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Summary 

Human erythrocyte and mouse adipocyte insulin receptor binding assays 
have been used to quantify insulin receptor binding in mild 
hypertensive patients with and without non-insulin dependent diabetes 
and obese mice. In normal male volunteers erythrocyte insulin 
receptor binding was not affected by a 12 hr overnight fast. 
Treatment of mildly hypertensive non-diabetic patients with 
bendrofluazide increased erythrocyte insulin receptor concentration 
after only one month without producing a significant deterioration in 
glucose tolerance. In mildly hypertensive diabetic patients, 
bendrofluazide treatment caused a significant aggravation in glucose 
intolerance after 4 months with little effect on insulin receptor 
binding. This may have been the result of hypokalaemia since 
bendrofluazide with potassium supplementation significantly increased 
the insulin receptor concentration in this group. Treatment with 
nifedipine neither precipitated glucose intolerance in non-diabetic 
patients nor aggravated the glucose intolerance of diabetic 
patients. Indeed, there was a paradoxical increase in serum insulin 
levels in both groups of patients. Guarem treatment of non-insulin 
dependent diabetics lowered plasma glucose and insulin levels and 
marginally improved glucose tolerance without influencing erythrocyte 
insulin receptor binding. High doses of guarem lowered the plasma 
glucose, insulin and body weight of obese mice. Only a high dose of 
guarem significantly increased adipocyte insulin receptor affinity 
which became evident after 48 hours. In obese mice starvation 
probably caused the improvement in glycaemia observed in response to 
guaren treatment. Adipocyte insulin receptor concentration and both 
basal and insulin stimulated rates of glucose oxidation were 
significantly reduced in obese mice compared with lean suggesting 
that defects in adipose tissue insulin receptor binding and insulin 
action may be primary aetiological fectors in the insulin resistance 
of obese mice. Differences in insulin receptor concentration and 
affinity but not insulin action have been demonstrated in ebdominal 
and subcutaneous fat from obese mice. 
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CHAPTER ONE 

General Introduction 
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Insulin is a polypeptide hormone synthesised and secreted by the 

B-cells of the endocrine pancreas. It plays a central role in the 

regulation of carbohydrate, fat and protein metabolism. Since it's 

discovery, considerable efforts have been directed towards deter- 

mining the mechanism of action of this hormone. Although much 

remains unknown, a great deal has been learned about the first step 

in insulin action - the binding to specific receptors on the plasma 

membrane of target cells (1,2). The accumulation of information on 

insulin receptor binding has extended our understanding of certain 

metabolic diseases. This is especially true for diseases 

characterised by insulin resistance such as non-insulin dependent 

diabetes. 

Insulin resistance is a state in which a given concentration of 

insulin produces a subnormal biological response. Over the past 10 

years, studies on insulin receptors and insulin-resistant disease 

states have advanced in parallel. Thus, the quantitation of insulin 

receptor binding on target tissues has improved our understanding of 

the mechanisms responsible for the production of insulin resist- 

ance. In a complementary fashion, studies of the manner in which 

insulin receptor binding may be altered in disease have led to a 

greater eel ne of the molecular mechanism of insulin action 

(3). 

For the purpose of this thesis, the term insulin receptor will 

refer to that receptor which shows a very high degree of specificity 

for insulin and which mediates the effects of insulin on intermediary 

metabolism. Our knowledge of insulin receptor structure, function 

and binding kinetics has been used as a basis for considering insulin 

receptor status both in health and in disease states during drug 
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therapy. Diabetes mellitus is characterised by a myriad of secondary 

complications, one of which is essential hypertension (4). Essential 

hypertension is a multi-factorial condition in which genetics, 

constitutional, metabolic, hormonal, haemodynamic, and psychological 

factors play a role with varying degrees of importance. The most 

common type of hypertension in man is primary or essential hyper- 

tension and this category comprises about 95% of patients with hyper- 

tensive disease (5). Hypertension is considered to develop as a 

result of disturbance of the body's blood pressure regulating 

syst em. Many problems have been created over the years from the 

variable criteria used to record the blood pressure (e.g. korotkoff 

phases IV or V for diastolic) (6) and the many definitions of 

hypertension. The accepted diagnosis of hypertension involves a 

systolic pressure of >160 mm Hg and a diastolic pressure of >95 mm Hg 

(4). The level of blood pressure is determined by the diameter of 

the small arteries and arterioles (resistance vessels) and the 

cardiac output. The latter can change as a result of inotropic 

effects on the heart itself; alterations in blood volume and body 

electrolyte composition and also through effects on the venous 

capacity. During normal circulatory homeostasis the heart, kidney, 

vascular diameter and the veins are influenced by a variety of 

factors including the autonomic nervous system, various circulating 

hormones such as catecholamines and a number of “local hormones" such 

as prostaglandins (7). In man it is still not established whether 

essential hypertension is a single disorder or the product of several 

contributing disorders. On haemodynamic grounds, there are at least 

two identifiable groups, one with disturbances in "volume factors” 

(cardiac out) and one with disturbances in “constrictor factors"



(8). These disturbances could be the result of alterations in either 

autonomic or hormonal function (9). Both volume (cardiac output) and 

constrictor factors can exert distinctive long term effects on blood 

pressure, these are often most obvious in the early stages of the 

development of hypertension (10). In essential hypertension, the 

rise in blood pressure results from constriction of the small 

arteries and arterioles, which leads to an increased resistance to 

blood flow. This increase in peripheral resistance may theoretically 

result either from the presence of increased stimuli leading to 

excess vasoconstriction or from intrinsic abnormalities within the 

resitance vessels leading to an increased response to normal stimuli 

or a combination of the two mechanisms (11). Most forms of hyper- 

tension, both in man and in experimental animals, are associated with 

an increase in peripheral vascular resistance. It has still not been 

resolved, however, whether this increase is due to an alteration in 

the structure of resistance vessels or to an increase in the 

contraction of smooth muscle (12). Increased contractility could be 

due to increased sympathetic nervous acitivity, alterations in 

circulating humoral factors having a direct primary effect on a 

variety of components including vascular sympathetic nerve endings 

and vascular smooth muscle itself. There is substantial conflicting 

evidence in support of both these possibilities (13). 

An early phase of essential hypertension in which increases in 

blood pressure are associated with elevated heart rate and cardiac 

output, has been suggested to be due to an increased activity of the 

sympathetic nervous system (14). The positive correlation between 

degrees of glucose intolerance and mild hypertension (15) suggests 

that diabetes may not be the cause of hypertension per se, but that



both might be manifestations of a single defect, perhaps of central 

at oun origin (16). The sympathetic nervous system plays an 

essential role in the regulation ‘of arterial pressure (16). 

Goldstein has reported raised levels of adrenaline in hypertensive 

patients (17). 

The role of the renin-angiotensin system in hypertension has 

received considerable attention (18) and it has been outa tishal that 

in some hypertensive patients there may be evidence of hyper- 

activity of the renin-angiotensin system (19). Increased activity of 

the renin-angiotensin system is often considered to be the dominant 

factor in hypertension secondary to unilateral renal artery stenosis, 

although normal values of plasma renin activity have been reported 

(18). The close inter-relationship between the renin-angiotensin 

system and the sympathetic nervous system suggests the possibility of 

a neurogenic component in renovascular hypertension in man (16). 

It is now generally agreed that human essential hypertension is 

a genetic trait, but the mode and mechanism of heredity remains 

unclear. Human population studies suggest that blood pressure is 

multifactorially determined, with 33 to 45% of variations attributed 

to genetic factors (20). Animal models (The Japanese and New Zealand 

strains of spontaneously hypertensive rats) have confirmed the 

importance of genetic factors in hypertension and its complications 

indicating various possible modes of inheritance (20).



The relationship between hypertension and diabetes mellitus (non- 

insulin dependent diabetes). 

Diabetes mellitus is one of the World's greatest health 

problems. It is estimated that more than 40 million people world- 

wide suffer from the disease. Diabetes is associated with a 2-3 

times higher mortality, a 2-3 times higher frequency of blindness and 

gangrene and amputations are necessitated 20 times more often than in 

the rest of the population (21). Although many excellent studies 

have focused upon the epidemiology of human diabetes and the 

occurrence of spontaneous diabetes in animals (particularly small 

rodents) and much work has been done on the metabolic effects of 

insulin, the aetiology of the disease remains poorly understood. 

There are many interesting features of diabetes that have no precise 

explanation. One of these is the fact that diabetes tends to run in 

families and at certain times and certain localities mini-epidemics 

of the disease have occurred. The notion that some forms of diabetes 

may appear subsequent to viral infections has appeared from 

investigations in many parts of the world (22). In addition it has 

been noted time and time again that diabetes is more common in obese 

than in non-obese individuals. There is increasing evidence to 

suggest that diabetes ia a heterogeneous multifactorial syndrome 

resulting from many causes, each requiring intensive and distinct 

investigations to elucidate it's nature. 

In recognition of the intensive search for the aetiology of the 

various forms of diabetes, a newer and more useful classification of 

the disorder has emerged. The previously used term juvenile-onset 

diabetes, or youth-onset diabetes, has now been renamed insulin-



dependent diabetes mellitus (IDDM) or Type I diabetes. The 

previously known adult-onset diabetes, or maturity-onset diabetes, 

has now been redesignated non-insulin-dependent diabetes mellitus 

(NIDDM) or Type II diabetes. There are other forms of diabetes based 

on fasting blood glucose and glucose tolerance determination i.e. 

impaired glucose tolerance (IGT), Gestational diabetes and 

Spontaneous diabetes. 

