuclei 

was washed by resuspension and recentrifugation, before resuspending in 3ml 

TES and layering onto a 1 .12M sucrose cushion in 20mM Tris-HCI, p H 7 .4 ,1 mM 

EDTA, and centrifugation at lOlOOOxg^a^ for 65 minutes in a swing out rotor. 

The plasma membranes were collected as a band at the interface, diluted with 

50ml TES and centrifuged at 48000xg^ax for 30 minutes. This pellet was 

washed by resuspension in 10ml TES and centrifugation at 48000xgmax for 30  

minutes. The pellet from the sucrose cushion containing cell debris, nuclei and 

mitochondria was resuspended and repelleted at 16000xgn,ax- 

The initial supernatant, containing the microsomal fraction, was centrifuged 

at 48000xg„,ax for 30 minutes, the supernatant transferred to a clean 

ultracentrifuge tube and recentrifuged at 212000xg^ax for 75 minutes. This 

pellet, containing low density microsomal membranes was then resuspended 

and centrifuged as above. The initial microsomal pellet, containing high density 

microsomal membranes, was washed by resuspension and centrifugation before 

final resuspension. All pellets were resuspended in a minimal volume of TES, 

aliquots of each fraction taken for protein determination and marker enzyme 

assays and all samples stored at -7 0 °C  until assayed.

Protein yield, marker enzyme distribution, glucose transporter numbers and 

translocation were similar in epididymal and perirenal fat cells (results not
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shown).

5 .2 .3 .1  Set up and establishment of procedure

Subcellular fractionation techniques are inherently problematic, with small 

variations of procedure causing cross-contamination of the separate fractions. 

Weber et al. (1988) commented on the specific problems of fractionation of 

adipocytes; problems of mechanical, chemical and temperature stimulation of 

the cells prior to fractionation and requirements during the methodology, eg. the 

specific clearance of homogeniser or the collagenase used. Initial attempts to 

establish the technique in our laboratory met with limited success. To become 

familiar with the methods involved, I prepared membrane fractions in Dr. S. 

Cushman's laboratory (NIH, Bethesda, USA) and homogenisers with the specific 

clearance required were purchased from Thomas Scientific. Membranes 

prepared in Dr. Cushman's laboratory showed the same sort of marker enzyme 

distribution and translocation stimulation to that usually found by Dr. 

Cushman's group (Table 5.1). Fractionations carried out using the new  

homogenisers in our laboratory produced membranes of a comparable purity to 

those of Dr. Cushman's group, as judged by marker enzyme distributions (Table 

5.1), and translocation of transporters to the plasma membrane (Fig 5.1). Thus, 

the fractions contained highly enriched membranes that were judged usable.

Translocation, as determined using anti-GLUT4 antibody and Western blotting, 

was confirmed using cytochalasin B binding assays (Section 3.7) on membrane 

fractions prepared in our laboratory whilst establishing the fractionation method.
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Table 5.1 Distribution of marker enzymes 
in adipocyte subcellular fractions

5' N uc leo tid ase G alac tosy l tran sfe rase C itrate  syn thase

DR C U S H M A N S  G R O U P

PM 100% 5 6% 10%

H DM 12% 5 8% 1%

LDM 6% 100% 7%

M itochondria 8% 10% 100%

SET UP PREPS  

PM 100% 36% 9%

HDM 12% 4 4% 8%

LDM 5% 1 00% 9%

M itochondria 10% 10% 1 00%

C O N TR O L RATS

PM 1 00% 4 8% 2 5%

H DM 9% 5 3% 5%

LDM 12% 100% 8%

M itochondria 4% 10% 100%

FAT-FED RATS

PM 100% 5 1% 2 4%

H DM 8% 5 1% 5%

LDM 10% 100% 9 %

M itochondria 7% 13% 100%
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Fig 5.1 Western blot (a), and mean densitometric quantification (b), of the

subcellular distribution of adipocyte GLUT4 in the absence (-) or presence ( + )

of lOOnM insulin. Lane 1: LDM-; lane 2: LDM + ; lane 3: PM-; lane 4: PM + .

LDM: low density microsomal membrane. PM: plasma membrane.
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Cytochalasin B binds to the different glucose transporter isoforms and thereby 

labels the total transporter numbers present. Results are summarised in Fig 5.2. 

As with antibody results, with insulin stimulation there is a reduction in 

cytochalasin B binding sites in the intracellular low density microsomal 

membranes and a concomitant increase in binding sites at the plasma 

membrane, indicating a translocation of glucose transporters. The extent of 

stimulation of transporters appearing at the plasma membrane appeared slightly 

less than with antibody, due to a higher basal level, since the cytochalasin B 

also binds to GLUT1, which is present in the plasma membrane in the 

unstimulated state.

Results are in agreement with those from Cushman's group in respect to 

translocation of transporters, although the actual number of binding sites 

(pmol/mg protein) in each fraction was only around 50%  of those reported (see 

Weber et aL, 1988). This might be explained if the different strain and larger 

size of rat used in our experiments meant that there were fewer glucose 

transporters per mg of membrane protein. Glucose transporter number does 

decrease with age (Lin e ta l. ,  1991; Houmard et al., 1995) and adipocyte cell 

size (Foley et a!., 1980; Craig et a!., 1987). However, it is possible that our 

membrane fractions had a greater contamination with other proteins.

These cytochalasin B binding results thereby indicate that the subcellular 

fractionation procedure set up in our laboratory successfully demonstrates the 

translocation of cytochalasin B binding sites, ie. glucose transporters, implying 

that the membrane fractions are successfully separated. The results also provide

179



Fig 5.2 Cytochalasin B binding sites
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further evidence that the antibodies raised in our laboratory against GLUT4 

recognised a glucose transport protein.

5 .3  Results

5.3.1 Adipocyte glucose uptake 

Adipocytes were isolated from the epididymal and perirenal fat pads from 

individual rats maintained for 4 weeks on control or high-fat diet as described 

in Section 5 .2 .1 . Animals were around 250g at the time of study and were 

fasted for 20 hours before adipocyte isolation. Aliquots of cells were also taken 

from cell preparations for subcellular fractionations to assess glucose transport. 

Cell diameter, measured using a OSM-1 eyepiece micrometer on an Olympus 

light microscope was similar in the two groups of animals (control, 69 ±  3jjm) 

fat fed, 67 ±  2//m, n = 18).

U-[^'^C]-D-GLUCOSE ASSAY: Glucose transport into adipocytes measured using 

trace concentrations of U-[^'^C]-D-glucose as outlined in Section 5 .2 .1 , is 

summarised in Fig 5.3. Basal glucose transport was similar in adipocytes from 

rats maintained on the high-fat diet and in rats fed a control diet (0 .017  ±  0 . 0 0 2  

vs 0 .017  ±  0 .0 0 2  fmol/cell/h, n = 8 ). In the presence of a maximally stimulating 

insulin concentration (lOOnM), uptake was increased 17.5-fold in adipocytes in 

control rats to 0 .2 98  ±  0 .0 2 8  fmol/cell/h (n = 8 ). The mean glucose uptake in 

adipocytes exposed to lOOnM insulin from rats on the high-fat diet was 20%  

lower (0 .240  ±  0 .01 8  fmol/cell/h, n = 8 ); however, this difference did not quite
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Fig 5.3 Adipocyte glucose uptake
Control and fat fed rats
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reach statistical significance at the 5% level using a two-tail f-test (p =  0 .09). 

Although statistical significance was not found, it is possible that the 20%  

lower uptake in the high-fat fed rat adipocytes was a real difference, and that 

a type II statistical error has occurred, ie. that no difference was found between 

the two groups when one existed. Indeed, if we had hypothesised for certain 

that the glucose uptake was going to be decreased (ie. was going to move only 

in one direction), and consequently used a one-tail f-test, then significance at 

the 5% level would have been reached (p = 0 .045).

The insulin concentration required for half-maximal stimulation of adipocyte 

glucose transport did not reach statistical significance when the two groups 

were compared (Control: 1 .0 2 ±  0 .08  nM, n = 7; Fat fed: 1.41 ±  0 .24  nM, 

n = 5; p > 0 .5 ) . There was a tendency for a shift of the dose response curve and 

50%  stimulation point to the right (Fig 5.4) indicating a slight but non- 

statistically significant decrease in sensitivity to insulin, in the high-fat fed rats. 

3-O-METHYLGLUCOSE ASSAY: The tendency for the slight but non significant 

reduction in glucose uptake in the high-fat fed rats, as determined using the U- 

[^'^C]-D-glucose uptake procedure, was supported by preliminary studies run in 

parallel using the 3-0-methylglucose assay. Basal transport was similar in the 

two groups (Control: 0 .062  ±  0 .008  fmol/cell/min n = 4; Fat fed: 0 .067  ±  0 .003  

fmol/cell/min n = 4). Insulin, at maximally stimulating concentrations (lOOnM), 

increased the uptake rate 11.5-fold in control and 7.9-fold in fat fed rat 

adipocytes, to 0 .713  ±  0.031 fmol/cell/min (n = 4) and 0 .5 3 2  ±  0 .089  

fmol/cell/min (n = 4) respectively. However, this 25%  reduction in insulin
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Fig 5.4 U-[14C]-D-GIucose uptake assay
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stimulated uptake observed in rats maintained on the high-fat diet did not reach 

statistical significance (p = 0 .106).

5.3.2 Adipocyte subcellular fractionation and glucose transporter localisation

Adipocytes, isolated as described in Section 3 .1 , with or without prior 

exposure to lOOnM insulin, were fractionated by differential centrifugation into 

4 membrane fractions as described in Section 5 .2 .3 . Purification of each 

fraction was assessed by marker enzyme assays (Section 3.8). Quantification 

of glucose transporters in each fraction was performed by SDS/PAGE and 

quantitative Western blotting (Sections 3 .2  & 3.3).

Recovery of protein and marker enzyme distribution in the membrane fractions 

was similar in adipocytes from fat fed and control rats, both in the presence and 

absence of insulin (Table 5.1). Fig 5.5 shows a typical autoradiograph of the 

low density microsomal and plasma membrane fractions from basal and insulin 

treated cells from control (a) and fat fed (b) rats. Fig 5 .6  shows the mean 

quantification of a series of experiments by linear scanning densitometry.

In the absence of insulin, GLUT4 was primarily associated with the low density 

microsomal fraction in both control fed and fat fed animals. Under these basal 

conditions, adipocytes from fat fed rats had 29%  fewer glucose transporters in 

the low density microsomal fraction than rats on a control diet (p < 0 .0 2 ). The 

content of GLUT4 in the plasma membrane fraction of basal adipocytes was not 

significantly different between the two groups of rats. Stimulation of the 

adipocytes with insulin ( 10OnM) resulted in a translocation of immunodetectable
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Fig 5.5 Western blot of the subcellular distribution and translocation of 

adipocyte GLUT4, from control and high-fat fed rats, in the absence (-) or 

presence ( + ) of 10OnM insulin. Lanes 1 -4, fractions from control animals: lane 

1 : LDM-; lane 2: LDM + ; lane 3: PM-; lane 4: PM 4 -. Lanes 5-8, fractions from 

high-fat fed animals: lane 5: LDM-; lane 6: LDM -f- ; lane 7: PM-; lane 8: PM + . 

LDM: low density microsome membranes. PM: plasma membrane.
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Fig 5.6 Subcellular distribution 
of adipocyte GLUT4
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GLUT4 from the intracellular low density microsomal membranes to the plasma 

membrane. In both groups of rats, insulin caused a 60%  reduction in GLUT4 

glucose transporter in the low density microsomal fraction, with a concomitant 

increase in the relative abundance of GLUT4 in the plasma membrane, thus 

indicating translocation of glucose transporters in response to insulin. After 

maximal stimulation of the adipocytes, GLUT4 levels in the plasma membranes 

prepared from high-fat fed rats were 45%  lower than in those prepared from 

control rats (Fig 5.6; p < 0 .0 5 ), indicating fewer transporters appearing at the 

plasma membrane in response to insulin. Thus, this may indicate a possible 

mechanism of decreased glucose uptake in the high-fat fed model.

The increase in the relative abundance of glucose transporters in the plasma 

membrane in response to insulin, was not as high as that reported by 

Cushman's group or in our earlier experiments while establishing the method 

(Section 5 .2 .3 .1 ). This may have been due to a cross-contamination of the 

membrane fractions. In particular, a contamination of the plasma membrane 

with low density microsomal membranes would cause a higher abundance of 

GLUT4 in the basal plasma membrane fraction. Due to the large amount of 

GLUT4 in the low density microsomes when compared to the small amounts in 

the basal plasma membranes, even a small amount of contamination would 

cause a relatively large increase in the proportion of GLUT4 in the plasma 

membrane. Thus, with the basal levels higher in the plasma membrane, the 

apparent increase of GLUT4 in response to insulin will be decreased.

The probability of such cross-contamination is supported by the marker
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enzyme distribution, which shows a high abundance of citrate synthase (a 

nuclear/mitochondrial marker) in the plasma membrane fraction. An increase in 

galactosyl transferase activity is also seen in the plasma membrane fraction over 

that previously determined during set up of the procedure, although not over 

that reported by Dr. Cushman's group (Table 5.1). There is no specific marker 

for the low density microsomal membranes, since galactosyl transferase is also 

found in other types of membrane (see Weber et a!., 1988). However, the 

higher relative galactosyl transferase activity (and citrate synthase) found in 

plasma membranes does suggest some deterioration in the purity of the 

membranes over that determined previously, with some contamination of the 

plasma membrane fraction with low density microsomal membranes.

Since the yield of protein for each fraction, and the marker enzyme distribution 

did not differ between the two groups of rats, it was still possible to compare 

the glucose transporter quantity in the plasma membrane enriched and low 

density microsomal membrane enriched fractions and to draw the above 

conclusions, which are in agreement with those found by Hissin at sL (1982) 

using cytochalasin B binding to label total glucose transporter numbers, rather 

than GLUT4 per se.

The reason for the deterioration of the membrane separation is not clear; one 

possibility is that the teflon-glass homogeniser had become slightly worn and 

the specific clearance altered. Previous reports (Weber et a!., 1988) suggest 

that this clearance is critical for good separation of the membranes. Other 

possible explanations for the low increase in the plasma membrane might be
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high basal levels of glucose transporter in the plasma membrane, due to 

mechanical or other stimulation of the cells prior to homogenisation (Weber et 

al., 1988). However, conditions were consistent with previous experiments, in 

which the basal levels of GLUT4 in the plasma membrane were far lower.

5.4 Discussion

As discussed previously (Section 5 .3 .1 ), the 20%  decrease in insulin 

stimulated glucose transport identified in high-fat fed rats in this study did not 

reach statistical significance. Also, this decrease was lower than that reported 

by other investigators (Hissin et a!., 1982; Salans et a!., 1981). A possible 

explanation for this is that previous groups have used adipocytes from ad 

libitum fed rats, whereas our animals were fasted 2 0  hours prior to experiments 

(Section 2 .1 .1 .2 ). Even short periods of fasting reduce insulin stimulated 

glucose transport in adipocytes (Kahn et ai., 1988) and it is possible that the 

period of fasting reduced the difference in glucose transport activity between 

the two groups of rats. However, differences between the strain of rats used 

cannot be ruled out as a possible reason for these differences. As others have 

found (Salans et aL, 1981; Lavau et ai., 1979), the insulin concentration for 

half-maximal stimulation of glucose transport was similar in adipocytes from fat 

fed and control rats, implying normal insulin sensitivity.

Subcellular fractionation of basal adipocytes demonstrated a reduction of 29%  

in the number of immunodetectable GLUT4 glucose transporters in the low
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density microsomal (LDM) (intracellular) membranes, from whence they are 

translocated to the plasma membrane. Basally, there was no significant 

difference in the quantity of GLUT4 in the plasma membrane. After maximal 

stimulation of adipocytes with insulin, the abundance of GLUT4 in the LDM 

membranes was decreased by 60%  in both groups of animals, as found 

previously (Hissin et al, 1982). There was also a concomitant increase in GLUT4 

in the plasma membrane, consistant with a translocation of transporters from 

the intracellular store to the cell surface. Due to the lower number of glucose 

transporters in the LDM membranes basally, the number translocated to the 

plasma membrane was reduced in the high-fat fed rats. Thus, in the insulin 

stimulated state there was a 45%  reduction in the GLUT4 quantity at the 

plasma membrane. There was no difference in the protein yield of each 

membrane fraction or in marker enzyme activities between the two groups, 

suggesting that differences were not due to changes in membrane purity. These 

results are thereby consistent with the hypothesis that a depletion in the 

intracellular GLUT4 transporter pool could account for the decreased insulin 

stimulated glucose uptake reported due to a lower number translocated to the 

cell surface. The similarity in the percentage of transporters translocated from 

the LDM in both groups implies that the translocation mechanism is not 

affected.

Hissin et al. (1982) previously demonstrated that a depletion of glucose 

transporters could explain the decreased insulin stimulated glucose transport 

activity in adipocytes from ad libitum high-fat fed rats. In those studies, total
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glucose transporter number was measured using cytochalasin B which does not 

distinguish between GLUT1 and GLUT4. Thus, in our study, it is significant that 

a reduction was seen in the GLUT4 isoform of glucose transporter, and that this 

reduction was still present after a 20 hour fast. As with glucose transport, the 

decrease of 29%  found in these studies was lower than the 48%  difference 

found by Hissin et al. Fasting has previously been reported to decrease GLUT4 

numbers in adipose tissue (Charron & Kahn, 1990) and this may explain the 

discrepencies between our results, reducing the difference between the two  

groups. It is also possible that the greater reduction reported by Hissin at ai. 

(1982) was due to a decrease in the quantity of GLUT1 as well as GLUT4 

although, given the relative abundance of GLUT1 in the adipocyte (less than 

10% of the glucose tranporter number), this is an unlikely explanation. Our 

results (Section 6.3) and those of others (Pederson at a!., 1991) also suggest 

that this is not the case.

It is of interest that in this study, the reduction in the number of glucose 

transporters was proportionally greater than the reduction in glucose transport. 

This could be explained if there was an increase in intrinsic activity of 

transporters at the plasma membrane (Clark at a!., 1991) or if a lower 

percentage of transporters at the cell surface were in an occluded state or 

associated with trafficking proteins (Gould & Holman, 1993). An increased 

translocation of GLUT1 may also contribute to the difference. Interestingly, 

Pederson at ai. (1991), working on a far more severe model of high-fat feeding 

induced insulin resistance, also found a larger decrease in GLUT4 quantity than
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in glucose transport rate.

These results therefore suggest that there is a lower content of GLUT4 

glucose transporters in adipocytes in 2 0  hour fasted high-fat fed rats than in 2 0  

hour fasted control animals, and that this causes a decrease in the glucose 

uptake of the adipocytes. The difference between these decreases suggests 

that compensatory mechanisms occur to partially overcome the decrease in 

GLUT4 in terms of glucose uptake. It is possible that this tendency to decreased 

glucose transport (2 0 %) in adipocytes may make a minor contribution to the 

whole body insulin resistance observed.

Decreases in glucose transport and GLUT4 content in the high-fat fed rat 

adipocytes were relatively small by comparison with the impairment of in vivo 

insulin stimulated glucose disposal in the same animals (Section 2 .3 .2 .2 ). Also, 

adipose tissue is not the major contributor to whole body insulin stimulated 

glucose uptake. Indeed, recent results in transgenic mice overexpressing GLUT4 

specifically in adipose tissue, have shown that with high-fat feeding, this 

overexpression is maintained, but does not prevent glucose intolerance in spite 

of an increased adipocyte glucose uptake (Gnudi et a!., 1995). Therefore, if a 

specific decrease in tissue glucose transporters is to make a major contribution 

to the whole body insulin resistance seen in these animals, then it must be 

present in the tissue responsible for most of the insulin stimulated glucose 

uptake, ie. skeletal muscle.
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CHAPTER 6 

TISSUE GLUCOSE TRANSPORTER LEVELS

6.1 Introduction

The uptake of glucose into peripheral insulin sensitive tissues is of major 

importance in the maintenance of glucose homeostasis and the prevention of 

post-prandial hyperglycaemia. Impairment of insulin stimulated glucose uptake 

and utilisation (insulin resistance) is a major factor in several pathological 

conditions, eg. type II diabetes mellitus, obesity, cirrhosis, hypertension. As 

mentioned previously, glucose tranport is the rate limiting step in glucose 

metabolism. Glucose transporter levels are therefore clearly of interest in insulin 

resistant states. The most important transporter isoform in these peripheral 

tissues is GLUT4, with GLUT1 making a smaller contribution (Section 1.3).

In studies on adipocytes, we identified a 29%  decrease in GLUT4 levels in the 

high fat fed model in comparison to control animals (Chapter 5). A 20%  

decrease in glucose transport into adipocytes was also found (Section 5 .3 .1 ). 

These decreases were lower, in percentage terms, than the whole body insulin 

resistance seen. Adipose tissue makes only a minor contribution to insulin 

stimulated glucose uptake ( « 1 %); by far the most important tissue in this 

respect is skeletal muscle (Ferrannini etal., 1985; DeFronzo, 1988). In addition,
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in muscle, several studies have shown a strong correlation between total GLUT4 

protein content and glucose transport (Henriksen et a!., 1990; Kern at al., 

1990). Therefore, if a decrease in GLUT4 levels, as observed in adipose tissue, 

is going to affect whole body glucose uptake to any great extent and cause the 

whole body insulin resistance seen in this animal model (Section 2 .3 .2 .2 ), these 

decreases must be mirrored in skeletal muscle and possibly other tissues. 

Indeed, skeletal muscle has been implicated as the site of the earliest detectable 

insulin resistance in type II diabetes (Kahn, 1994).

Previous studies using animal models of insulin resistance, and type II diabetic 

patients, indicated decreased levels of GLUT4 in adipocytes, with unchanged 

levels of GLUT1 (as we observed in Chapter 5). However, as mentioned 

previously, experiments on muscle have been inconclusive (Section 1.3.4).

Therefore, total GLUT4 and GLUT1 protein levels were measured in quadriceps 

skeletal muscle (a mixture of oxidative and glycolytic fibres), diaphragm 

(principly red oxidative fibres) and cardiac muscle membranes. GLUT4 and 

GLUT1 levels were also measured in adipose tissue membranes prepared by the 

same method to confirm the results obtained in Chapter 5.

6 .2  Methods

6.2.1 Tissue membrane preparation

Total cellular membranes were prepared from various tissues by a modification 

of the method of Klip eta l.  (1987) and Pederson e ta l.  (1990). Tissue for the
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study was dissected from rats under terminal anaesthesia or from patients 

undergoing surgery, snap frozen in liquid nitrogen and stored at -7 0 °C . On the 

day of membrane preparation, tissue was thawed into homogenisation buffer 

containing 10mM NaHCO^, 0 .25M  sucrose, 5mM sodium azide, 200//M  PMSF, 

1//M leupeptin, 1//M pepstatin, 0 .1 //M  aprotinin, pH7.4, at 4 °C , rinsed and 

dissected free from erythrocytes and connective tissue, then ground under liquid 

nitrogen. The ground tissue was weighed and homogenised (PTA 10s, speed 

setting 5, 3x10 second bursts; Polytron kinematics. Lucerne, Switzerland) at 

10Omg/ml in homogenisation buffer, 4 °C . To standardise the yield, the same 

weight of tissue was homogenised in each comparable preparation. In general, 

this was approximately 400m g. Homogenates were centrifuged at 1200xg for 

10 minutes at 4 °C . The supernatant was saved and the pellet resuspended, 

rehomogenised and centrifuged as above. The first and second supernatants 

were combined and centrifuged at 9000xg for 10 minutes at 4 °C  to sediment 

the fraction containing mainly nuclei and mitochondria. The supernatant was 

then centrifuged at 227000xg for 75 minutes at 4 °C . The pellet containing the 

total membrane fraction was washed by resuspension and centrifugation, 

resuspended to a final protein concentration of 1-2mg/ml and stored at -7 0 °C  

until analysis.
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6 .3  Results

6.3.1 High-fat fed rat tissue glucose transporter levels

Tissues were taken from rats fasted for 20 hours prior to the study and freeze 

clamped immediately in liquid nitrogen. Total membrane fractions were prepared 

as described in Section 6 .2 .1 . Examples of typical autoradiographs of the 

tissues relating to GLUT1 and GLUT4 are shown in Figs 6.1 & 6.2 . The mean 

scanning densitometry measurements obtained are summarised in Table 6.1. In 

agreement with results in Section 5 .3 .2 , GLUT4 levels were found to be 34%  

lower in membranes prepared by this method in adipocytes from fat fed animals 

(control, 8 1 .6 3 ±  6.82; fat fed, 5 4 .1 3 ±  4 .74 , p < 0 .0 2 ). GLUT1 levels were 

unchanged in adipocyte membranes. However, when GLUT1 and GLUT4 

glucose transporter levels were measured quadriceps skeletal muscle, diaphragm 

or cardiac muscle, no difference was seen in the levels of either transporter 

isoform in any of the three tissues (Table 6.1).