Early diagnosis and early treatment is a prerequisite for 

reducing the frequency of diabetic complications. Diabetes mellitus 

is characterised by chronically increased levels of glucose in the 

blood and impaired glucose tolerance (21). Both states are secondary 

to a defective insulin action due either to a shortage of insulin or 

to factors which antagonize the effect of insulin, thereby disturbing 

the metabolism of carbohydrates, lipids, and proteins. The 

recognition and diagnosis of the syndromes is based upon blood 

glucose measurements under strictly defined conditions. lf. the 

fasting blood glucose level is found to be 7 mmol/l or higher, there 

is a strong indication of diabetes mellitus. When the level is 

between 5.5 and 7 mmol/l, there is a strong indication of diabetes 

mellitus in patients under 40 years of age, a relatively strong 

indication in patients from 40 to 60 years of age, but of uncertain 

value in patients older than 60. If the level is less than 5.5 

mmol/l, the indication is against the presence of diabetes 

mellitus. However, in patients under 40 years of age, a value 

between 5.0 and 5.5 mmol/l should be regarded with some suspicion 

(21). 

Non-insulin dependent diabetes is the most common form of 

diabetes mellitus. About 80% of the diabetic population belong to



this category (23). Non-insulin dependent diabetes has a genetic 

basis which seems to be stronger than for insulin dependent diabetes 

and the former seems to be primed for the development of the disease 

at birth because of genetic susceptibility. The concordance of non- 

insulin dependent diabetes in twins is about 90% (23) and in the 

first years the disease is asymptomatic. The symptomatic phase of 

the disease often develops after the age of 40 due to precipitation 

by environmental factors. A special form of non-insulin dependent 

diabetes may develop in young subjects because of an autosomal 

dominant inheritance (24). - Patients with non-insulin dependent 

diabetes are not dependent upon insulin for the prevention of 

ketonuria and not prone to ketosis. However, some patients may 

require insulin for the correction of hyperglycaemia and may develop 

ketosis under special circumstances such as severe stress and 

fasting. About 80% of non-insulin dependent diabetes are obese. 

Subjects with normal fasting plasma glucose levels and glucose values 

two hours after the intake of a 75g glucose load, between normals and 

diabetics are said to have IGT. About 1-5% per year of subjects with 

IGT develops non-insulin dependent diabetes and this suggests that 

most diabetics pass through a state of impaired glucose tolerance 

before they become hyper-glycaemic (23). Therefore, the treatment of 

subjects with IGT has been aimed at preventing the development of 

diabetes mellitus (23). In most non-insulin dependent diabetes both 

abnormal insulin secretion and insulin resistance have been 

describ ed. The relative significance of insulin deficiency and 

insulin resistance for the development of non-insulin dependent 

diabetes remains unclear. Furthermore, the question as to which of 

the two abnormalities is the primary remains to be answered. The 
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concentration of glucose in plasma is the product of two processes, 

the rate of endogenous glucose production and the rate of glucose 

removal by all the tissues of the body. In the fasting state, in 

normal catia. the rates of the two processes are equal and the 

plasma glucose concentration remains constant. In non-insulin 

dependent Taisen the fasting plasma glucose level is constantly 

increased due to an elevated release of glucose from the liver and a 

reduced peripheral glucose utilisation (27). The characteristic 

defect in insulin secretion in both lean and obese non-insulin 

dependent diabetics is a reduced early (first 10 minutes) insulin 

release both after intravenous and oral glucose stimulation (28). In 

obese subjects the total amount of insulin secreted usually is normal 

or increased, whereas most lean diabetics are really insulin 

deficient (28, 29). All subjects whether lean or obese with non- 

insulin dependent diabetes show evidence of insulin resistance. This 

means that the effect of insulin in these subjects is lower than 

expected. The insulin resistance in non-insulin dependent diabetes 

has been shown to be located at the cellular level in at least 

adipocytes and monocytes (30). Plasma concentrations of counter 

regulatory hormones such as growth hormone is normal 

and no antibodies to insulin have been demonstrated (31). 

The prevalence of hypertension among diabetic patients has been 

a controversial subject for 70 years and estimates have ranged from 

less han 10% to 80% in different diabetic populations (4). When 

simultaneous controls were first employed in clinical studies they 

were frequently not matched for body weight which has since been 

shown to have a significant effect on blood pressure (32). 

Inadequate cuff sizes for obese patients (33) and varying postures



during measurement have also compounded the problem, both in terms of 

absolute values and comparability between studies. 

Early studies by Major showed that the majority of elderly 

diabetic patients had significantly greater systolic blood pressures 

than normal or hospital based control subjects (34). Adams reported 

a sixfold increase the occurance of systolic hypertension in both 

sexes above the age of 40 years, but the difference was not 

significant after correction for obesity (35). Freedman, Moulton and 

Spencer studying a hospital diabetic clinic population (36) showed an 

increased prevalence of diastolic hypertension only in those patients 

over 60 years. In another study of 662 diabetic patients, with 

carefully matched controls, Pell and D'Allonzo (37) found that the 

prevalence of hypertension (>150/94 mm Hg) was 54% greater among 

diabetic patients than among control subjects. This was not 

explained by differences in body weight. In men aged 40 years and 

over, a positive correlation was 4o6nd between systolic and diastolic 

pressure and blood glucose (15) which was independent of body 

weight. In the Framingham study, the mean systolic blood pressure 

was slightly higher in diabetic subjects than in age and sex-matched 

controls, the difference being greater in women (38). A more recent 

study, which included subjects aged 50-80 years demonstrated a clear 

association between diabetes and hypertension in both sexes and at 

all ages. An adjustment for obesity, however, decreased the 

association (39). Few of these studies have differentiated between 

insulin-dependent and non-insulin-dependent diabetes. It appears 

that, in both insulin-dependent and non-insulin-dependent diabetes, 

there is an increased number of patients with systolic hyper- 

tension. In non-insulin dependent diabetes much of this is clearly 
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related to the obesity seen in many of the patients, but even when 

this factor is taken into account a significant increase in preva- 

lence is observed, at least in patients above 50-60 years of age. 

Evidence of any increased frequency of diastolic hypertension before 

old age has not been totally convincing. In insulin-dependent 

diabetes there appears to be a small increase in systolic blood 

pressure from early in the disease. Definite diastolic hypertension 

(>95mm Hg) in this group is generally associated with the presence of 

renal involvement while there appears to be a marked increase in 

systolic hypertension above the age of 45-50 years (4). 

Most physicians appear to consider hypertension as a compli- 

cation of clinically manifest diabetes. However, it might also be a 

result of biochemical and physiological changes already present in 

the prediabetic stage. Diabetic vascular complications can appear in 

people without manifest diabetes, but with lowered glucose tolerance 

which is a pathological base for the development of hypertension 

(40). Hypertension, together with overweight and a family history of 

diabetes, might represent risk factors for the development of 

diabetes. Siperstein has suggested that alterations such as 

thickening in the capillary basement membrane may precede insulin 

deficiency and that the microangiopathy itself may interfere with the 

secretion of insulin (41). 

In non-insulin dependent diabetes there are considerable experi- 

mental data to suggest that abnormalities in body sodium may be 

involved. De Fronzo has studied the role of insulin in sodium 

reabsorption by the kidney and shown significant sodium retention 

with only small increases in plasma insulin (30 mU/1) (42). It seems 

possible that the basal hyperinsulinism seen in non-insulin dependent 
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diabetes (especially with obesity) might lead to an increased 

exchangeable sodium, as reported by some in essential hypertension 

(4). To support this suggestion there is evidence that exchangeable 

sodium is increased by about 10% in normotensive and hypertensive 

diabetic subjects compared with normal age and weight matched 

controls (43). This “obligatory” retention of sodium by insulin 

should not be confused with the possible role of dietary sodium in 

hypertension (4). 

The renin-angiotensin system has also been considered as a 

possible contributing factor to the pathogenesis of hypertension in 

diabetics (40). Christlieb and co-workers (18) have studied 

diabetics with hypertension but without renal disease, as well as 

patients with hypertension and diabetic nephropathy. Comparison of 

the plasma renin activity (PRA) in normal patients and in patients 

with essential hypertension showed that diabetics without compli- 

cations had normal PRA values. In diabetics with hypertension but 

without nephropathy, the same distribution of PRA values was found as 

seen in patients with essential hypertension. When diabetes is 

complicated by hypertension and nephropathy, the PRA values are 

low. However, the PRA has been variously reported as normal (18) or 

high (44). Several workers have shown an increased vascular 

sensitivity to angiotensin 11 in diabetic patients (43,45). 

Increased vascular sensitivity to plasma catecholamines has also been 

described in diabetic patients with hypertension (43,45). It has 

been suggested that an increased production of aldosterone, cortisol 

or growth-hormone might contribute to the aetiology of diabetes and 

hypertension (40). 
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The clinical treatment of hypertension. 

The clinical treatment of hypertension is based on an under- 

standing of the pathophysiological mechanisms underlying hyper- 

tension, the type of diabetes, the presence of complications and a 

detailed knowledge of the mechanism of action of the various groups 

of anti-hypertensive drugs available. The aim is always to treat the 

patient with either a single drug or a combination of drugs which 

will have the maximum benefit with respect to lowering the blood 

pressure, yet have the minimum of side effects (46). There are many 

drugs available for the treatment of hypertension. This makes it 

easier to vary a patient's therapy if the treatment is not effective 

or it is producing side effects. Dustan and colleagues (47) have 

shown that relatively few hypertensive patients can sustain their 

reduction in blood pressure without sustained medication. Geecdhey: 

in clinical practice, the management of mild and moderate hyper- 

tension with or without diabetes is being reevaluated. Most patients 

with mild hypertension whose diastolic pressure is above 95 mm Hg are 

likely to benefit from hypertensive drug treatment (48). There is an 

increasing uneasiness that many of the millions of patients taking 

anit iact hadi drugs with known and unknown long-term side effects 

may be doing so inappropriately (49). Finnerty has shown, in a large 

series of patients that with careful management the total dosage or 

the number of antihypertensive drugs used can be reduced without 

impairing the antihypertensive effect and with considerable reduction 

in the adverse symptoms of medication (50). In many cases, a non- 

pharmacological approach may eliminate the need for antihypertensive 

drugs (47). Repeated physical exercise (physical training) has been 
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shown to cause a fall in blood pressure in normotensive and mild 

hypertensive individuals whether obese or not. This is followed by 

other haemodynamic changes characteristic of reduced sympathetic 

nervous system activity (51). . It has been postulated that both 

physical activity and a low calorie diet, regardless of weight loss, 

may improve insulin sensitivity, lower insulin concentrations, 

decrease catecholamine responsiveness (52) and thus lower peripheral 

resistance (53). 