6.3.2 GLUT2 glucose transporter levels in liver of high-fat fed rats

The GLUT2 glucose transporter isoform is the principle transporter found in 

liver. Although glucose transport is not a rate limiting step for hepatic glucose 

metabolism, given the key role of the liver in glucose homeostasis, glucose 

transport into and out of liver cells is still an important event. In keeping with 

this, I measured GLUT2 levels in liver membranes of control and high-fat fed 

rats, prepared as in Section 6 .2 .2 .

Fig 6 .3  shows an example of an autoradiograph of rat liver membranes
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Fig 6.1 Western blot of; (a) skeletal muscle membranes (50/yg) and (b)

adipocyte membranes (50//g), from control and high-fat fed rats, against anti- 

GLUT4 C-terminal antibody. Control samples: lanes 3, 4, 7, 8 in (a); lanes 2, 4,

6, 8 in (b). High-fat samples: lanes 1, 2, 5, 6 in (a); lanes 1, 3, 5, 7 in (b).
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Fig 6.2 Western blot of; (a) heart membranes (lOOyt/g) and (b) diaphragm 

membranes (lOOyt/g), from control and high-fat fed rats against anti-GLUTI Ç- 

terminal antibody. Control samples: lanes 3, 4, 6, 8 in (a); lanes 2, 3, 5, 7 in

(b). High-fat samples: lanes 1,2,  5, 7 in (a); lanes 1,4,  6, 8 in (b).
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Table 6.1 Tissue glucose transporter levels
GLUT4

Control Fat fed

Skeletal muscle 

Heart  

Diaphragm  

Adipose tissue

4 7 .6±  2.7 (14) 

9 8 .6±  7.0 (13) 

101,3±  3.2 (8) 

81 .6±  6.8 (8)

52 .4±  3.6 (14) 

102 .5±  7.0 (18) 

102.9±  2.9 (8) 

54.1 ±  4.7 (8)*

* p<0.02

GLUT1

Control Fat fed

i Skeletal muscle
1

10 .17±  0.57 (8) 10 .10±  0.65 (8)

1
Heart 4 8 .20±  1.70 (8) 4 7 .6 0 ±  2.20 (8)

Diaphragm 10.21 ±  0.62 (8) 9 .7 3 ±  0.69 (8)

Adipose tissue 4 .3 0 ±  0.51 (8) 4 .1 3 ±  0.25 (8)

Results expressed as meant SEM
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immunostained for GLUT2 from high-fat and control fed animals. Fig 6.4 

illustrates the relative quantities of GLUT2 determined from autoradiographs by 

linear scanning densitometry. GLUT2 content in liver was decreased by 20% 

(p < 0 .0 2 ) in high-fat fed rats compared to control rats.

As glucose transport into hepatocytes is not a rate limiting step in the 

metabolism of glucose in the liver, the significance of this decrease is not clear. 

The expression of GLUT2 may be directly down-regulated by the decreased 

blood glucose and plasma insulin levels that will be present in the high-fat fed 

rat due to a lower carbohydrate intake. Indeed, GLUT2 levels in liver have been 

demonstrated to be under direct control of glucose and insulin levels, with 

hyperinsulinaemia decreasing, and hyperglycaemia increasing expression 

(Burcelin et a/., 1992).

In the presence of a low carbohydrate intake, the liver will be important in 

maintaining blood glucose levels through export of glucose via GLUT2. The 

significance of the decrease in transporter levels for glucose export from the 

liver is not clear, although it appears that the lower levels in the high-fat fed rat 

do not restrict the transport of glucose from liver enough to decrease fasting 

blood glucose levels (Table 2.2).

Hence, these results imply that the expression of the GLUT2 glucose 

transporter in liver is either directly or indirectly under the control of blood 

glucose levels. As with GLUT4 down regulation in adipocytes, the site and 

mechanism of this decreased transporter expression is not known.
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Fig 6.3 Western blot of liver membranes ( 10OyC/g) from control and high-fat fed 

rats against anti-GLUT2 C-terminal antibody. Control samples: lanes 2, 3, 5, 7 

in top blot; lanes 1,3,  6, 8, 10 in lower blot. High-fat samples: lanes 1 , 4 , 6 ,  

8 in top blot; lanes 2, 4, 5, 7, 9 in lower blot.
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Fig 6.4 Liver GLUT2 glucose 
transporter levels
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6 .4  Discussion

In total membrane preparations of adipocytes, a similar decrease of « 3 0 %  

was seen in GLUT4 transporter levels in the high-fat fed rats, as found with 

fractionation experiments (Section 5 .3 .2 ). No significant difference was found 

in adipocyte GLUT 1 transporter levels. A high-fat diet has been shown to reduce 

insulin stimulated glucose transport in skeletal muscle (Grundleger & Thenen, 

1982). However, expression of GLUT4 and GLUT1 in quadriceps skeletal 

muscle, diaphragm and cardiac muscle was no different in insulin resistant rats 

maintained on a high-fat diet. Thus, a depletion of skeletal muscle glucose 

transporters does not appear to contribute to the in vivo insulin resistance 

(Section 2 .3 .2 .2 ) found in these high-fat fed rats.

Early studies suggested that insulin resistance was linked to down regulation 

of GLUT4. Thus, in streptozotocin (STZ) injected rats, in fasted rats and in rats 

fed a high-fat diet, decreases in adipocyte GLUT4 levels have been reported, 

with no changes in GLUT1 (Section 1.3). However, results on GLUT4 levels in 

skeletal muscle from insulin resistant animals and patients have indicated a 

different regulation of GLUT4 from that found in adipocytes. In STZ injected 

diabetic rats, there is a dissociation between the onset of skeletal muscle insulin 

resistance, which occurs before a decrease in skeletal muscle GLUT4, 

particularly in white muscle (Kahn et a!., 1991; Richardson et a!., 1991), 

suggesting that the reduced GLUT4 levels reported by others may be secondary 

to chronic hyperglycaemia or hypoinsulinaemia. Also, with fasting, GLUT4 levels 

are increased up to 3x in skeletal muscle and return to normal levels with
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refeeding (Charron & Kahn, 1990). This increase parallels an increase in in vitro 

insulin stimulated glucose uptake, but contrasts with the in vivo skeletal muscle 

insulin resistance found in some (Kahn & Flier, 1990), although not all 

(Kruszynska & Home, 1989), studies. In 90%  pancreatectomised rats, phlorizin 

treatment, which reverses insulin resistance, does not alter GLUT4 levels (Kahn 

et ai., 1991).

Chronic insulin treatment can also cause insulin resistance, but does not affect 

total glucose transporter number (Garvey at ai., 1987; Traxinger & Marshall,

1989). Instead there is a down regulation of GLUT4 from the cell surface and 

this down regulation decreases the ability to respond to further challenge (Kozka 

& Holman, 1993). More recently, Kahn & Pederson (1993) showed that 

although a decrease in skeletal muscle GLUT4 levels is seen in rats rendered 

obese by severe high-fat feeding (80%  of calories as fat, only 5%  

carbohydrate), no change is seen in rats with obesity from overfeeding or 

genetic obesity, both conditions being associated with insulin resistance. Thus, 

in different types of obesity there are distinct patterns of regulation of muscle 

glucose transporters, suggesting that GLUT4 levels might be a factor in some 

cases of insulin resistance but that in many they are unrelated to in vivo glucose 

disposal.

In rats rendered insulin resistant by high fat feeding, both exercise training and 

an increase in 0 -3  fatty acids have been shown to ameliorate the insulin 

resistance. Interestingly, exercise training appears to do this, at least in part, by 

increasing GLUT4 expression in skeletal muscle, whereas dietary manipulation
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has no effect on GLUT4 levels (Rodnick et a!., 1990; Wake etsL ,  1991). Thus, 

upregulation of GLUT4 may be able to play a role in increasing insulin sensitivity 

in some conditions, whereas other mechanisms are probably responsible in 

other states.

In human subjects a similar picture of GLUT4 expression is seen. Dohm at a! 

(1991) reported an 18%  decrease in skeletal muscle GLUT4 from type II 

diabetic patients; however, several other groups failed to find any change in 

skeletal muscle GLUT4 in type II diabetic or obese patients (Pederson at a!., 

1990; Kahn ataL ,  1991; S iv itze fa /., 1989; Koranyi at a!., 1990; Handberg at 

a/., 1990; Eriksson at a!., 1992). Also, in obese patients a restoration of normal 

insulin responsiveness by weight loss is not associated with a change in skeletal 

muscle GLUT4 (Friedman at a!., 1992).

Thus, our results are in agreement with other reports on the tissue specific 

regulation of GLUT4 expression, suggesting that in many cases peripheral 

insulin resistance is not caused by a decrease in glucose transporter number. 

Indeed, it appears that the decreases in GLUT4 levels may be secondary to 

other effects of insulin resistance. Fasting and STZ diabetes both decrease 

GLUT4 levels in adipocytes, but have opposing effects on glycaemia, suggesting 

that glucose levels are not a determining factor. However, insulin levels are 

decreased in both states (Berger ef a/., 1989; Sivitz ataL,  1989). Also, insulin 

is required in the differentiation of 3T3-L1 fibroblasts, which do not have 

GLUT4, to adipocytes which do contain GLUT4 (Frost & Lane, 1985; Garcia de 

Herraros & Birnbaum, 1989). However, insulin deprivation of 3T3-L1 adipocytes
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does not affect GLUT4 levels, but it does decrease GLUT1 (Hainque et a!., 

1990).

An increased cAMP level in adipocytes, in diabetic and with fasting, has been 

suggested as a cause of decreased GLUT4 (Kaestner efa /., 1991). Interestingly, 

TNF-a causes a large decrease in GLUT4 levels and it is thought that this may 

play a part in the insulin resistance seen in sepsis and endotoxaemia (Stephens 

& Pekala, 1991). Its effects may be exerted by a decreased expression of the 

CCAAT/enhancer-binding protein which fra/?s-activates the GLUT4 promoter and 

may play a part in the tissue specific expression of GLUT4 (Kaestner at a!.,

1990).

If decreased expression of GLUT4 is not the cause of decreased glucose 

uptake, it is possible that other perturbations of the glucose transport 

mechanisms could be involved, such as decreased translocation to the plasma 

membrane or changes in the intrinsic activity of the glucose transporters. 

Indeed, there have been reports suggesting that insulin resistance affecting 

glucose transport may be due to defective translocation of GLUT4 in skeletal 

muscle (King at a!., 1992; Garvey at a!., 1993).

Recent results using transgenic mice with overexpression of human GLUT4 

have demonstrated that the level of GLUT4 does affect the rate of glucose 

disposal (Liu ataL ,  1993; Treadway ataL ,  1994; Marshall & Mueckler, 1994) 

and the GLUT4 expressed at the plasma membrane, implying that glucose 

transport is a rate limiting step for glucose utilisation. Also, overexpression of 

GLUT4 in db/db mice overcomes their diabetes (Gibbs at a/., 1995), again
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indicating an important role for GLUT4 in glucose homeostasis. More recently, 

Katz et at. ( 1995) demonstrated that in mice with disrupted GLUT4 transporters, 

there are normal glucose levels basally and after an oral glucose load, indicating 

that GLUT4 is not required for maintaining normal glycaemia, although a 

decrease in insulin sensitivity is present. Also, GLUT4 appears essential for 

sustained growth, normal cellular glucose and fat metabolism and life span. 

Interestingly, in these animals, skeletal muscle GLUT1 and hepatic GLUT2 levels 

are raised, indicating possible compensatory mechanisms for glucose 

homeostasis. The rise in liver GLUT2 level is of particular interest in relation to 

the decreased levels found in our animals, suggesting that these levels may be 

important in maintaining glucose homeostasis. However, Brozinick at aL ( 1996) 

indicated that although increased GLUT4 levels do increase insulin stimulated 

glucose transport in skeletal muscle, glucose metabolism is unaffected, 

suggesting that metabolism is not coupled to GLUT4 levels. In this study, 

glucose transport was increased by a lower amount than predicted by the 

increase in plasma membrane GLUT4 transporters. In contrast, in a previous 

report by Shepherd at at. (1993), in adipocytes, a 6-9x increase in GLUT4 

content was accompanied by a 20-34x increase in basal glucose transport, 

again indicating the different mechanisms involved in glucose transport control 

in skeletal muscle and adipose tissue. The results of Brozinick at a!. (1996; 

1993) indicate that GLUT4 transporters associated with the plasma membrane 

can remain in an inactive form, possibly through occlusion (Vannucci at a!., 

1992). Brozinick at aL (1996), also suggest that there is a limit to the number
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of transporters that can be exposed at the plasma membrane, and that the 

overexpression of GLUT4 may overload the vesicular targetting pathway. It is 

suggested that in the animals of the Brozinick study intracellular glucose 

disposal becomes rate limiting during insulin stimulation, possibly through 

hexokinase.

Thus, there remains conflicting evidence on the role of GLUT4 in maintaining 

normal insulin sensitivity and glucose metabolism. Although increased skeletal 

muscle GLUT4 can ameliorate some effects of insulin resistance (Brozinick et 

aL, 1994; King et a!., 1992; Banks et aL, 1992), there is little evidence for a 

causative role of GLUT4 or GLUT1 down regulation in skeletal muscle in insulin 

resistant states, including our own model of the high-fat fed rat. While down 

regulation of adipose tissue GLUT4 is often seen, the contribution to whole 

body glucose uptake by adipose tissue is less than 1  %; these decreases would 

not be sufficient to cause the insulin resistance seen. Thus, the exact 

involvement of GLUT4 expression in insulin resistance remains uncertain.
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CHAPTER 7

MEMBRANE LIPID PROFILE AND TISSUE GLYCOGEN AND TRIGLYCERIDE

STORES

7.1 Introduction

The insulin resistance and decreased glucose uptake observed in skeletal 

muscle and heart in animals maintained on a diet high in saturated fat was not 

shown to be caused by a decreased glucose transporter content in these 

tissues. Other factors that may influence glucose transport and glucose 

transporter function were therefore investigated.

The lipid composition of diet has been shown to have a profound effect on 

insulin resistance, with a small substitution of fish oil (high in 20:5 and 22:6 Q- 

3 fatty acids) preventing the development of insulin resistance (Storlien et aL,

1987). The insulin receptor and glucose transporter are both integral membrane 

proteins and the early stages of insulin action and glucose transport into the cell 

are plasma membrane events. It has been reported that the physiochemical 

properties of membranes are largely determined by the fatty acids in the 

phospholipid bilayer, and that these can influence hormonal responsiveness 

(Hagve, 1988). Thus, it is possible that changes in the membrane properties 

may be involved in some of the adverse effects of dietary fats on insulin action,
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in particular changes in the membrane lipid composition.

Several studies have demonstrated that an increase in polyunsaturated fatty 

acids increases membrane fluidity and insulin action (Ginsberg et a!., 1987; 

1982; Field et aL, 1988), the opposite occurring with saturated fatty acids 

(Grunfeld eta !.,  1981; Ginsberg et aL, 1982). Indeed, both glucose transport 

activity (Gould etaL, 1982; Sandra & Fyler, 1981 ; Pilch etaL, 1980; Carruthers 

& Melchior, 1988) and the insulin receptor (Ginsberg et aL, 1981) have been 

demonstrated to be modulated by changes in membrane lipid environment. The 

activity of glucose transporters is influenced by both the polar head groups 

(Sandra & Fyler, 1981) and fatty acid tails (Pilch et aL, 1980). Furthermore, 

recruitment of glucose transporters to the plasma membrane involves the fusion 

of membrane vesicles with the plasma membrane (Section 1 .3 .4 ), a process 

that is likely to be influenced by the membrane lipid composition.

Studies by Field et aL (1988; 1989; 1990a) showed that rats fed a diet with 

a high content of polyunsaturated fatty acids incorporated these into adipocyte 

membranes; adipocytes from these animals showed increased insulin binding 

and insulin stimulated glucose transport. Further studies have demonstrated that 

long chain 0 -3  fatty acids, which prevent insulin resistance in the high-fat fed 

rat, need to be incorporated into the phospholipid component of muscle cells 

(Storlien etaL, 1991) for the effect to occur. Thus, the effects of diet fat on the 

composition and structure of cell membranes appears a possible mechanism for 

the effects of diet on insulin mediated glucose disposal. These effects could be 

exerted through changes in the physical properties of the membranes
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surrounding the insulin receptor and glucose transporter, eg. membrane fluidity, 

or possibly through changes in the composition of secondary-messengers 

originating from the plasma membrane.

Membrane lipid composition and fluidity were therefore investigated in 

quadriceps skeletal muscle, diaphragm and heart muscle membranes.

Storlien etaL  (1991) have demonstrated a good inverse correlation of muscle 

triglyceride and glucose utilisation in their experimental animals and suggested 

that increased NEFA availablity from intramuscular stores could account for 

decreased glucose utilisation via the glucose-fatty acid cycle. Muscle triglyceride 

and glycogen concentrations were therefore also measured.

7 .2  Methods

7.2.1 Membrane fluidity measurements

Membrane fluidity was assessed using the hydrophobic fluorescent probe 1 , 6 - 

diphenylhexa-1,3,5-triene (DPH) (Shinitzky & Barenholz, 1978). This 

incorporates into the lipid matrix, and the degree of fluorescence polarisation (P) 

by the dye gives an indication of the fluidity of the environment surrounding it. 

The method of labelling and measurement followed that of Owen etaL  (1982). 

DPH was stored at a concentration of 2mM in tetrahydrofuran. Immediately 

prior to use, it was diluted 2000-fold into hypotonic 20mOsM Tris-HCI, pH7.6. 

The solution was flushed with nitrogen and sonicated for 20 minutes in a 

sonicating water bath. Membrane samples were dried down under a stream of
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nitrogen and resuspended to 100//g/ml in hypotonic Tris-HCI, pH7.6. The 

membrane solution (2ml) was incubated with 2ml of the dye solution at 3 7°C  

for 60 minutes to incorporate DPH into the lipid matrix. Steady-state 

measurements of fluorescence polarization (P) were then made at 3 7 °C  using 

a wavelength of excitation at 360nm and emission at 450nm  on a Perkin Elmer 

LS50 luminescence spectrometer. The measurement P was used as a measure 

of membrane fluidity.

7 .2 .2  Lipid extraction

Lipids were extracted from tissue membrane samples by the method of Folch 

et aL (1957). Membrane samples (0.5-1 ml; Section 6 .2 .1 ) were thoroughly 

mixed with 4ml of a 2:1 mixture of chloroform/methanol. The mixture was 

centrifuged at 1200xg for 5 minutes and the lower chloroform layer taken and 

placed in a clean glass tube. The aqueous layer was resuspended with 1 ml HgO 

and extracted with a further 4ml chloroform/methanol mixture as before. The 

lower chloroform layer was pooled with the first extraction and dried down 

under a stream of nitrogen at 50°C .

7 .2 .3  Cholesterol measurements

Membrane cholesterol was measured using a commercially available kit 

(Boehringer Corporation Ltd., Lewes, E. Sussex, U.K.). Dried lipid extract 

(Section 7 .2 .2 ) was redissolved in isopropanol, and 2ml of reagent solution 

added to 20//I of sample. The O.D. at 500nm was recorded after 10 minutes at
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room temperature and the concentration of cholesterol calculated.

7.2.4 Phospholipid measurements

Total phospholipid was measured as inorganic phosphorus after digestion of 

sample with H2 SO4  (Bartlett, 1959). HgSO^ (0.5ml of ION) was added to the 

dried down lipid extract (Section 7 .2 .2 ) and heated at 180°C  for 3 hours. Two 

drops of 30%  HgOg was added after this time and the solution returned to 

180°C  for a further 1 hours to complete combustion and to decompose all 

peroxide. Inorganic phosphorus was measured by addition of 4.5ml 0 .22%  

(w/v) ammonium molybdate and 0.2ml Fiske-SubbaRow reagent. The solution 

was mixed and heated for 7 minutes at 100°C  and the O.D. at 830nm  

recorded. Fiske-SubbaRow reagent was made by dissolving 0.5g of 1-amino-2- 

napthol-4-sulphonic acid in 200ml of 15% (w/v) sodium bisulphite, followed by 

1g of sodium sulphite. The mixture was filtered and stored for up to a week in 

a dark bottle. All glassware was acid washed prior to use.

7.2.5 Fatty acid separation and identification

Lipids were extracted from tissue membrane samples as described in Section

7 .2 .2  and fatty acids separated and identified using gas liquid chromatography 

(GLC). Extraction of fatty acids was by the method of Folch etal. (1957). Dried 

lipid extract (Section 7 .2 .2 ) was resuspended in 1 ml 98%  methanol, 2%  H2 SO4 , 

0 . 2 % benzene, purged with nitrogen, the tubes capped tightly and incubated 

at 6 0 °C overnight to methylate the fatty acids.
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After cooling to room temperature, 1 ml water was added and the tubes 

vortexed. Samples were then extracted with 2ml hexane, mixed thoroughly and 

allowed to settle. The top hexane layer was removed to a clean glass tube and 

evaporated to dryness under a stream of nitrogen at 50°C . The extract was 

resuspended in 100-200//I hexane and 5//I loaded onto the GLC column. Fatty 

acids were separated, on the basis of the number of carbon atoms and the 

number of double bonds, on 15% (w /w) polyethyleneglycol succinate (PEGS) 

immobilised on 100-120 Gas ChromQ (inert phase) in a glass 6  foot x 2mm 

(I.D.) column, using a Hewlett Packard 5840A  gas chromatograph. The 

chromatograph was set with an injection temperature of 180°C , a detector 

temperature of 180 °C  and a column temperature of 175°C . Detection of fatty 

acids was by flame ionisation and comparison with known standards.

7 .2 .6  Tissue triglyceride

Frozen tissue ( «  20mg) was weighed into glass vials, the exact weight noted, 

and homogenised in 1ml phosphate buffered saline, pH 7 .2 , using a polytron 

homogeniser (PTA 10s probe, speed setting 5). Triglycerides were extracted by 

the method of Folch et aL (1957) (Section 7 .2 .2 ).

Triglyceride N reagent ( 1 ml) from a commercially available kit (Wako Chemicals 

GmbH, Neuss, Germany) was added directly to the dried sample which was 

resuspended thoroughly. The O.D. 505nm was read against a triglyceride 

standard after 15-30 minutes. If the resuspended sample was cloudy, it was 

centrifuged at 1200xg for 5 minutes prior to reading the O.D. of the
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supernatant.

7 .2 .7  Tissue glycogen levels

Frozen tissue ( «  50mg) was weighed into a glass vial, the exact amount noted 

and homogenised in 5ml (liver) or 2ml (muscle) of 0 .03M  HCI using a polytron 

homogeniser (PTA 10s probe, speed setting 4) until no lumps remained. 