Dietary fibre may also be of use in the treatment of hyper- 

tension. Studies have shown that vegetarian groups have lower mean 

blood pressures than matched control groups (54) and this might be 

related to their increased fibre intake. It has also been shown that 

many people in non-industrialised societies whose diets provide more 

fibre than most western diets, maintain lower blood pressures 

throughout their lives, than people in western societies (55). ‘Two 

recent studies of dietary regimens including high cereal intake, have 

reported a lowering of the blood pressure in both diabetic (56): and 

non-diabetic (57) hypersensitive subjects. Although the evidence 

available is incomplete, increasing fibre intake does appear to 

produce a small reduction in the blood pressure, but the mechanism 

for this effect is unknown. Several hypotheses have been 

suggested. The increased intake of dietary fibre may stimulate 

different input to the brain by altering the intestinal transit time, 

lowering colonic intraluminal pressure and decreasing the residence 

time of faeces in the colon, which thus alters the central regulation 

of blood pressure (58). Also the absorption of dietary fat is slower 

when consumed with dietary fibre and a change to a high fibre diet is 

associated with a concomitant increase in potassium intake (59). The 
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anti-natriuretic potential of insulin has also generated interest ae 

this context (60) since high fibre diets are generally accompanied by 

lower postprandial serum insulin concentrations (61) which might 

facilitate sodium excretion. 

Weight reduction seems to be the treatment of choice in obese 

hypertensive patients with or without diabetes. It mst be 

considered as only part of the total treatment and be given together 

with sodium restriction and physical activity. Weight reduction 

leads to an improved state of training and a reduction in hyper- 

insulinaemia and insulin resistance (62). A reduction in plasma 

insulin concentrations has been shown to be associated with a 

parallel fall in blood pressure (63) and insulin has been shown to 

facilitate sodium reabsorption in the distal tubules of the kidney 

(42) It seems possible, therefore, that the effect of physical 

training in lowering the blood pressure might be mediated via a 

decrease in the sodium retention. This thesis is unlikely to be true 

for dietary manipulation because invariably sodium excretion is not 

changed (54). However, a reduction in dietary salt intake has been 

shown to be associated with a significant fall in blood pressure 

(64). 

The present treatment of hypertensive diabetic patients may be 

far from satisfactory because of the multiple adverse effects of 

antihypertensive drug therapy (4,65). Recently there has been 

renewed interest in the role of diet as an alternative to drug 

therapy in the treatment of hypertensive diabetic patients (66). And 

dietary regimen made in the treatment of the hypertensive diabetic 

subject must take into account the current dietary recommendations 

for diabetics (67), which are intended to improve glycaemic control 
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and combat other common problems, e.g. hyperlipidaemia, among these 

patients (68). Diets containing relatively low sodium (64), low fat 

(69), and high potassium (70) have all been claimed to significantly 

lower the blood pressure. Combinations of these individual measures 

have been reported to decrease blood pressure in both non-diabetic 

(71) and diabetic (72) hypertensive subjects and may also reduce 

other coronary risk factors (73). Special consideration regarding 

sodium restriction must be given to the diabetic since there is 

consistent evidence to suggest that exchangeable sodium is increased 

by approximately 10% in diabetic subjects regardless of blood 

pressure status, compared to normal age-matched and weight-matched 

‘non-diabetic controls (43). Furthermore, this abnormality can be 

reversed by diuretic agents such as bendrofluazide and is accompanied 

by a highly significant reduction in blood pressure (43). Potassium 

supplementation combined with sodium restriction has been suggested 

to have a synergistic effect in hypertension (74). 

Drugs used in the treatment of hypertension. 

Drugs used to treat hypertension can be divided into five 

distindt groups, those that act directly on the vasomotor centre 

within the central nervous system, such as clonidine, those that 

reduce cardiac output such as G-adrenergic blocking drugs, those that 

act on the kidney to increase sodium and water secretion such as 

bendrofluazide, those that inhibit the function of the peripheral 

sympathetic nervous system such as labetalol, and those having a 

direct relaxant effect on vascular smooth muscle such as hydrallazine 

(46). 
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For the initial treatment of mild hypertension various authors 

advocate a diuretic - for example bendrofluazide, hydrochlorothiazide 

(75) or indapamide (76). Thiazide diuretics have been used for many 

years and remain the most widely used treatment for hypertension (77) 

and are probably the best therapy if sodium excess is accepted as a 

significant factor. Thiazide diuretics are cheap and effective 

antihypertensive drugs. They are, however, reported to precipitate 

and aggravate diabetes mellitus (65,78), but their role in provoking 

glucose intolerance in previously glucose-tolerant subjects remains 

controversial. Changes in metabolic parameters such as plasma 

potassium (79), plasma glucose (80), serum cholesterol, triglyceride 

levels (81,82) and serum uric acid (83) have to be weighed against 

the benefits of treatment, which may be modest in patients with mild 

hypertension. Potassium depletion in man is most commonly due to 

continuous treatment with diuretics. Most patients taking diuretics 

are given potassium prophylactically. 

Thiazide diuretic therapy for hypertension is widely used in 

both insulin- and non-insulin dependent diabetic patients. A recent 

comparison between the effect of nutrition (high fibre, low fat, low 

sodium diet) and the diuretic bendrofluazide in diabetic subjects 

with mild hypertension (66) showed that after 3 months treatment, 

both diet and pbendrofluazide caused a significant decrease in 

systolic and diastolic blood pressure. Both groups of patients lost 

weight and bendrofluazide tended to elevate the serum levels of 

cholesterol and triglycerides. These observations contrast with the 

results of other studies that have showed no change in biochemistry 

after thiazide therapy for one (84) and six years (85). In a later 

study deterioration in glycaemic control was observed after both six 
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(80) and fourteen years (65) of therapy. The mechanisms by which 

thiazides impair carbohydrate metabolism are unknown but potassium 

depletion may be important (86). Indeed a recent study has reported 

that potassium supplementation may be protective against impaired 

glucose tolerance caused by thiazides (87). Some importance has been 

attached to the administration of low doses of diuretics, because 

with increasing dose, the number and degree of unwanted biochemical- 

side effects increase without a corresponding increase in antihyper- 

tensive action (85,88). Diuretic therapy appears to increase the 

hypotensive effects of other antihypertensive therapy. Therefore, it 

seems reasonable to assume that a low sodium intake would either 

increase the hypotensive effect of a drug regimen or decrease the 

amount of drug required (76). 

The use of B-adrenergic blocking agents (beta-blockers) to 

control mild hypertension in diabetic subjects remains contro- 

versial. There is evidence to suggest that these drugs may reduce 

the rate of recovery from hypoglycaemia (89) and their effect on 

overall control in non-insulin dependent diabetes appears to be small 

(90). In clinical practice Q-adrenergic blocking agents do not seem 

to increase or aggravate hypoglycaemic reactions in insulin treated 

patients. Some clinicians defer the start of drug treatment, and 

subsequently use a "step-care method", beginning with a diuretic 

alone and avoiding complicated multipledrug regimens (91). Opinions 

are divided about recommending a step wise treatment scheme in all 

cases. More rapid control of blood pressure may possibly be achieved 

by administering a combination of a diuretic and a § -adrenergic 

blocking agent from the beginning of treatment (92). Which of these 

two regimens is preferable is not clear even in the non-diabetic 

population (93). 
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Calcium antagonists, already widely used in the treatment of 

angina pectoris, have also been found to be active in lowering high 

blood pressure and are increasingly prescribed for hypertension 

(94). Calcium antagonists comprise several existing and some new 

drugs with markedly different chemical structures. Nifedipine and 

verapamil have been used successfully as antihypertensive agents 

(95). Various derivatives of nifedipine, such as nicardipine, 

nitrendipine, nisoldipine, felidipine and other substances having a 

similar mode of action, are currently undergoing clinical trials. So 

far, all these drugs have the disadvantage of relatively short 

duration of action and must be given at least twice, preferably three 

times daily (76). Few studies have been conducted concerning the 

effect of nifedipine on glucose tolerance and insulin release. 

Results to date have been controversial (96,97), and it remains to be 

established whether nifedipine aggravates glucose tolerance. It has 

been indicated that when nifedipine is given at the recommended anti- 

anginal dose of 30mg daily there is no significant effect on glucose 

tolerance in normal individuals (98). It has also been shown that 

nifedipine increases fasting plasma glucose concentrations and 

induces appreciable glucose intolerance associated with a delayed 

insulin response (96). These results, however, do not exclude a 

significant effect of conventional doses of nifedipine in diabetic 

patients, who have a limited capacity to secrete insulin (97). It 

appears that the antihypertensive effect of calcium antogonists is 

not accompanied generally by salt and fluid retention. The acute 

administration of nifedipine results in a distinct fall in blood 

pressure in patients with essential hypertension and in patients with 

diabetes and hypertension but not in normotensive subjects. This 
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observation suggests that calcium antagonists might be the first 

choice for the treatment of older patients with -' essential 

hypertension (94). In all cases care should be excised against 

starting the drug treatment of mild hypertension prematurely (99), 

and the frequency of hypertension among the diabetic population 

suse este that adequate detection and treatment of high blood pressure 

may be paramount in the prevention or retardation of the development 

of nephropathy, retinopathy and large vessel disease. 

The action of insulin at target tissues. 

Over the past 30 years evidence has come from a variety of 

sources that the first step in the action of insulin is binding to 

specific receptor sites on the plasma membrane of the target cell 

(1,100). This marks the first link in a chain of cellular events 

which culminate in the biological action of insulin. Direct studies 

of insulin receptor interaction were attempted as early as 1953 

(101), however,these were fraught with problems, particularly related to 

the preparation of biologically active tracer and defining biologic- 

ally specific binding (102). These early problems were alleviated 

when Freychet, Roth and Neville (103) aon Cuatrecasas (104) showed 

that insulin could be labelled with iodine and remain biologically 

active. Using this preparation they could define hormone binding 

that had the property of biological specificity. Since this early 

work insulin receptors have been demonstrated on many cells of 

vertebrate species (105). The subsequent surge in this field of 

study has been admirably charted in a succession of excellent reviews 

(1-3, 106-109). 
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The available experimental data (110) suggests that the insulin 

receptor has two fundamental functions: firstly, as. a discriminator 

which recognises the hormone from other molecules to which the cells 

are exposed through binding insulin with a high affinity. Secondly, 

this interaction results in activation of cellular biological 

processes such as transport and metabolism (postreceptor effects). 