Aliquots (0.5ml liver + 0.5m l 0 .03M  HCI or 1 ml muscle) were pipetted along 

with glycogen standards into stoppered boiling tubes. Samples and standards 

were heated at 100°C  for 5 minutes, after which 0.1m l of 1M NaOH was 

added to all tubes and incubated at 100°C  for a further 10 minutes. Following 

this, the tubes were removed and 0.1 ml of 1.5M  acetic acid added and the 

tubes mixed thoroughly. Acetate buffer, 0 .1M , pH4.7, (2ml) was pipetted into 

the tubes, mixed thoroughly and the samples centrifuged at 1200xg for 5 

minutes. Aliquots (0.5ml) were pipetted into labelled microfuge tubes and 0.1 ml 

of 1 % (w/v) amyloglucosidase, 2%  (w/v) BSA in 20mM Tris-HCI, pH7.5, added 

to each tube and incubated at room temperature for 2 hours. Samples were 

then assayed for released glucose.

Glucose assay:

Sample/standard (0.1ml) was added to 0.5m l of glucose assay buffer 

containing 0.66m M  ATP, 0.43m M  NADP, 5mM MgClj, 50mM Tris-HCI, pH8.1, 

and the O.D. at 340nm recorded for all samples. Hexokinase/glucose 6 - 

phosphate dehydrogenase (10//I) was added to each cuvette, mixed and 

incubated at room temperature for 20 minutes, or until the O.D. 340nm was
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stable. The O.D. 340nm was recorded, the change in absorbance noted and the 

glucose concentration calculated given the molecular extinction coefficient of 

6 . 2 2 , or the glycogen concentration calculated from the known standards.

7.3 Results

7.3.1 Cholesterol/phospholipid ratio

The concentrations of cholesterol and phospholipid were measured in tissues 

as described in Sections 7 .2 .3  and Section 7 .2 .4 . The results are summarised 

in Table 7.1.

In quadriceps skeletal muscle membranes, cholesterol content was unchanged 

in the high-fat fed rats, while the phospholipid content was 1 0 % higher, though 

this did not reach statistical significance (p = 0 .15 ). This rise in phospholipid led 

to a slight (14% ) decrease in the cholesterol/phospholipid ratio, although this 

also did not reach statistical significance (p = 0 .284 ). In heart membranes, 

cholesterol was decreased by 24%  over control and phospholipid was raised 

slightly in the high-fat fed rats, leading to a 30%  decrease (p < 0 .0 5 ) in 

cholesterol/phospholipid ratio.

7.3.2 Membrane lipid fluidity

Membrane lipid fluidity, measured as described in Section 7 .2 .1 , was assessed 

for quadriceps skeletal muscle and heart. The fluorescence polarisation ratio (P), 

to which lipid fluidity is inversely related, showed no difference in either tissue
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Table 7.1 Membrane lipid composition and fluidity

K )

00

Quadriceps muscle Heart

Control High-fat fed Control High-fat fed

n 11 11 11 11

Cholesterol 

(/imol/g protein)

102± 10 103± 6 61 ± 4 49 ± 7

Phospholipid 

Oumol/g protein)

611 ± 29 674± 27 692 ± 33 714± 27

Cholesterol
x100

Phospholipid

17.5± 1.9 15.3± 0.8 8.7± 0.4 6.7± 0.8*

Membrane lipid fluorescence 

polarisation ratio (P)#

0.29± 0.01 0.29± 0.01 0.33± 0.01 0.31 ± 0.01

Results expressed as mean± SEM
* p<0.05 vs control rats
# Membrane lipid fluidity is inversely related to P



in animals fed on a diet high in fat compared to those fed on a control diet. This 

indicates that the provision of this diet does not affect membrane lipid fluidity, 

at least on the gross scale as measured by this probe, in spite of the small 

changes in cholesterol/phospholipid ratio. This would therefore suggest that the 

high-fat diet does not act by causing major changes in the target tissue 

membrane fluidity.

7 .3 .3  Fatty acid composition

Membrane lipids were extracted, and the phospholipid fatty acids 

transmethylated and analysed by gas liquid chromatography as described in 

Section 7 .2 .5 .

The proportion of the major fatty acids analysed in the membrane samples are 

shown in Table 7.2. Membrane phospholipids of quadriceps skeletal muscle, 

heart and diaphragm from the fat fed rats showed an increase in the proportion 

of saturated and mono-unsaturated fatty-acids (18:1 0 -9 ), with a concomitant 

decrease in the content of linoleic acid (18:2 0 -6 ). Arachidonic acid (20:4 0-6) 

was increased in heart in the high-fat fed rat, but not in quadriceps muscle or 

diaphragm.

7 .3 .4  Tissue glycogen and triglyceride stores

Tissue glycogen and triglyceride levels were measured by the methods 

described in Section 7 .2 .7  and 7 .2 .6  respectively. The results are summarised 

in Table 7 .3 . There was no difference found in the skeletal muscle or heart
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Table 7.2 Membrane fatty acid 
composition

% fatty acid in membrane phospholipid

Fatty acid
Control rat 
(n =  6)

Fat fed rats 
(n =  6)

HEART

16:0 13.0 ±  0.6 14.3 ±  0.7

18:0 24 .0 ±  1.4 31 .3 ±  1 . 1* *

18:1 1 1 ,0±  0.5 14.3 ±  0 . 5 * * *

18:2 28.1 ±  0.8 15 .5 ±  0 . 8 * * *

20:4 2 0 . 0 ±  1.2 27 .4 ±  1 .7 * *

QUADRICEPS MUSCLE

16:0 27 .2 ±  1.0 29.3 ±  2.5

18:0 20 .2 ±  0.6 25.3 ±  1.6*

18:1 12.8 ±  0.7 15 .7 ±  0 . 5 * *

18:2 24 .6 ±  0.7 17.7 ±  1 .8 * *

20:4 15.4 ±  0.8 14.3 ±  1.2

DIAPHRAGM

16:0 20.0 ±  0.3 19.7 ±  0.5

18:0 19.4 ±  0.2 24 .5 ±  1 . 1 * * *

18:1 14.2 ±  0.4 20 .3 ±  1 . 2 * * *

18:2 3 1 .9±  0.7 22 .5 ±  1 . 2 * * *

20:4 14.5 ±  0.7 13.1 ±  0.8

Results expressed as me an± SEM
* p < 0 .0 2 , * *  p < 0 .0 1 , * * *  p < 0 .0 0 1

2 2 0



Table 7.3 Tissue glycogen and triglyceride concentrations 
in ad libitum or 20hr fasted rats

FASTED RATS AD LIB FED RATS

Control Fat fed C ontrol Fat fed

n 6 6 6 6

G L Y C O G E N

(pm ol/g wet wt.)

Liver 12.6± 2.0 3 0 .4 ±  2 .9 * 2 9 3 ±  27 256  ±  31

S keletal m uscle 24.2+ 2.2 2 6 .2 ±  1.4 24.4±  4.0 27.9± 2.1

H eart 24.3± 2.6 2 1 .7 ±  3.2 11.3 ±  1.5 8 .5 ±  2 .0

TR IG LY C E R ID E  

(/L/mol/g wet wt.)

Liver 21 6 ±  3.1 2 9 .4 ±  3.9

S keletal m uscle 23.2+ 4.7 2 1 .3 ±  4.1

H eart 7 .0 +  0 .8 9 .8 ±  0 .8 #

Results expressed as m ea n ±  SEM
* p <0.001 vs rats on control diet
#  p < 0 .0 5  vs rats on control diet
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glycogen levels between the two groups of rats in either the fed or fasted state. 

In the liver also there was no significant difference in the glycogen 

concentration in ad libitum fed rats. However, in 24 hour fasted animals, the 

liver glycogen concentration was approximately 2 .5x higher (p <  0 .001) in the 

high-fat fed rats compared to controls, although the levels were low in both 

groups.

No difference was found in triglyceride levels in the quadriceps skeletal muscle 

between the fat fed and control rats. However, there was an increase in 

triglyceride levels in the heart (p < 0 .0 5 ) and a tendency for the levels to be 

raised in the liver in the high-fat fed rat (p = 0 .164).

7 .4  Discussion

7.4.1 Membrane lipid composition 

Feeding rats a diet high in saturated and monounsaturated fats increased the 

proportion of saturated and monounsaturated (18:0 and 18:1 0 -9 ) fatty acids 

incorporated into membrane phospholipids, with a concomitant decrease in 

linoleic acid (18:2 0 -6) in all three muscle types investigated. In cardiac muscle 

membranes, the content of arachidonic acid (20:4 0 -6 ) was also increased, but 

this was not seen in quadriceps or diaphragm muscle. In heart membranes, 

there was a significant reduction in the cholesterol/phospholipid ratio. This ratio 

was also decreased in quadriceps skeletal muscle, although it did not reach 

statistical significance (p = 0 .284 ). The increase in saturated fatty acids in the
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membrane phospholipid would be expected to decrease membrane fluidity, 

whereas a reduction in the cholesterol/phospholipid ratio would increase 

membrane fluidity. In cardiac and skeletal muscle membranes from high-fat fed 

and control rats, there was no difference in membrane lipid fluidity, suggesting 

that the two opposing factors cancel each other out. The increase in arachidonic 

acid found in heart membranes would also serve to increase membrane fluidity, 

and it is in heart where the greater change in saturated fatty acids was seen. 

Thus, it would appear that in response to the increase in the proportion of 

saturated fatty acids, there is a compensatory reduction in the 

cholesterol/phospholipid ratio which serves to maintain a normal membrane lipid 

fluidity.

As previously reported in adipocytes (Field et a!., 1990a) and skeletal muscle 

(Storlien et a/., 1991), manipulation of diet fat composition in this study 

influenced the membrane phospholipid composition of insulin responsive tissues, 

indicating a possible mechanism by which diet fat may influence insulin action. 

Changes in membrane phospholipid content and composition have been shown 

to influence insulin responsiveness (Grunfeld et a/., 1981; Ginsberg et a/.,

1987), altering insulin binding (Field et aL, 1989) and glucose uptake and 

oxidation (Melchior & Czech, 1979; Pilch et a!., 1980; Sandra & Fyler, 1982).

In rats, a high proportion of polyunsaturated fatty acids (Melchior & Czech, 

1979; Field et a/., 1990a; 1990b) and incorporation of long chain 0 -3  fatty 

acids (Storlien et a!., 1991) have both been demonstrated to increase insulin 

stimulated glucose uptake, although the mechanism by which this is achieved
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is unclear. It is possible that control of conformational changes in the receptor 

(Gould et a/., 1982), influences in the coupling between the receptor and 

glucose transporter (Field eta/., 1990a; 1990b), changes in the structure of the 

receptor (Ginsberg eta!., 1982), mobility within the bilayer (Melchior & Czech, 

1979; Stubbs & Smith, 1984), permeability of the membrane (Storlien et ai, 

1991) or influences on secondary messenger composition (Saltiel, 1990) may 

be involved. Results in this study, with those of Hunnicutt et ai. (1994) suggest 

that fatty acids do not affect insulin action by altering membrane lipid fluidity, 

although changes in the microenvironment of the insulin receptor or glucose 

transporter cannot be ruled out. However, it has been reported that there is a 

rapid and continuous transfer of phospholipids between different membranes in 

the cell (Voelker, 1991 ), and that most cell membranes have the same relative 

ranking of fatty acids (Wahle et a!., 1991), suggesting similar properties of the 

membranes.

It has been proposed that there are plasma membrane mediators of insulin 

action that contain lipids originating from the plasma membrane (Saltiel, 1990). 

Membrane lipids may be involved by influencing the fatty acid composition of 

diacylglycerols (and protein kinase C activation) (Stralfors, 1988) and of 

eicosanoids (eg. prostoglandins, thromboxanes and leukotrienes), derived from 

0 :2 0  polyunsaturated fatty acids (Borkman et a!., 1993). Also, it has been 

speculated that a membrane bound phospholipid dependent protein kinase C is 

involved in insulin action (Christensen et a!., 1987). Changes in membrane 

phospholipid composition may influence insulin action through any of these
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pathways.

Decreases in fatty acid desaturase activities have been shown in diabetes 

(Faas & Carter, 1980; Worcester ef a/., 1979; Borkman eta!., 1993) and these 

activities are influenced by both the content and composition of the diet 

(Weekes eta!., 1986; Garg etaL, 1988). These changes could contribute to the 

decreased insulin action by reducing the amount of long chain polyunsaturated 

fatty acids in the membranes. However, the exact role of these decreased 

activities remains unclear. Levy et aL (1988) have also suggested a change in 

phospholipid metabolism in the diabetic state, although, cause and effect remain 

to be elucidated. Thus, the results from this study are in agreement with other 

studies showing a change in membrane lipid composition in the diabetic state, 

although the exact involvement in the aetiology and progression of insulin 

resistance remains to be elucidated.

7 .4 .2  Tissue glycogen and triglyceride stores

Feeding rats a diet high in fat could have different effects on tissue glycogen 

concentrations. While the reduction in dietary carbohydrate could decrease 

glucose uptake and storage as glycogen, the increased availability of fatty acids 

might be expected to have a sparing effect on tissue glycogen breakdown, 

resulting in higher glycogen stores in these animals. In the latter case, the 

higher glycogen stores may be expected to impair insulin mediated glucose 

utilisation. In some models of insulin resistance, eg. obesity, an increase in 

muscle glycogen has been reported (Shafrir, 1982; Crettaz et a!., 1983).
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However, reports have indicated a defect in insulin stimulated muscle glyogen 

synthesis in the high-fat fed rat (Storlien et a!., 1987; Kraegen at sL, 1989a) 

and in type II diabetes (Bogardus & Lillioja, 1990). In this study no difference 

was found in skeletal muscle or heart glycogen levels between the two groups 

of rats in either the fed or fasted state. There was also no difference in liver 

glycogen concentration in ad libitum fed rats. In 20 hour fasted high-fat fed 

rats, liver glycogen levels were raised compared to control animals, indicating 

some sparing of glycogen, but levels were low in both groups.

Previous reports have shown increased triglyceride levels in oxidative muscles 

(soleus, gastrocnemius and diaphragm) of rats maintained on a high-fat diet and 

a good inverse relationship between muscle triglyceride levels and glucose 

utilisation (Schindler & Felber, 1986; Storlien at ai., 1991). Raised muscle 

triglyceride levels have also been reported in type II diabetes (Falholt at a!.,

1988). These results led to the suggestion that increased NEFA availabity from 

lipolysis of the intramuscular triglyceride stores could account for the decreased 

glucose utilisation via the glucose fatty acid cycle (Randle at a!., 1963; Storlien 

at ai., 1991). However, we found no difference in the triglyceride levels in 

quadriceps skeletal muscle between fat fed and control animals, suggesting that 

in this muscle type, triglyceride stores are not a factor in insulin resistance. 

However, there were larger triglyceride stores in cardiac muscle though, and 

there was tendency to higher levels in liver from high-fat fed rats. The capacity 

for fatty acid oxidation, and thus the potential for competition for oxidation 

between fatty acids and glucose is greatest in skeletal muscles with a
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predominance of slow twitch, oxidative fibres, eg. red gastrocnemius and 

soleus. Indeed, Storlien et at. (1986) demonstrated that the oxidative muscles 

were most affected by dietary manipulation. Findings in heart muscle, which 

shares some features with these skeletal muscles, suggests that an examination 

of more oxidative muscles, rather than the mixed quadriceps, might have 

yielded different results.

Fructose feeding, which raises circulating triglyceride levels, has also been 

shown to impair insulin action in both liver and peripheral tissues (Thorburn at 

a/., 1989), and development of whole body insulin resistance is closely related 

to the induction of hypertriglyceridaemia. Dexfenfluramine (Storlien etaL, 1988) 

and ciglitazone (Kraegen et aL, 1989b), both of which lower circulating 

triglyceride levels, significantly improve insulin resistance caused by high-fat 

feeding. Benfluorex, which also decreases peripheral tissue triglyceride stores, 

by reducing hepatic triglyceride output (Geelen, 1983), also ameliorates insulin 

resistance caused by high-fat or fructose feeding (Storlien et aL, 1993). 

Substitution of 0 -3  oils into high-fat diets, which prevents the development of 

insulin resistance, has also been shown to decrease triglyceride supply by a 

reduction in hepatic triglyceride output (Storlien et aL, 1993). Thus, there is a 

suggestion that insulin action is decreased due to an increase in either 

circulating or intracellular triglyceride levels.

However, other reports have shown that an elevation of plasma NEFA and 

triglyceride, with a concomitant insulin elevation, increases glycogen synthesis 

and incorporation of glucose into glycerol, but does not impair peripheral tissue
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glucose uptake (Jenkins et aL, 1988; Kruszynska et aL, 1990; Kruszynska et 

aL, 1991). Furthermore, Crettaz et aL (1983) demonstrated that exercise in 

Zucker rats reduces their muscle triglyceride levels without improving insulin 

stimulated glucose metabolism in vivo. The causal role of triglyceride and NEFA 

levels in plasma and tissues thus remains uncertain.

Further work is obviously still required to fully elucidate the involvement of 

tissue and circulating triglyceride stores in the mechanism of insulin resistance.
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CHAPTER 8 

STUDIES IN HUMAN TISSUE

8.1 Introduction

Impaired glucose tolerance is found in 60-80%  of patients with cirrhosis 

(Kruszynska & McIntyre, 1991), and is common in patients with hepatitis, fatty 

liver or toxic liver damage. There is also an increased prevalence of overt 

diabetes mellitus (6-40% ) in cirrhotic patients when compared with normal 

subjects (Kruszynska & McIntyre, 1993).

The principle defect in this impaired glucose tolerance found in cirrhosis 

appears to be an impaired peripheral insulin response (Taylor et aL, 1985; 

Cavallo-Perin eta!., 1985; Kruszynska ef a/., 1991b). Indeed, insulin resistance 

is present in the vast majority of cirrhotics, including many with apparently 

normal glucose tolerance. Following peripheral resistance, subsequent 

impairment of the insulin secretory response, (and possibly the development of 

hepatic insulin resistance) may lead to the development of overt diabetes 

mellitus (Kruszynska at aL, 1993; Petrides at aL, 1990a).

In cirrhotic patients, a blunting of the early R-cell response and insulin release 

is often found, which could play a role in the development of the glucose 

intolerance (Bruce at aL, 1988). Despite this initial decrease in secretion,
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hyperinsulinaemia is present in cirrhotic patients, both in the fasting state and 

after a glucose load (Johnston & Alberti, 1977), due both to hypersecretion of 

insulin and reduced insulin clearance; the reduced clearance is quantitatively the 

more important factor.

Fasting hyperinsulinaemia with normal blood glucose levels suggests that 

hepatic insulin resistance is present in cirrhotic patients. However, hepatic 

glucose output is effectively suppressed in cirrhotics in hyperinsulinaemic 

glucose clamps, and hepatic glucose disposal accounts for less than 1 0 % of 

infused glucose, suggesting that hepatic insulin resistance may only be of 

significance in the fasting state. Peripheral insulin resistance has been 

demonstrated in some cirrhotic patients, in whom both insulin levels and hepatic 

insulin sensitivity are normal (Petrides ef a/., 1990a). Thus, the reduced insulin 

stimulated glucose disposal found in cirrhosis is attributable to a decrease in 

peripheral glucose uptake, particularly in skeletal muscle which accounts for 70- 

80%  of the enhanced glucose uptake with insulin infusion. In fact, as in type 

II diabetes mellitus, skeletal muscle appears to be the main tissue responsible 

for the in vivo insulin resistance seen in cirrhosis. Thus, a mechanism for the 

development of impaired glucose tolerance may be envisaged similar to that 

outlined for type II diabetes mellitus (Section 1.2.2) with peripheral insulin 

resistance playing a key role (Kruszynska & McIntyre, 1993).

The mechanism underlying this peripheral insulin insensitivity is not clear. 

Lower insulin binding has been found in some (eg. Cavallo-Perin eta!.,  1985), 

although not all (eg. Harewood et ai., 1982) studies. Lower adipocyte glucose
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transport has also been demonstrated, and both a receptor and post-receptor 

defect suggested as the cause of insulin resistance (Cavallo-Perin eta!., 1985).

An impaired ability of insulin to stimulate glycogen synthesis (Petrides et al., 

1991), due to decreased activation of glycogen synthase (Kruszynska at a!.,

1988) has also been postulated as a possible cause of peripheral insulin 

resistance. However, these results do not exclude the possibility of a defect in 

glucose transport (see Kruszynska & McIntyre, 1993; Shulman at a!., 1995), 

since the activity of glycogen synthase may be influenced by the rate of glucose 

transport and accumulation of glucose-6 -phosphate.

As mentioned above, decreases in adipocyte glucose transport have been 

reported in cirrhosis; however, there have been no studies in skeletal muscle 

from cirrhotic patients. To try to understand the possible mechanisms 

underlying the insulin resistance present in cirrhotic subjects and to explain 

reports of low adipocyte glucose transport, we measured glucose uptake into 

adipocytes from cirrhotic and control patients, and GLUT4 glucose transporter 

levels in adipose tissue and skeletal muscle, to assess whether decreases in 

transporter number might contribute to the insulin resistance, as suggested in 

some other insulin resistant states (see Section 1.3 .4). Translocation of GLUT4 

from intracellular stores to the plasma membrane in adipocytes was also 

measured.
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8 .2  Methods

8.2.1 Tissue collection

Omental fat and abdominal wall muscle was collected from cirrhotic or control 

patients undergoing abdominal surgery, often liver transplantation in the case 

of cirrhotics. Patients with other risk factors for insulin resistance were excluded 

from the study. Muscle and adipose tissue for measurement of glucose 

transporter levels was snap frozen in liquid nitrogen immediately after excision 

by the surgeon, and stored at 20°C , until assayed. Adipose tissue for glucose 

uptake and transporter translocation was immediately placed into HEPES/5% 

BSA buffer containing 5mM glucose, pH 7.4, at 3 7 °C  (Section 3.1), and 

assayed as soon as possible, typically within 30 minutes.

8.2.2 Adipocyte glucose uptake

Human adipocytes were isolated as described in Section 3 .1 , and glucose 

uptake assayed using either the U-[^'^C]-D-glucose transport assay (Section 

5.2 .1) or the 3-0-methylglucose assay (Section 5 .2 .2 ). When run in parallel, 

similar results were obtained between the two methods.

The U-[^^C]-D-glucose assay was the test used routinely, because smaller 

amounts of tissue were required and because it was less labour intensive. The 

3-0-methylglucose assay was carried out in some cases, to confirm the results 

obtained with the U-[^^C]-glucose assay, as it is a more well characterised and 

more used method. Also, as 3-0-methylglucose is a non-metabolisable 

substrate, possible changes in the metabolism of intracellular glucose will not
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affect uptake.

8 .2 .3  Tissue glucose transporter level

Membranes were prepared from adipose tissue and muscle as described in 

Section 6 .2 .1 . Samples were prepared and electrophoresed (Section 3.2) and 

glucose transporters quantified by quantitative Western blotting (Section 3.3). 

Human GLUT4 content and immunodetectable signal by autoradiography were 

linearly related (results not shown). GLUT1 levels could not be measured in 

human tissue due to the very high levels found in human red blood cells, hence, 

even a small amount of contamination with blood causes a large variation in the 

quantity of GLUT1 measured in a tissue.