Clearly, alterations in either post-receptor events responsible for 

the mediation of insulin action or in insulin binding to its 

receptor, are possible mechanisms by which alterations in insulin 

action could be initiated. 

The insulin receptor: 
  

i - Distribution and physical properties. 

That insulin is able to mediate its biological effects without 

entering the cell has been known since the middle of the late 1960's 

(111,112) and it is now well established that insulin receptors are 

located predominantly within the plasma membranes (103) of many 

different target organ cells (113). The major sites of action for 

insulin are liver, adipose tissue and skeletal muscle and insulin 

receptors have been characterised on the plasma membranes of all 

these organ systems (31,114,115). Insulin receptors have also been 

found in other cells such as placental cells (116), monocytes (117), 

lymphocytes (118), granulocytes (119), fibroblasts (120) and 

erythrocytes (121). Intracellular binding sites have been identified 

on muclei of human lymphocytes (122), the Golgi apparatus of rat 

hepatocytes (123) and on the surface of mouse muscle mitochondria 

(124). In various studies estimates of the number of insulin 
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receptor sites suggest considerable variation between cell types. 

2 of plasma membrane, estimates range For example, expressed per um 

from 14 sites in human erythocytes, 24 in cultured human lymphocytes, 

63 in rat hepatocytes (121) and 5-9 in human adipocytes (125). 

The insulin receptor is highly specific for the insulin 

molecule. Proinsulin, the biological potency of which is about 5% 

that of insulin, binds to insulin receptors of liver and lung with 

about 5% of the affinity of insulin, suggesting that the differences 

in potency may be due entirely to different affinities for the 

receptor (126). The affinity of synthetic human insulin for the 

human insulin receptor is virtually equivalent to that of purified 

porcine insulin, which differs from human insulin only by the 

substitution of one amino acid and has in vivo potency equivalent to 

that of human insulin (126). Somatomedin ¢ possesses structural and 

functional homology with insulin and is now considered to be 

identical to the insulin like growth factor IGF-1. This homology 

suggested that their respective receptors might also share structural 

homology and this now appears to be true. The insulin receptor 

possesses considerable homology with the IGF-1 receptor but not with 

the IGF-11 receptor (127). So this suggests that measurements of 

insulin binding should take into account the possibility of IGF-1 

binding to insulin receptors. There is also evidence that low 

affinity insulin receptors have an ability to bind IGF-1 to some 

extent (126). 

Insulin receptors have a half-life measured in hours. In 

addition to this rapid turnover under basal conditions, the affinity 

and concentration of insulin receptors are subject to dynamic 

regulation by many signals emanating from inside and outside the cell 
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bt oot les Several physical and chemical factors are important 

regulators of insulin binding in vitro. Insulin binding is very 

sensitive to alteration in pH and temperature with maximum binding 

occurring optimally between pH 7.4 and 8.2 (129,130) and between 10 

to 20°C in most systems (131). In addition, high temperature may 

bring about considerable degradation of '°?I-insulin (132,133). It 

has been shown that the hormone-receptor complex is internalised by 

the cell more rapidly and to a greater extent at 37°C than at lower 

temperatures (134). Many other factors may also affect insulin 

receptor binding, for example, albumin concentration (135), divalent 

cations Ca°* and Mge* (121), ATP concentration (136), CAMP (137) and 

the insulin concentration (138). 

ii - Insulin receptor structure. 
  

The insulin receptor appears to consist of a minimum of four 

glycoprotein sub-units, Figure 1. These sub-units form a large 

globular complex with a molecular radius of about 7 nm and an 

apparent Mr of 300-350 K daltons (139,140). There are two larger 

sub-units (Q, molecular weights of 125 K daltons each) which are 

linked together by one or more class I disulphide bonds, and two 

smaller sub-units (8-molecular weights of 90 K daltons each) which 

are class II disulphides linked to the Msub-units. This sub-unit 

composition is designated the 8B). complex. There may also be 

further sub-units which are not covalently linked to the complex. 

Oligosaccharde side chains appear to be attached to both & and 3 

sub-units (141). Indeed, a sialylated glycosidic moiety has been 

shown to participate in the interaction with insulin, involving D - 
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Figure 1, Proposed subunit organisation of the insulin 
receptor, after Czech, Massaque and 

Pitch (146). 
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galactose, N-acetyl-D-glucosamine and D-mannose residues (142). The 

exact location of the insulin binding site on the receptor complex, 

however, has not yet been established. Neither has the precise role 

of the disulphide-linked oligomers of the @ and § sub-units. Several 

investigators have identified an active receptor moiety with a 

molecular radius of about 4 mm, suggesting that the high molecular 

weight receptor complex (Mr 300-350 K daltons), Figure 1, may 

comprise two active components (143 -145). Consistent with these 

observations, selective reduction of class I S-S bonds dissociates 

the (&@B)> receptor complex into two symmetrical @) halves, each of 

which will contime to bind insulin (146). Separation of the two 

Q-S-S-Q@ halves of the receptor complex does not appear to impair the 

bindime off insulan, ior. the. linking. of insulin action: .to its 

intracellular effects, such as glucose oxidation (126). Proteolytic 

fragmentation of the 8 sub-units of the (xB )>, receptor complex 

yields two additional forms of the insulin receptor, GB) @Q, ) and (a 

By )o> as shown in Figure 2 (140,146). Partially pupitid membranes 

from several insulin sensitive tissues have been shown to contain all 

three receptor forms: @6),, (@B) (AB, ) and (a6, ), (146). Thus, 

different forms of the insulin receptor may exist on the same cell 

type and this may account in part for the apparent 3) actbpesar over 

the size of insulin receptor sub-units (147). In addition different 

cells may exhibit variations in insulin-receptor structure (148). 

The mechanism of insulin action. 
  

At the target cell, the action of insulin is thought to include 

several biochemical steps: binding of insulin to it's specific 
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Figure 2. Proteolytic fragmentation of (xB), insulin 
receptor complex into fwo additional forms 
of the insulin receptor, ( & (3)( (3) and 
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receptor in the plasma membrane at the cell surface, translation of 

the insulin-receptor interaction into a transmembrane signal, 

generation of intracellular messengers and finally changes in 

activity of transport systems and enzymes, which result in the 

biological effects of insulin (110). In mammals, the biological 

actions of insulin are concerned primarily with the control of rapid 

adjustments of intermediary metabolism, to accommodate fluctuations 

in nutrient supply and energy demand (149). The immediate effects of 

insulin involve alterations in the cellular metabolism of glucose and 

lipids through changes in the activities of pre-existing enzymes and 

membrane transporters. Insulin rapidly promotes glucose uptake into 

muscle and fat cells, where in the former, glycogen production is 

greatly enhanced and in the latter, glucose is converted mainly to 

glycerol and fatty acid moieties of triacylglycerol. Lipolysis in 

fat cells, particularly that enhanced by other hormones, is 

depressed, while in the liver insulin initiates a reduction in 

gluconeogenesis and causes an increase in glycogen storage and 

triacylglycerol synthesis. The hypoglycaemic action of insulin is 

reflected at the cellular level either by an increased glucose uptake 

mediated by an enhanced capacity of the specific carrier system (150) 

or recruitment of carrier molecules from intracellular sites 

(151,152). 

A complete understanding of the mechanism of insulin action at 

the cellular level has yet to be provided. Although insulin is best 

known for its promotion of glucose metabolism it exerts a wide 

variety of effects at the cellular level (153). Thus in addition to 

stimulating glucose and amino acid transport, insulin can also 

+ 
activate or inactivate cytoplasmic and membrane enzymes, alter the 
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rate of synthesis of protein and DNA and influence the processes of 

cell growth and differentiation (3). These multiple effects vary 

widely with respect to dose response and time course. Some effects, 

such as the stimulation of glucose transport and glucose oxidation, 

occur within tial or less if the cells are.exposed toinsulin concen- 

trations of less than 107? mol/l (154,155,156). At the other 

extreme, actions on DNA synthesis and cell growth require hours to 

days and generally involve higher concentrations of the hormone 1077 

mol/l (157). These growth promoting effects appear to be mediated by 

a class of plasma uibrats receptors distinctly independent from 

receptors mediating the effect of insulin on intermediary meta- 

bolism. In addition, it has recently been reported that insulin 

might act directly on the nucleus, inducing enhanced mRNA synthesis 

(158), thus questioning the assertion that all the actions of insulin 

are initiated by insulin interaction with its specific membrane 

receptors (159). tt. is saver ov that the biological actions of 

insulin are brought about by the altered activity of enzymes 

controlling key metabolic pathways and the regulation of many if not 

all of the intracellular activities is accompanied by changes in the 

phosphorylation of the affected enzymes, usually but not always, 

dephosphorylation (160). A chemical mediator of insulin action, 

released into the cytoplasm after exposure of target cells to insulin 

was first proposed in 1972 (161). By 1979 an insulin mediator 

substance had been identified that specifically inhibited CAMP 

dependent protein kinase, stimulated glycogen synthase phospho- 

protein phosphatase (162) and activated mitochondrial pyruvate 

dehydrogenase (163) by stimulating pyruvate dehydrogenase phosphatase 

(164). This insulin mediator was subsequently identified as an 
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oligoglycopeptide with a molecular weight of 1000-1500 daltons 

(162). By 1980, two peptides had been separated from the mediator 

cell extract which had opposing effects on protein phosphorylation 

(165) although it was not kmown if one represented a metabolic 

product of the other or a separate entity (166). It was, however, 

suggested that the presence of two or perhaps multiple mediators 

would provide a mechanism by which insulin could induce both the 

phosphorylation and dephosphorylation of intracellular proteins 

(167,168). It has also been suggested that insulin could activate 

glucose transport by increasing the translocation of hexose carrier 

proteins from intracellular membranes to the plasma membrane and this 

would explain the insulin stimulation of glucose transport (169). 

Currently the primary action of insulin is considered to be an 

acceleration of glucose transport into the cells of skeletal muscle 

and adipose tissue (170,171). There are tissues such as brain and 

liver where insulin has little effect on hexose transport. The 

intracellular messenger for insulin can also be generated by the 

addition of concavalin A, anti-insulin receptor antibody (172) or 

trypsin (166,173) to adipocyte plasma membrane, and this observation 

along with the blocking of insulin action by proteolytic inhibitors, 

has lead to the suggestion that insulin acts via a proteolytic 

mechanism (166). A general hypothesis has therefore been put forward 

(166,168,174) to suggest that insulin binding facilitates a 

proteolytic reaction at the plasma membrane involving an arginine 

specific serine protease and an endogenous membrane substrate, 

followed by the internalisation of free rather than vesicular bound 

mediator(s) with subsequent alterations in the phosphorylation of key 

enzymes. Present estimates indicate that the mediator(s) is/are 
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present at 100-1000 times in excess of the insulin receptor con- 

centration and it appears therefore unlikely that proteolysis of the 

receptor itself generates the mediator(s) (166). Thus, in essence, 

insulin is a cofactor for the membrane-bound protease which it might 

activate by initially cross linking the receptor (166). The 

sensitivity of the mediator(s) to proteolytic enzymes remains to de 

resolved. 

In fat cells, insulin action has been proposed to be mediated 

through changes in the states of phosphorylation of certain proteins 

(notably ATP-citrate lyase and uncharacterised proteins of sub-unit 

molecular weights of 61, 35, and 22 K daltons) and catalysed by a 

mediator (possibly a protein kinase) released from the plasma 

membrane after insulin-receptor interaction (160), Figure 3. It has 

been observed that the insulin receptor is itself phosphorylated in 

intact cells (175) and in solubilised rat liver membranes (176) after 

exposure to insulin due to the phosphorylation of a tryrosine residue 

(176). Indeed it has recently been reported that the insulin 

receptor itself is a tyrosine-specific protein kinase which phos- 

phorylates the GB sub-unit of the insulin receptor after insulin 

binding to the @ sub-unit of the receptor (177,178). The simplest 

reconciliation of the available data is that insulin receptor binding 

activates a regulatory cascade involving a tyrosine protein kinase 

that results in the activation of serine-threonine protein kinase 

and/or a protease that generates several messengers. A recent 

summary of some of the intracellular events influenced by insulin 

binding is shown in Figure 4. Since the only known activity of the 

insulin receptor is to function as a protein kinase, this hypothesis 

is an attractive one, but whether it is true remains to be 
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Figure 3. Proposed mechanism of insulin binding in fat cells 
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Figure 4. Insulin action at the cellular level with emphasis on 
the regulation of glycogen synthase, pyruvate 
dehydrogenase, glucose transport, and phospholipid 
accumulation (179), 
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established (179) and in the long run it may be wise to consider 

multiple mechansisms for the mediation of the action of insulin. 

Insulin insensitivity and insulin unresponsiveness. 

Variations in the biological effect of insulin may either be due 

to a change in the sensitivity to the hormone (as manifested by a 

shift in the insulin dose response curve to the right), a change in 

the maximal response to insulin or to a combination of altered 

sensitivity and maximum responsiveness to insulin (180). Target 

tissue defects contributing to insulin resitance may reside in the 

receptor or in postreceptor pathways, Table 1. Since a maximum bio- 

logical effect is generated when only a small proprtion (normally 10- 

30 per cent) of the insulin receptor sites is occupied, a defect 

which is predominantly at the insulin receptor should impair the bio- 

logical action of insulin at sub-maximally effective insulin con- 

centrations, but a normal biological action should be achieved at 

maximally effective insulin concentrations (assuming receptor loss is 

not greater Sivan 70-90 per cent). When this is so, the dose-response 

curve is displaced to the right, and this is designated insulin 

insensitivity, Figure 5. 

If the postreceptor pathways are defective, a proportional 

reduction in the biological action of insulin is anticipated at all 

insulin concentrations. Such a defect would prohibit a normal 

maximum biological action, even at inordinately raised insulin 

concentrations. Thus the dose-response curve is proportionately 

reduced at all insulin concentrations, and thus this is designated 

insulin unresponsiveness, Figure 5. 
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Table 1. Possible mechanisms which may influence 
insulin action (257). 

  

Prereceptor Receptor Postreceptor 
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Figure 5, Graphical illustration of insulin action in 
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The coexisistence of a receptor defect and a postreceptor defect 

compounds the effects of insulin insensitivity and» insulin 

unresponsiveness. Accordingly, the doseresponse curve is displaced 

to the right, and the normal maximum biological action is not 

achieved, Figure 5. 

Insulin receptor internalisation, degradation, recycling and 

biosynthesis. 

When a target cell is exposed to insulin there follows an 

aggregation of occupied receptors into specific pitted regions of the 

plasma membrane (181). This receptor aggregation appears to be a 

dynamic process mediated by the binding of insulin to diffusely 

located receptors (182). Aggregates of receptors are then taken into 

the cell (internalisation) by endocytosis (106,134). In a steady 

state binding situation, as much as 40% of the insulin associated 

with a target cell may be localised within the cell. The fate of the 

aggregated receptor complexes is not entirely clear, although the 

lysosomal degradation of the receptor appears to represent an end 

point of the binding sites functional role. It appears that not all 

of the internalised receptors are degraded and consequently many are 

recycled and reinstated back into the plasma membrane (183,184) 

possibly by an exocytotic like mechanism as summarised in Figure 6. 

Insulin bound to receptors has been demonstrated to be the 

substrate for cell mediated insulin degradation and the recyling and 

degradation of receptors in most (133,185,186) but not all (187) 

cells. The final lysosomal degradation of internalised insulin- 

receptor complexes provides for the receptor mediated degradation of 
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the insulin molecule. A soluble enzyme which rapidly degrades 

insulin by proteolysis has been found in many animal tissues such as 

rat liver (188) and pig skeletal muscle (189), and some human tissues 

such as erythrocytes (190) and skeletal muscle (191). Reductive 

disulphide cleavage of insulin by a glutathione-insulin transhydro- 

genase activity and an insulin specific protease has been implicated 

in the degradation of the insulin molecule itself (186). Degradation 

of receptor bound insulin has not been shown in either human monocytes 

or erythrocytes when incubated at 15°C (117,121,192). Evidence has 

accumulated “that both insulin action and degradation might be 

mediated through the binding of insulin to its specific receptors on 

the plasma cell membrane as the initial step (130,192), although the 

precise nature of this relationship remains to be elucidated. 

The binding of insulin to plasma membrane receptors not only 

accelerates the process of internalisation, but also stimulates the 

production of new receptors (106). Biosynthesis of new insulin 

receptors takes place at the rough endoplasmic reticulum; receptors 

concentrate in the Golgi region and transfer to the plasma membrane 

by exocytosis of Golgi vesicles (193). This transfer and insertion 

of new receptors into the plasma membrane is likely to be an active 

process requiring microtubule involvement (194). Recycled receptors 

probably transfer to the plasma membrane in the same manner. 

Down=-r egul ation. 

Insulin in addition to the induction of changes in receptor 

affinity, can also alter the number of insulin receptors, although 

the latter is a more chronic effect (138,196). In general, raised 

concentrations of insulin are associated with a reduced number of 
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insulin receptors. This insulin-induced receptor loss or diminution 

in insulin binding capacity (113) is termed “down-regulation”. At 

high insulin concentrations there is no apparent alteration in the 

rate of receptor synthesis or degradation (198) and although the 

Scatchard plot indicates a reduced receptor concentration, the number 

of receptors that can be extracted with detergent is unchanged. This 

suggests that down-regulation may be achieved by the process of 

internalisation described previously. In direct support of this 

view, Marshall and Olefsky (199) have demonstrated a correlation 

between receptor loss and insulin internalisation. Furthermore, 

insulin induced receptor loss is usually accompanied by a reduced 

ability of residual receptors to internalise insulin, indicating the 

existence of a feedback control mechanism. Using agents with insulin 

like acitivity which act distally to the receptor, such as spermine 

and vitamin K5, Caro and Amatruda (200) have been able to demonstrate 

receptor loss. At present there is no evidence that insulin receptor 

biosynthesis is altered by down-regulation. It would, therefore, 

appear that insulin receptors on the cell surface are regulated 

purely by the rate of internalisation, the rate of degradation of 

internalised receptors and the rate of recycling of non-degraded 

receptors. Since receptor degradation and recyling depend on the 

initial internalisation event, it would appear that receptor 

occupancy is the initial rate controlling step i.e. in the presence 

of a high insulin concentration receptor occupancy is high, 

initiating down-regulation (195). 
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The spare receptor concept. 

It is well established that target cells with a normal 

sensitivity to insulin show a maximum biological response to insulin 

when only a fraction of the total number of insulin receptors are 

occupied, this fraction may vary from as little as 10% to 30% (201- 

204). The unoccupied receptors are known as “spare receptors”. The 

term "spare" is unfortunate since it might give the incorrect 

impression that these receptors are not functional and can be lost 

without affecting biological activity. It has been argued that all 

receptors are potentially available for binding and the 10-30% of 

receptors which bind insulin represent the consequence of a random 

statistical event. If the aggregation of insulin receptors is 

required to produce a biological action of insulin, it is possible 

that the unoccupied receptors exist in a less receptive state and are 

less readily occupied. 

Cell types used to study insulin receptors. 
  