8 .2 .4  Adipocyte GLUT4 translocation

Adipocytes isolated as described in Section 3.1 were fractionated according 

to the protocol in Section 5 .2 .3 . Purity and separation of membranes was 

assessed using marker enzyme assays as described, while quantity of GLUT4 

glucose transporters in each fraction, and translocation of GLUT4, was 

measured using SDS-PAGE and quantitative Western blotting (Section 3 .2  & 

3.3).
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8 .3  Results

8 .3 .1  Glucose uptake assays

Adipocyte [^"^C]-glucose uptake in cirrhotic and control patients is summarised 

in Fig 8 .1 , with the cirrhotic group also subdivided into the aetiological groups 

of primary biliary cirrhosis (PBC) or viral hepatitis. Basal uptake was not 

different in any of the groups. Maximally insulin stimulated uptake was slightly, 

though not significantly, increased in cirrhotic patients (p = 0 .288 ). When 

divided into aetiological groupings, PBC patients still show a slight, non

significant (p > 0 .5 ), increase in maximally stimulated uptake, while viral 

hepatitis patients show a significant increase (0 .154  ±  0 .0 2 0  vs 0 .09  ±  0 .0 12  

fmol/cell/hr; p < 0 .0 5 ).

Mean age of the subjects was not significantly different between the groups, 

although cirrhotic patients tended to be younger; (Control: 55 ±  3 .7  years 

(n = 8 ); Cirrhotic: 5 2 .2 +  1 . 6  (n = 10); PBC: 5 1 .7 ±  1 . 6  (n = 7); Hepatitis: 5 3 .3 ±

4 .5  (n = 3); NS). Adipocyte diameter was also smaller in the cirrhotic patients. 

This did not reach significance overall, or in the PBC group, but did in cirrhosis 

due to viral hepatitis; (Control: 83 .3  ±  2.6//m  (n = 8 ); Cirrhotic: 78 .0  ±  2 .4  

(n = 10); PBC: 8 0 .3 ±  2.7 (n = 7); Hepatitis: 7 2 .6 ±  4.1* (n =  3); * p < 0 .0 5 ).

3-0-methylglucose assays, when run in parallel, showed a similar pattern 

between control and PBC patients (Control:- Basal: 0 .0 8 4  ±  0 .0 1 7fmol/cell/min; 

+ Insulin: 0 .3 5 7 ±  0 .0 6 0  (n = 4); PBC:- Basal: 0 .0 7 0 ±  0.01 ; 4-Insulin: 0 .3 8 6 ±  

0 .077  (n = 5); p > 0 .5 ) .
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Fig 8.1 Human adipocyte 14C-glucose uptake
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8.3.2 Human tissue GLUT4 glucose transporter levels

GLUT4 levels, measured in human muscle and adipose tissue membranes, are 

summarised in Table 8 .1 . Typical autoradiographs are shown in Fig 8.2. There 

were slight, but non significant, increases in muscle GLUT4 in each group of 

cirrhotic patients (Overall, p = 0 .208; PBC, p > 0 .5 ;  Hepatitis, 0.1 > p > 0 .5 ;  

Alcoholic, p = 0 .218). However, it should also be noted that these patients 

tended to be lower in age. In adipose tissue, there was no difference in GLUT4 

between PBC patients and controls. There was a slight, but non-significant 

decrease in adipose tissue GLUT4 in viral hepatitis patients (p > 0 .5 ).

8.3.3 Adipocyte subcellular distribution of GLUT4

Preliminary studies on the subcellular distribution and insulin stimulated 

translocation of GLUT4 indicated no significant differences between adipocytes 

isolated from control or cirrhotic patients (Figs 8 .3  & 8 .4). Under basal 

conditions, most GLUT4 was in the low density microsomal membrane (LDM) 

fraction in both groups. Upon stimulation with insulin, there was a reduction, 

similar in cirrhotic and control adipocytes, in the LDM GLUT4 of « 4 0 % , with 

a concomitant increase in GLUT4 levels in the plasma membrane, indicating a 

translocation of immunodetectable glucose transporters. In both groups, the 

concentration of GLUT4 in the plasma membrane was increased by «2 .4-fo ld . 

The levels of GLUT4 in each fraction, ± insulin, was not significantly different 

between the two groups. As indicated by the results from Section 8 .3 .2 , there 

was no change in the overall adipocyte GLUT4 levels.
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Table 8.1 Human tissue GLUT4 
glucose transporter level

Control PBC Aloohollo Hepatitis

n

Age

Muscle GLUT4 

Adipose GLUT4

6F, 3M 

55 .2 ±  3.8

24 .2±  2.7 

3 4 .7 ±  9.9

7F, 1M 

5 1 .1±  1.3

26.1 ± 1.9 

34 .9±  3.5

5M 

47.8 ±  1.9

29 .8±  2.7

4M  

5 3 .3 ±  4.5

28.0 ±  2.3 

2 6 .7 ±  2.9

Results expressed as mean± SEM
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Fig 8.2 Western blot of; (a) human skeletal muscle membranes (20/yg) and (b) 

human adipocyte membranes (50//g), from control and cirrhotic subjects against 

anti-GLUT4 C-terminal antibody. Control samples: lanes 1, 2, 3, 7, 8  in (a); 

lanes 3, 4, 6  in (b). PBC samples: lanes 4, 5, 9 in (a); lanes 1 ,7  in (b). Hepatitis 

samples: lanes 6 , 10 in (a); lanes 2, 5 in (b).
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Fig 8.3 Western blot of the subcellular distribution of adipocyte GLUT4, from 

(a) control and (b) cirrhotic (PBC) subjects, in the absence (-) or presence ( + ) 

of 10OnM insulin. Lane 1 : LDM-; lane 2: LDM + ; lane 3: PM-; lane 4: PM + , in 

both (a) and (b). LDM: low density microsomal membrane. PM: plasma 

membrane.
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Fig 8.4 Human adipocyte GLUT4 
subcellular distribution
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Cirrhotic patients tended to be lower in age (50 ±  0 .9  years (n = 4 ) vs 55 ±  6.5  

years (n = 5); p > 0 .5 ) , and to have slightly smaller adipocytes (76 .5  ±  3.9/ym 

(n = 4) vs 8 1 .4 ±  2.2/ym (n = 5); p = 0 .308) than control patients, but neither 

difference was statistically significant. Protein yield and marker enzyme assays 

for the separate fractions were not different between the two groups (Results 

not shown).

8 .4  Discussion

The results obtained in these studies indicated that in cirrhosis and in PBC, 

there were no significant changes in basal or maximal insulin stimulated glucose 

uptake in adipocytes, in comparison to control patients. There was an increase 

in insulin stimulated uptake in adipocytes from viral hepatitis patients. However, 

it should be noted that the number of patients was small, and the adipocyte cell 

size was significantly smaller than in controls. Patients were also slightly, 

though not significantly younger in age. Since it has been reported that 

adipocyte insulin sensitivity decreases with increased cell size (Foley et a!., 

1980; Craig et al., 1987), and increased age (Lin et a!., 1991 ; Houmard et a!., 

1995), it is possible that the increase in transport seen in hepatitis patients may 

be due to their decreased fat cell size, implying decreased adiposity, and their 

tendency to younger age. The small, non significant increase in overall cirrhotic 

adipocyte glucose uptake may also be due to the slight decreases found in age 

and cell size in these subjects.
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No significant changes in GLUT4 glucose transporter levels were found in 

adipose tissue or skeletal muscle, suggesting that changes in GLUT4 expression 

is not involved in the whole body insulin resistance found in cirrhosis. In 

agreement with the above results, initial studies on the subcellular distribution 

of GLUT4 in adipocytes confirmed that there was no decrease in GLUT4 level, 

and indicated that the translocation of GLUT4, in response to insulin, was not 

diminished in cirrhotic patients.

A previous study on cirrhotic patient adipocytes reported a decrease in insulin 

sensitivity and in the maximal rate of 3-0-methylglucose transport, together 

with a decrease in insulin binding (Cavallo-Perin et a!., 1985). The reasons for 

the difference from the results presented in our studies is not clear, although the 

choice of patient and the aetiology of the cirrhosis may play a role. In our study, 

cirrhosis was due primarily to PBC or viral hepatitis, while Cavallo-Perin et al. 

examined patients who were alcoholic or suffering from cryptogenic cirrhosis. 

The depot from which the fat tissue was taken was not reported in the Cavallo- 

Perin paper, and there might be a difference if a different fat type was used. We 

did not measure insulin sensitivity at sub-maximal insulin concentrations; thus, 

it is possible that sensitivity to insulin could have been decreased in these 

patients, as reported previously.

While some of the patients in our study had previously been demonstrated to 

be insulin resistant (Kruszynska et a!., 1991b), because of difficulties in 

recruiting patients and obtaining tissues from surgery, not all subjects from 

which tissues were taken were fully characterised; while every effort was made
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to match the two groups, some indices, such as BMI, were not always known. 

Also, undiagnosed insulin resistance is a possibility in the 'normal' middle aged 

patients.

It should be noted that while the glucose uptake results obtained in this study 

differ from those of Cavallo-Perin et aL (1985), previous studies on insulin 

binding in cirrhosis have produced different results from various groups, some 

reporting decreased binding (Cavallo-Perin at al., 1985), others finding no 

change (Harewood at a!., 1982), while Taylor at ai. (1985) found differing 

results under different conditions.

In several animal models of insulin resistance, and in type II diabetes mellitus, 

a reduction in adipocyte glucose transport has been reported, with a decrease 

in adipocyte GLUT4 (Section 1 .3.4). Indeed, in studies on the high-fat fed rat 

in Chapter 5, a reduction in adipocyte glucose transporter level was identified. 

However, using similar methodology, no change in adipose tissue GLUT4 was 

seen in cirrhotic patients, suggesting a possible difference in adipocyte 

transporter regulation in cirrhosis, and in type II diabetes and animal models of 

insulin resistance, and hence in the regulation of glucose transport into adipose 

cells. Translocation of GLUT4 appeared unaffected in cirrhosis.

Reports on skeletal muscle GLUT4 in insulin resistant states and type II 

diabetes have been mixed, although most suggest that levels are unchanged 

(Section 6.4). In agreement with this, we found no change in total membrane 

GLUT4 in the muscle of cirrhotics. However, these measurements do not 

exclude changes in translocation of GLUT4 to the muscle cell and T-tubule
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surface or changes in the intrinsic activity.

Thus, in this study on cirrhotic patients, no change was found in GLUT4 

expression in adipose tissue or skeletal muscle, or indeed of glucose transport 

into adipocytes, suggesting that glucose transporter dysfunction is not a major 

factor in insulin resistance in cirrhosis.

The defect causing insulin resistance in cirrhosis remains uncertain. As 

discussed in Chapter 7, the cell membrane lipid composition can have profound 

effects on insulin action. In patients with liver disease, an increase in 

cholesterohphospholipid ratio and decrease in membrane lipid fluidity has been 

reported (Owen et a!., 1982). These changes would serve to decrease insulin 

action (Section 7.1). However, in other studies, an in vivo relationship between 

insulin insensitivity and abnormal membrane lipids has not been found (Barzilai 

et ai., 1991).

As mentioned previously, results on insulin binding have been mixed in 

cirrhotic patients; however, even if binding is unchanged, post binding insulin 

receptor function, eg. tyrosine kinase activity, or intracellular mediators, eg. 

PI3K, could be affected, but they have not yet been studied. While the 

increased plasma NEFA levels found in cirrhosis could explain a decrease in 

glucose uptake into tissues through the 'glucose-fatty acid cycle' (Randle et ai., 

1963), it has been reported, both after oral glucose and during a glucose clamp 

(Petrides et ai., 1991), that there is normal suppression of plasma NEFA, 

indicating that an increased NEFA level cannot explain the insulin insensitivity.

A further possibility for the development of glucose intolerance is that an
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increased production of cytokines could impair tissue insulin sensitivity in 

cirrhosis (Yoshioka etaL, 1989), since a number of cytokines, including tumour 

necrosis factor a (TNF-a) have been shown to cause insulin resistance (Lang et 

at., 1992).

It has been suggested that the transport of insulin across the capillary wall into 

the interstitial space might be a rate limiting step for insulin action (Rasio et aL, 

1968). It is not yet clear whether the transfer of insulin across this barrier is 

receptor mediated (King & Johnson, 1985) or governed solely by physical 

factors. Thus, it is possible that in cirrhosis, a down regulation of endothelial 

cell insulin receptors, by the hyperinsulinaemia present, may occur, or that 

changes in membrane properties might affect uptake and decrease insulin 

action.