Studies of both kinetic and equilibrium insulin binding have 

normally been performed on either isolated intact cells or plasma 

membrane preparations although binding to subcellular organelles, 

pieces of tissue and intact organs have also been determined. Muscle 

cells, hepatocytes and adipocytes are quantitatively the most 

important cell types upon which insulin acts to regulate glucose 

homeostasis. Ideally, studies of insulin receptor status in vivo 
  

should examine each of these cell types but there are practical 

limitations especially in clinical studies, where muscle, liver and 
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fat biopsies are difficult to obtain. Hence, insulin target tissues 

have been studied extensively in animals and correlated with the 

human studies. Isolated cells are metabolically active and thus the 

distinct advantage of allowing both the biological effects and the 

binding of insulin to be determined simultaneously. Animal studies 

have indicated general similarities between the regulation of insulin 

receptors in adipocytes, hepatocytes and muscle cells (205-208) , but 

comparative studies of these cell types in man are still awaited. 

Assessments of insulin receptor activity in man have relied mostly on 

the use of readily available circulating monocytes (209) and 

erytrocytes (210). The properties of monocyte insulin receptors have 

been shown to mirror closely the properties of adipocyte insulin 

receptors in a number of conditions in man (30,192,196). The insulin 

receptors of erythrocytes respond in a similar mannner to those of 

monocytes, although changes in the binding characteristics of 

erythrocyte receptors may occur more slowly (121,211,212). This may 

reflect in part the incapacity of erythrocytes to undertake de novo 

protein biosynthesis, which is anticipated to compromise receptor 

turnover. Up-regulation of insulin receptors may be particularly 

vulnerable and may depend to some extent on the recruitment of new 

cells into the erythrocyte pool. Within erythrocyte preparation, 

reticulocytes show greater specific insulin binding than erythro- 

cytes, and binding decreases exponentially with erythrocyte age, due 

to a decline in the concentration of receptor sites (213-215). The 

fat cell preparation is homogeneous compared with the composite cell 

suspension used in insulin receptor studies of monocytes and erythro- 

cytes. However, fat cells from a given region in any one person vary 

considerably in size (130). This dissimilarity together with 
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regional differences in adipocyte size make adipose tiasue 

heterogenous (130,21 6). Studies of insulin binding to monocytes are 

also difficult because they require relatively large volumes of blood 

(50-120 ml) (117). Thus at the present time the estimation of 

insulin receptor binding on freshly isolated monocytes is not 

convenient for clinical studies in diabetics, since additional blood 

will also be required for biochemical profiles and oral glucose 

tolerance testing. Both adipocytes (130) and erythrocytes (217) have 

low nonspecific binding and so binding assays using these cells have 

a high precision. 

Despite the general similarities between insulin receptor 

activity in different cell types, sufficient differences have been 

observed between cell types (206,211) to encourage further 

investigation. Hence, the extrapolation of receptor data beyond the 

cell type studied should be undertaken only with extreme caution. 

Insulin receptor binding and its assessment. 

The assays for insulin receptor binding use methods that are 

conceptually similar to those of the competitive protein-binding 

assays originally described by Yalow and ieee 1960 (218) and now 

widely employed for the radioimmunoassay of many hormones. Modi- 

fication of these assays for the quantitative determination of 

various parameters of hormone receptor interaction (118, 121-5130, 

209,219) involves the optimally controlled incubation of replicate 

aliquots of the receptor population (e.g. isolated cells or plasma 

membranes) with a constant concentration of high specific activity 

tracer, 1257 _monoiodoinsulin, in the presence of varying 
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concentrations of unlabelled insulin for a given time at a specific 

temperature and pH. At steady state the tracer and unlabelled 

insulin are bound in proportion to their molar ratios. At this point 

the '°1-1abelled insulin bound to the preparation is rapidly 

separated from the free insulin either by centrifugation (through oil 

or buffer) or filtration. After any required washing steps, the 

radioactivity associated with the bound fraction is determined and 

can be used to derive the fraction of total insulin, which is bound, 

provided the tracer iodo-insulin behaves like the unlabelled 

insulin. Using this technique for the measurement of 1257-1 ab elled 

insulin interaction with intact cells, the data obtained has been 

considered to be the sum of at least two processes: binding to a 

saturable component and binding to a non-saturable component. The 

former is thought to represent binding to a specific receptor and the 

latter to represent the adsorption of insulin to the cell membrane or 

cellular uptake of whole or fragmented molecules of 1257_ingulin. In 

the receptor literature the non-saturable component is conventionally 

termed the non-specific binding (NS) and is determined in the 

presence of excess native insulin. All binding data is corrected for 

non-specific binding at all insulin concentrations used. Binding 

data can be subjected to a variety of graphical analyses which have 

been reviewed elsewhere (221). It is appreciated that changes in 

receptor status may occur during the preparation and incubation 

period required for steady state binding in the assay procedure. 

Insulin receptor binding is highly dependent upon temperature and 

sub-physiological temperatures are generally used to achieve steady 

state binding during receptor assays (30,221). Thus the observed 

condition of the receptors may not reflect precisely their conditions 

immediately prior to assay. 
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Analysis of insulin receptor binding data. 
  

Generally it is . sufficient to construet a competition 

(displacement) curve for the analysis of steady state binding data 

(196), and it is the only plot of many that are currently used to 

display raw, untransformed data. For the creation of the binding 

curve the percentage of bound 1257_insulin is plotted as a function 

of the total insulin concentration, Figure 7. The plot is typically 

sigmoidal and can be used for the assessment of receptor affinity 

(222). Although this plot closely represents the actual experimental 

results (196) the limited amount of information gained from such 

plots and the fact that tracer hormone and binding site 

concentrations and the dissociation constant are often unknown, 

render the plot of limited use for the quantitative interpretation of 

steady state binding data and are thus often used in conjunction with 

other methods of analysis. 

Insulin receptor interaction is generally considered as a 

simple, bimolecular reversible reaction described by the law of mass 

action and its characterisation has been well documented (224). 

Estimation of the concentration and affinity of the receptor sites is 

most commonly based on the method of Scatchard (225) in which the 

ratio of the concentrations of bound to free insulin is plotted 

against the concentration of ee insulin. The Scatchard plot for 

insulin receptor binding is in general curvilinear with an upward 

concavity, Figure 8. The curvilinearity of Scatchard plot of insulin 

binding data are thought to represent particular properties of the 

insulin-receptor interaction. Interpretation can be based on a 

receptor population heterogeneous with respect to affinity 
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Figure 7 Competition - inhibition binding curve of 
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Figure 8. A typical curvilinear Scatchard plot for insulin 
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(132,226,227). The nonlinear Scatchard plot has been interpreted to 

represent two or more classes of independent binding sites with 

different receptor affinity and receptor concentration. Some 

investigators have proposed a two site model (i.e. a high affinity, 

low capacity site and a low affinity, high capacity site) where only 

the high affinity, low capacity site has physiological significance 

(228), Figure 9. In contrast, other workers have carried out kinetic 

experiments as well as equilibrium studies with different insulin 

analogues suggesting that the nonlinear Scatchard plot can also be 

explained by a homogenous class of receptors displaying negative 

cooperative site-site interactions. This implies that the affinity 

of receptors is not fixed and the affinity of binding sites for 

insulin decreases with increasing levels of binding as the occupancy 

of the receptors increases, Figure 10 (229,230). At low physio- 

logical concentrations of insulin most receptors are empty and in 

their highest state of affinity. With increasing receptor occupancy 

by insulin the affinity of the receptors gradually decreases to their 

lowest affinity in the filled state. Consistent with this inter- 

pretation De Meyts and Roth (230) proposed the use of an average 

affinity profile to analyse steady state binding data, Figure 11. 

The profile indicates two inter-convertible sites: a high affinity 

site with a binding constant K and a low fractional occupancy YQ; 

and a low affinity site with a binding constant Kp and a high 

fractional occupancy Ye Receptors adopt the high affinity state at 

low insulin concentrations and convert to the low affinity state as 

insulin concentrations increase. Extensive kinetic data have been 

reported in support of negative cooperativity, and the last 8 

residues of the B chain have been identified as especially important



Figure 9 Scatchard plot revealing two classes of insulin 
  

Bo
un

d/
 

fr
ee
 

in
su

li
n 

ra
ti
o 

e
e
.
 

/
F
 

( 
B
/
F
)
,
 

+ 
(
B
/
F
)
,
 
—
—
_
—
-
-
}
 

receptors with differing but fixed affinities, one 
of hich affinity (k,), low capacity (R,), and one 
of low affinity (k,), high capacity (R, 2 .R, 
represents the combined binding capacity of 
both classes of receptors. 

| | | j 

(BVF), 

observed binding 

(B/F),   

  

  
Be 

! | 

| (Ro), : (Ro }, ! 
| 
| | 
amy series aan rae R, =(Rg), +(R,), oan en 

Insulin bound 

aR!



Figure 10. Scatchard plot revealing a single class of receptor 
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Figure 11. The average affinity profile of '°I-insulin binding 
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in this respect (229,231). These residues plus the C= and N- 

terminal regions of the A chain are essential for the full metabolic 

potency of insulin. 

The concept of negative cooperativity has not found universal 

acceptance. Herzberg and colleagues (232) have demonstrated a 

complete block of the high affinity site by concavalin A without any 

effect upon the low affinity site. In addition, intact hepatocytes 

degrade '°5[-insulin into fragments which show lowered binding 

(233,235) and if this degradation is taken into account a linear 

Seatchard plot results. Using cultured lymphocytes, Sonne and 

Gliemann (187) failed to confirm insulin fragmentation. 

One mechanistic explanation for the cooperative model proposes 

interactions between (or conformational changes in) the receptor sub- 

units induced by increasing insulin concentrations (229,234). The 

altered sub-unit structure reduces the affinity of the receptor and 

induces a fast dissociating state. De Meyts, Bianco and Roth (229) 

have drawn an analogy with the interaction between haemoglobin and 

oxygen. At low oxygen levels the haemoglobin molecule has a low 

affinity for oxygen, and oxygen dissociates rapidly from the haemo- 

globin molecule. At high oxygen levels the affinity of haemoglobin 

is high and dissociation is slow. Thus, when availability is low, 

haemoglobin releases oxygen more quickly. The insulin receptor is 

envisaged to behave in the opposite way. At low insulin concen- 

trations the receptor has a high affinity for insulin and slow 

dissociation rate. At high insulin concentrations the affinity is 

low and the dissociation rate is fast. Thus, negative cooperativity 

might serve as a buffer system which protects the cell from high 

insulin concentration, but retains sensitivity to low insulin 

concentrations. 
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An alternative account of negative cooperativity suggests the 

movement of receptors within the fluid mosaic of the plasma membrane 

(236,237). Aggregation (or clustering) of insulin receptors in the 

presence of rising concentrations of insulin has been demonstrated 

experimentally (181,238). Levitzki (234) proposed that the receptors 

might exist in clusters prior to occupancy and conformational changes 

induced by binding result in a less receptive state which could be 

transmitted to other receptors in the cluster. Lt has also been 

suggested that insulin binding enables the newly occupied receptors 

to aggregate unoccupied receptors. 

Studies on insulin receptor binding in health and disease. 

In healthy individuals, insulin receptor binding shows a diurnal 

variation (239) and is influenced by diet (240,241), exercise (242), 

-age (243), pregnancy (244), menstrual cycle (245), sex (243) and 

sampling site (246). 

Regional differences in tissue insulin binding. 

Significant regional differences have been observed in the in 

vitro basal metabolism of adipose tissue from obese women (246). In 

addition regional differences in insulin receptor binding and action 

have been compared in subcutaneous and abdominal fat from obese women 

(125). Insulin receptor number was found to be higher in femoral 

than in abdominal adipocytes while the apparent insulin receptor 

affinity was higher in abdominal fat. The mean dose response 

relationships for the antilipolytic effect of insulin were almost 
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identical in both regions while the mean insulin dose-response curves 

for Bitanee oPiution differed and the responsiveness was enhanced 2- 

fold in femoral fat. In non-obese patients a higher insulin receptor 

affinity has been demonstrated in subcutaneous compared with omental 

adipocytes, but no difference in receptor concentration has been 

reported. Subcutaneous fat has been shown to be more responsive to 

the antilipoytic action of insulin than omental fat (247). 

Insulin receptor binding in diabetes mellitus. 

Heterogenous defects of insulin receptor function occur in 

diabetes. Not all diabetics exhibit insulin receptor defect, but 

where such defects exist they appear to be associated with insulin 

resistance manifest by the co-existance of hyperglycaemia and hyper- 

insulinaemia. Available data suggest that most non-obese subjects 

with impaired glucose tolerance (IGT) and all non-obese non-insulin 

dependent diabetics with raised basal glucose concentrations exhibit 

insulin resistance (248-251). In general, the severity of insulin 

resistance in patients with IGT and non-insulin dependent diabetic 

subjects increases with the magnitude of the basal hyperinsulinaemia, 

but there is no correlation between insulin resistance and the 

insulin response to a glucose challenge. 

Obesity is common among subjects with IGT and non-insulin 

dependent diabetes and when present, exacerbates the insulin 

resistance in these subjects (196,251). 
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Insulin receptors in patients with non-insulin dependent diabetes 

mellitus. 

Using the euglycaemic and hyperglycaemic clamp techniques 

Kolterman and colleagues (251) observed that the dose-response curve 

for the biological action of insulin (Figure 5, page35 ) was 

displaced to the right in obese and non-obese non-insulin dependent 

diabetes. In addition to this reduction in insulin sensitivity, most 

patients with non-insulin dependent diabetes showed a decrease in the 

maximum biological action of insulin. This degree of insulin 

unresponsiveness, implying a postreceptor defect, followed closely 

the level of basal hyperglycaemia in the more severely hyperglycaemic 

patients. In these severely hyperglycaemic non-insulin dependent 

diabetic patients the findings suggested a postreceptor defect as the 

predominant abnormality. A continuum of defects is therefore 

apparent among patients with non-insulin dependent diabetes. 

Patients with mild insulin resistance suffer only from insulin 

insensitivity, while patients with more severe insulin resistance 

display a postreceptor defect in addition to the receptor defect. A 

receptor defect in non-insulin dependent diabetes mellitus has been 

identified as a decrease in receptor site concentration, while 

receptor affinity is normal. 

In common with obese non-diabetic subjects and subjects with 

IGT, non-insulin dependent diabetics show an impaired suppression of 

hepatic glucose output at submaximal insulin concentrations, but not 

at maximal insulin concentrations (251). A receptor defect in 

hepatocytes, but not a postreceptor defect, is therefore inferred. 

While obesity per e causes a reduced concentration of insulin 
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receptor sites and aggravates insulin resistance in IGT subjects and 

mild non-insulin dependent diabetics, in severely insulin resistant 

non-insulin dependent diabetics an additive effect of obesity is not 

observed. This suggests that the receptor concentration is already 

markedly compromised in severe non-insulin dependent diabetes, and 

obesity exerts no further effect (251). 

Animal models of diabetes. 
  

Many spontaneous syndromes of inappropriate hyperglycaemia have 

been described. Insulin receptor status has been examined in the 

obese-diabetic (ob/ob) mouse, which exhibits moderate hyperglycaenia, 

marked hyperinsulinaemia and severe insulin resistance. Consistent 

with obesity and non-insulin dependent diabetes in humans, this model 

shows a reduced concentration of insulin receptor sites and a normal 

receptor affinity in a variety of cell types (207). A postreceptor 

defect has also been identified (208), and may precede the onset of 

the receptor defect in these mice (252). Other models of spontaneous 

hyperglycaemia and hyperinsulinaemia, such as New Zealand Obese (NZO) 

mice and diabetic KK mice, show a reduced concentration of insulin 

receptor sites in liver plasma membranes (253,254), however, insulin 

binding to hepatocytes from Zucker fatty (fa/fa) rats is only 

increased above that of lean rats in the fasting state (255). 
Aims of the Study . ‘ 

" Whe majority of clinical investigations are preceeded by a 12 

hour or overnight fast in order to provide a stable baseline for 

profile determinations and subsequent therapy. With this in mind a 

preliminary study was initiated to evaluate the effect of overnight 

fasting on the erythrocyte insulin receptor binding status of normal, 

age and weight matched volunteers. 
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The normal situation confirmed, attention was then focussed on 

the most common clinical chnditton showing insulin resistance 

impaired glucose tolerance and impaired insulin receptor binding 

status, that of non-insulin dependent diabetes mellitus. There is 

growing evidence from diabetic clinics and the diabetic literature to 

indicate that the treatment of non-insulin dependent diabetes is 

often complicated by the presence of a mild to severe essential 

hypertension. The clinical remedy is to treat these patients with 

either thiazide diuretics, potassium sparing if indicated or calcium 

antagonists. Contentious and sometimes conflicting reports in the 

literature have suggested that the prolonged treatment of hyper- 

tensive patients with thiazides and certain calcium antagonists can 

lead to the precipitation of glucose intolerance and additionally 

with thiazides, potassium depletion. 

On this basis, clinical investigations were conducted to examine 

the effects of a commonly used thiazide, bendofluazide with and 

without potassium supplementation on the oral glucose tolerance, 

fasting glucose and insulin levels, erythrocyte insulin receptor 

binding status and biochemical and haematological profiles of mildly 

hypertensive patients with and without diet controlled non-insulin 

dependent diabetes mellitus. The study will provide information on 

the role of cellular insulin receptor binding in the mechanism of 

glucose intolerance induced by thiazides and the potential 

aggravation of the glucose intolerance seen in non-insulin dependent 

diabetes mellitus. 

Calcium antagonists such as nifedipine are also of potential use 

in the treatment of mild hypertension and yet here too there is some 

indication that they may impair normal glucose tolerance, perhaps by 
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interfering with the release of insulin. In this respect the 

treatment of hypertension with nifedipine might be contra-indicated 

in non-insulin dependent diabetics whose endogenous insulin secretory 

capacity and ability to maintain near normal glucose tolerance may be 

compromised. In this respect a further clinical study was initiated 

to examine the effect of long term nifedipine treatment, a short term 

of withdrawal and then subsequent retreatment on the oral glucose 

tolerance, serum glucose and insulin of mildly hypertensive patients 

with and without non-insulin dependent diabetes mellitus. This study 

should provide important information regarding the validity and 

usefulness off setelia antagonists in the treatment of hypertension 

associated with non-insulin dependent diabetes. 

We now know that insulin receptors are far from being inert 

structures and that both the concentration and affinity of insulin 

receptor sites are subject to continual regulation by a multitude of 

acute and chronic influences. The evaluation of insulin receptor 

binding status in noninsulin dependent diabetes mellitus should 

emphasise the heterogenecity of the disorder. A reduced 

concentration of insulin receptors can be offered to account for any 

decrease in insulin sensitivity, but as the severity of insulin 

resistance increases in these diabetics, especially if they are also 

obese, the possibility of a postreceptor defect becomes evident. It 

may well be that the correction of the altered insulin receptor 

status of non-insulin dependent diabetics is commensurate with the 

establishment of good metabolic control. | However, in other 

situations where a defect of insulin action has tentatively been 

identified, such as non-insulin dependent diabetes with obesity the 

relationship of the expected change in receptor binding and



postreceptor events to the development of insulin resistance remains 

to be confirmed. 

Currently, great store has been placed in the possible treatment 

and control of non-insulin dependent diabetes with guar gun. 

Evidence has been presented to suggest that guar gum treatment may 

improve glucose tolerance and lower both postprandial glucose and 

insulin levels. With this in mind a clinical study was initiated to 

investigate the possible therapeutic usefulness and patient 

acceptability of guarem (a commercial form of guar gum) in the 

treatment of non compliant, poorly controlled non-insulin dependent 

diabetics. The study involved the measurement of oral glucose 

tolerance, plasma glucose and insulin, insulin receptor status and a 

biochemical profile. The presence of a well established colony of 

genetically obese diabetic mice (ob/ob) in the department, an animal 

model of obesity and non-insulin dependent diabetes, allowed a 

parallel animal study involving the effect of guarem treatment on the 

body weight, plasma glucose, plasma insulin and insulin receptor 

binding status of obese mice. In this study a more classical insulin 

sensitive cell, the adipocyte was used for insulin receptor binding 

studies. This was followed by a comparative study, using age matched 

lean and obese mice, to investigate the impact of obesity on 

adipocyte insulin senstivity aa insulin receptor binding status. 