Furthermore, it has been reported that increased muscle blood flow may play 

a role in increasing glucose uptake (Laasko et a/., 1990). A-V shunting and 

impaired vascular reactivity are often seen in cirrhotics (Lunzer et al., 1975), 

and a failure to enhance muscle blood flow could impair insulin transfer into the 

interstitial space, and thereby, result in a reduced and delayed effect of insulin 

on tissue glucose uptake (Kruszynska & McIntyre, 1993).
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CHAPTER 9 

GENERAL DISCUSSION

The series of studies reported in this thesis were designed to investigate the 

involvement of glucose transporter expression and function in insulin resistant 

states.

To measure glucose transporter isoform quantities and distribution, specific 

anti-peptide antibodies were raised to GLUT1, GLUT2 and GLUT4, and were 

affinity purified. The antibodies were characterised by several methods. These 

allowed us to identify and quantify the glucose transporter isoforms to which 

they were raised (Chapter 4 and Section 3.3.1 ). Identification and quantification 

of each of these transporter isoforms could be directly carried out in the 

membranes from tissues of insulin resistant and control subjects.

My initial task was to establish and characterise a suitable animal model of 

insulin resistance, in which the mechanisms underlying the insulin insensitivity 

could be studied.

One such model, previously reported to induce insulin resistance was the 

neonatal STZ injected rat (Section 2 .1 .1 ). However, rats injected with 

lOOmg/kg STZ as neonates on day 0 after birth, showed no decrease in whole 

body insulin sensitivity, despite marked glucose intolerance and
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hypoinsulinaemia due to an almost complete wipe out of R-cell insulin secretion 

in response to glucose (Section 2 .3 .1 ).

There had been mixed reports on the induction of insulin resistance in neonatal 

STZ injected rats (Section 2 .1 .1 ). However, during the course of the work 

carried out in this study, Blondel et al. (1989) published results to elucidate 

these discrepencies, and found, as reported here, that injection of STZ on day 

0  or day 2  after birth does not induce insulin resistance in the animals as adults, 

in spite of a blunted insulin response with resultant hypoinsulinaemia. Animals 

injected at day 5 after birth did become insulin resistant.

Defects in both insulin secretion and insulin action have been identified in type 

II diabetes mellitus. However, there has been much argument as to the primacy 

of either defect in the development of diabetes, since a lesion in one action 

would lead to a change in the other (Section 1.2 .2). The results of Blondel at 

si. ( 1989), and those in previous reports (eg. Kruszynska & Home, 1988), have 

shown that a primary insult to the B-cell, with resultant hyperglycaemia, can 

lead to insulin resistance secondarily. Indeed, Blondel at ai. (1990) showed, 

through phlorizin treatment to correct glycaemia, that it is the chronic 

hyperglycaemia following B-cell damage which results in the development of 

insulin resistance, possibly through a down regulation of the glucose transport 

system.

However, the results presented in this study, with those of Blondel at ai.

(1989), indicate that an insult to the R-cell, with resultant prandial 

hypoinsulinaemia and hyperglycaemia, does not invariably lead to insulin
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resistance, at least over the timecourse for which these animals were studied. 

The animals in these studies showed normal fasting insulin and glucose levels. 

The studies of Blondel et al. (1989; 1990) on rats injected with STZ on day 5 

after birth imply that a more drastic depletion of B-cell insulin content and 

blunting of insulin secretion, with a more severe hypoinsulinaemia and 

hyperglycaemia, is required to induce insulin resistance. Indeed, the animals in 

these studies also showed a basal hypoinsulinaemia and hyperglycaemia, 

indicating that these factors may be important in the development of insulin 

insensitivity.

One difference between this model and a postulated timecouse of diabetes 

development from a B-cell defect is in the early stages of B-cell dysfunction. In 

the model postulated (Section 1.2 .2), a less severe R-cell defect is thought to 

occur initially, leading to a blunting of the early insulin response, following 

which, through continued stimulation of the B-cell hyperinsulinaemia will result. 

This hyperinsulinaemia, which is not encountered in these STZ injected neonatal 

rats, may contribute to the development of insulin resistance. However, in this 

postulated model of diabetes development, subsequent R-cell failure and 

consequent hypoinsulinaemia are also thought to play a key role in the 

development of insulin resistance.

Therefore, in spite of a partial regeneration of R-cell capacity in these animals 

following insult, glucose stimulated insulin secretion remained severely blunted, 

while insulin resistance was not induced. Indeed, the diabetes reported for this 

animal model appears relatively severe, and more related to type I diabetes
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mellitus, with a fairly large impairment of R-cell function present, rather than the 

smaller effects reported in early type II diabetes. Since insulin resistance was 

not induced, the model was deemed unsuitable for further study.

Further studies to establish an animal model of type II diabetes have been 

reported, using a low dose of STZ injected at 2 days of age in combination with 

a high-fat diet, thus causing both an impairment of insulin secretion and insulin 

action (Pascoe & Storlien, 1990). In these studies, injection of STZ leads to a 

reduction of insulin secretion, while fat feeding alone leads to insulin 

insensitivity. In both cases, fasting glycaemia remains near normal. Only when 

the two are applied together does fasting hyperglycaemia intervene. However, 

the insulin resistance induced by high-fat feeding is not exacerbated by the 

insulin deficiency and hyperglycaemia caused by STZ injection (Pascoe etaL ,

1992). Thus, these results support those presented in this study, that 

hypoinsulinaemia and hyperglycaemia do not necessarily lead to (or exacerbate) 

insulin insensitivity.

As mentioned above, the feeding of a high-fat diet had been reported to 

induce insulin insensitivity in rats and to decrease glucose uptake in peripheral 

tissues (Section 2 .1 .2 ). In the studies reported in Chapter 2, animals maintained 

on a diet high in fat showed a slight blunting of the initial insulin secretion in 

response to a glucose load, followed by an overall hyperinsulinaemia, probably 

caused by a continued overstimulation of the R-cells from the resultant 

hyperglycaemia and through a decreased metabolic clearance rate of insulin. 

Animals demonstrated a marked whole body insulin resistance. Fasting blood
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glucose and plasma insulin levels were no different from control animals. Thus, 

the high-fat fed rat model showed several aspects of the pathophysiology of 

early and pre- diabetes, with insulin resistance occurring without a major R-cell 

defect, and before the development of overt diabetes mellitus. It therefore 

appeared a good animal model by which to study the development of insulin 

resistance and the early stages of this disorder, with particular emphasis on 

glucose transporter expression and function, since glucose uptake had been 

reported to be decreased in this model (Section 2 .1 .1 .2 ).

In high-fat fed rats, a specific decrease in adipocyte GLUT4 glucose 

transporter isoform was found. In the basal state, this decrease was associated 

with the intracellular (LDM) membranes fraction, while basal glucose transport 

was not different to control values. Upon stimulation with insulin, a similar 

proportion of LDM glucose transporters were translocated to the cell surface in 

both groups. However, due to the lower initial number in the LDM in the high- 

fat fed rats, there was a lower number recruited to the plasma membrane (PM). 

Therefore, after insulin stimulation, there was a lower GLUT4 content at the cell 

surface in the PM fraction. This led to a marked, though, as discussed in 

Section 5 .3 .1 , non-statistically significant reduction in insulin stimulated glucose 

transport in adipocytes from high-fat fed rats. No change in GLUT1 content was 

found. These results thus indicate, that the decrease in adipocyte glucose 

transporter content reported by other groups (Hissin etaL, 1982), is specific to 

the GLUT4 isoform, and is still present in 20 hour fasted animals, which remain 

insulin resistant, thus suggesting a long term effect of high-fat feeding on

250



insulin sensitivity and adipocyte GLUT4 expression. As discussed in Section 

5.4 , the discrepency between GLUT4 content and glucose transport suggests 

that compensatory mechanisms may occur to overcome the decrease in glucose 

transporter number.

However, in quadriceps skeletal muscle, cardiac muscle and diaphragm, no 

changes in GLUT4 or GLUT1 levels were found, indicating that decreased 

muscle glucose transporter expression does not greatly contribute to the whole 

body insulin resistance, and reported decrease in muscle glucose uptake 

(Grundleger & Thenen, 1982), in the insulin resistant high-fat fed rat.

In parallel studies on human cirrhotic patients, no changes in skeletal muscle 

or adipose tissue GLUT4 content were present, indicating that changes in 

GLUT4 expression are not involved in the insulin resistance reported in cirrhosis. 

No change in adipocyte glucose uptake was found.

It therefore appears that, although in some insulin resistant conditions, a 

decrease in adipocyte GLUT4 expression may account for a very small 

proportion of insulin insensitivity, it is not consistently found in other insulin 

resistant states. Indeed, it has been suggested that the down regulation of 

GLUT4 is a consequence of other factors arising, eg. hyperglycaemia and 

hypoinsulinaemia, rather than a primary cause of insulin resistance.

In skeletal muscle, changes in glucose transporter content have been 

demonstrated in some cases, but generally have not been found in insulin 

resistant states. Even when changes have been found, they are usually 

considered to be secondary events (Section 6.4). Several results have
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demonstrated an important role of GLUT4 in maintaining glucose regulation 

(Section 6 .4), however, there remains no evidence for a causative role of 

glucose transporter downregulation in the development of insulin insensitivity, 

but much evidence against a role.

As discussed in Chapter 7, several of the events involved in insulin action are 

membrane associated, and are affected by changes in membrane composition, 

eg. insulin binding, glucose transport, secondary messenger generation. 

Membrane fusion events are also involved in the secretion of insulin from the 

pancreatic R-cell and recruitment of glucose transporters to the plasma 

membrane. Thus, there are several ways in which changes in membrane lipid 

composition may affect the actions of insulin. In this study, as previously 

reported, manipulation of dietary fat was found to induce changes in the 

membrane lipid composition. Changes in membrane composition have also been 

reported in cirrhosis (Section 8.4).

No change in membrane fluidity was found in the high-fat fed rat muscle 

membranes in this study, suggesting that overall membrane fluidity is not a 

factor. Although undetected changes in the microenvironment around the 

receptors/transporters, cannot be ruled out, as mentioned in Section 7 .4 , it does 

appear that most cellular membranes have similar composition.

In addition to the effects of dietary fats on insulin action, several fatty acids 

have been shown to stimulate glucose transport, at least one of which 

(palmitate) does so through a similar mechanism to insulin, by inducing 

translocation of GLUT4 transporters to the plasma membrane (Hardy et a/.,
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1991). Acylation of insulin receptors (Magee & Siddle, 1988), glucose 

transporters (May, 1990), or other proteins (Jochen et a!., 1991) has been 

implicated as a possible mechanism.

Prolonged exposure of adipocytes to palmitate leads to a decrease in insulin 

sensitivity (Hunnicutt et a!., 1994). Long term insulin treatment of adipocytes 

(Begum et a!., 1985) also leads to insulin resistance, by a blocking of insulin 

receptor recycling. Decreases in receptor recycling have also been reported in 

adipocytes from high-fat fed rats (Begum etaL, 1985). Palmitate induced insulin 

resistance in adipocytes therefore appears to be through a mechanism similar 

to that of chronic insulin treatment (Hunnicutt et aL, 1994). Thus, it is possible 

that a high-fat diet might be acting through these insulin mimetic effects of 

saturated fatty acids. In several studies, the effects of long chain fatty acids 

were, at least partly, attributable to mitochondrial fatty acid oxidation, 

modulating insulin action (Hunnicutt et aL, 1994).

Other reports have suggested stress susceptibility as a central factor in the 

aetiology of insulin resistance, and implied that high-fat and fructose feeding 

may act by increasing stress susceptibility (Brindley etaL, 1981 ; Storlien etaL,

1993). Increased stress susceptibility is also seen in the Zucker fatty rat 

(Guillaume-Gentil e taL ,  1990).

Thus, the exact mechanism underlying insulin resistance remains unclear. The 

results presented in this study suggest that glucose transporter expression is 

not a determining factor; however, changes in the membrane lipid composition 

caused by the diet remain a logical and feasible mechanism, in its possible
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effects on several stages of insulin signal transduction and insulin action.
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