Unlike erythrocytes, adipocytes vary in size and degree of 

insulin sensitivity. Regional differences in adipose tissue 

sensitivity have been documented for obese human patients but not for 

animal models of obesity. With this in mind the concluding work of 

this thesis has involved investigation of possible regional 

variations in insulin receptor binding, basal and insulin stimulated 
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glucose oxidation and 1257 insulin degradation using isolated 

adipocytes and-fat segments from the lower abdominal and upper 

femoral subcutaneous regions of obese mice. 
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CHAPTER TWO 

General Materials and Methods 

260. =



General chemicals 

The following chemicals were used in the studies presented in 

this thesis. N-2-hydroxyethylpiperazine-N!-ethanesulphonic acid 

(HEPES), N-tris| hydroxymethyl] methyl-2-aminoethanesulphonic acid; 

2-(2-hydroxy-1, 1-bis| hydroxymethyl |-ethyl amino ethanesulphonic 

acid) (TES), collagenase Type II prepared from Clostridium 

Histolyticum No. C-6885, Lot 92 F-6834, 230 units/mg, and bacitracin 

were purchased from Sigma Chemical Co. Ltd., Poole, Dorset. Bovine 

serum albumin fraction V (Lot numbers 330 and 335, insulin free) was 

purchased-from Miles Laboratories Ltd., Slough, Bucks. Monocomponent 

porcine insulin (Lot number 58311160) was purchased from Novo 

Industria A/S, Copenhagen, Denmark. Na '@°r (IMS-30) ana D-(u-c!4) 

glucose (specific activity, 270 Ci/umol) were purchased from 

Amersham International, Amersham, Bucks. 1257 monoiodoinsulin with 

the labelled iodine at tyrosine 14 (specific activity, 249 nCi/ng) 

‘was a generous gift from the Novo Research Institute. Ba 14093 

(specific activity, 0.27 Ci/mg) from NEN Boston Mass, U.S.A. 

Ficoll-Hypaque and Sephadex G50 were obtained from Pharmacia Fine 

Chemicals, Hounslow, Middlesex. Di-n-butyl phthalate (weight per ml 

at 20°C 1.042 to 1.045), Dinonyl phthalate (weight per ml at 20°C 

0.967 to 0.970) and Repelcote (2 percent v/v solution of dimethyl 

dichloro-silane in carbon tetrachloride) for siliconizing glassware 

were all purchased from BDH Chemicals Ltd., Poole, Dorset. Silicone 

oil (density 0.99 gm/ml, Dow Corning 200/50CS) was purchased from 

Hopkins and Williams, Chadwell Heath, Essex. LP3 radioimmunoassay 

tubes were obtained from Luckhams Ltd., Burgess Hill, Sussex. 

Microfuge tubes and other microfuge accessories were purchased from 

Beckman Instruments Ltd., High Wycombe, Bucks. 
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All other reagents were of analytical grade and purchased from 

British Drug Houses Ltd., Poole, Dorset. Double distilled water was 

used in all experiments. 

General details of experimental animals and human volunteers. 

A) Experimental animals: 
  

Overnight fasted male and female genetically obese diabetic 

(ob/ob) mice and their homozygous lean (+/+) littermates from the 

Aston colony aged between 18-24 weeks and weighing between ele 

together with 300-450g male Wistar rats were used in the oreraed 

studies. All animals were housed in an air conditioned room at 22 + 

2°C and maintained on a standard pellet diet (Mouse breeding diet, 

Heygate and Sons Ltd., Northampton, U.K.) and tap water ad libitum. 

B) Human volunteers: 

As far as possible age and weight matched normal male volunteers 

and poorly controlled non-insulin dependent dimbetiae of both sexes 

with and without mild hypertension were recruited into clinical 

studies. All female recruits were postmenopausal to eliminate 

effects of the menstrual cycle. In all clinical studies the human 

volunteers acted as their own controls. The criteria used for 

patient selection has been fully described in each section. 

Radioiodination of insulin. 

A high specific activity tracer is an essential ingredient of 

insulin receptor binding studies because the concentration of hormone 
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must be kept within the physiological concentration for that 

hormone. For insulin this is often as low as 10710 mol/l. In 

addition the labelled hormone must retain the full biological 

activity and receptor binding properties of the native insulin. 

Radioiodine is particularly convenient for the preparation of 

labelled protein tracers as it can be readily substituted into the 

tyrosine residues of proteins and peptides. Two convenient gamma- 

emitting Mateian ones of iodine are widely available, 125z and 13ty 

and these offer advantages over the common G-emitting isotopes SH and 

146 for the production of hormones of high specific activity. 

Theoretically, monoiodoinsulin Labelled with 131y would be of a 

higher specific activity than the equivalent teoy preparation. 

However, 13ty is available at only about 20% isotopic abundance, 127; 

d 125 can be obtained at being a major contaminant. On the other han 

an isotopic abundance approaching 100%, so the latter produces a high 

ee activity tracer and is therefore used preferentially. Other 

factors favouring this choice of isotope include the longer half life 

of '297 compared to Adi; (60vs. 8 days) and the greater counting 

efficiency in most gamma counters of 1255 decay products. 

The incorporation of one radioiodine atom per molecule of 

protein is the minimum conceivable substitution for the production of 

labelled hormone. At any level of substitution there may be problems 

of reduced biological activity and immunoreactivity particularly if 

the labelled residues are closely associated with the binding 

region(s) of the hormone. The probability of hormone damage due to 

radiation also increases. An absence of diiodination is essential in 

labelled insulin preparations, particulary those to be used in 

receptor studies, due to a much reduced binding affinity towards 
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these molecules and the possible production of monoiodinated products 

of unknown biological fate (258). Iodination damage generally 

appears as alterations in structure and hence immunoreactivity caused 

by the substitution of iodine for hydrogen atoms in the protein. 

Structural alterations in the protein can be caused by exposure to 

high levels of radiation during or after iodination (218). The 

reagents frequently used in the iodination reaction may cause 

specific chemical damage to the antigen. in- the: case sor . the 

chloramine-T method proteins are exposed to an oxidising agent, 

chloramine-T and a reducing agent, sodium metabisulphite. Oxidising 

agents may cause oxidation of sulphydryl groups of proteins and 

oxidative damage of disulphide bonds. Reducing agents may effect 

reductive cleavage of disulphide bridges, however chemical damage of 

this sort does not appear to be a general problem with the 

chloramine-T method since only low concentrations of oxidising and 

reducing agents are used and exposure is only for a short period of 

time. Chemical damage possibly caused by impurities that may be 

present in radioiodide solutions and radioiodide obtained from two 

different sources and used in parallel experiments to label the same 

batch of protein, has been shown, in a few cases, to give labelling 

with marked differences in iodination damage (259). Some iodine may 

also react with histidine (260), tryptophan (261) and/or sulphydryl 

groups (262) but tyrosine is the principal amino-acid involved. For 

the production of labelled hormones of high specific activity without 

the use of large amounts of radioiodide small quantities of protein 

need to be used. Methods developed as a consequence of this include 

the use of iodine monochloride (263), chemical oxidants (264), 

electrolytic (265) and enzymatic iodination (266) although no one



method has proved to be completely satisfactory and reliable. 

When radiolabelled materials are used to study biological 

processes, the tracer compound is often tacitly assumed to be 

indistinguishable from the parent compound. Scatchard analysis of 

hormone receptor binding and kinetic analysis of hormone degradation 

require that the radioactive ligand or substrate be identical to it's 

native, nonradioactive competitor (267). In the case of insulin, 

much of what is known concerning receptor binding and the metabolic 

fate of the hormone stems from studies using iodinated insulin. 

Since the iodination reaction may occur at either of four tyrosyl 

amino acid residues of the insulin molecule (located at positions 14 

and 19 of the A-chain and at positions 16 and 26 of theB-chain), 

conventionally used 1257 insulin preparations are a mixture of 

monoiodoinsulin and diiodoinsulin isomers, even monoiodinated insulin 

is likely to be a heterogeneous mixture of monoiodospecies. However, 

this type of preparation has been extensively used for ligand binding 

studies to the insulin receptor. In addition, the conditions under 

which the iodination is performed have been shown to affect the 

relative distribution of iodine on the four tyrosine residues of 

insulin (270). No method specifically iodinates only one of these 

four residues. Thus, even monoiodinated materials prepared in 

different laboratories could potentially possess markedly different 

properties. The fact that most iodoinsulin preparations used until 

recently have differed with respect to purity, homogeneity, specific 

activity and distribution of 1257 makes comparison of insulin binding 

data between laboratories difficult (103,271). It is well kmown that 

different tyrosine residues in a protein show different degrees of 

reactivity in the iodination process, depending on the micro- 

= 65e—



environment of each individual side chain of the protein (278). “EY ao 

those residues on the surface of the molecules are iodinated more 

rapidly than inner residues and may also be important in the binding 

and biological activity of insulin. It has been shown that in the 

case of insulin one tyrosine residue, Ai4, is iodinated prefer- 

entially (273). Procedures employed today in most laboratories 

involve the use of the chemical oxidant chloramine-T or the enzymatic 

method using lactoperoxidase. Both methods are relatively easily 

carried out and produce very little diiodoinsulin. At the level of 

substitution routinely achieved approximately 80% of the radio- 

activity is associated with the A14 tyrosine. The remaining activity 

is accounted for chiefly by the iodination of the A19 tyrosine with 

very little iodination of the B16 and B26 residues (273). !?9r- 

tyrosine A1l4 insulin is kmown to retain the full binding and bio- 

logical activity of native insulin (268), this residue is distant 

from the biologically active site of the molecule and hence the 

monoiodinated insulin molecule retains full biological activity, as 

judged by its ability to stimulate glucose oxidation in isolated fat 

cells. (274). 1257_tyrosine A19 insulin exhibits less than one half 

of the binding activity of native insulin in adipocytes, hepatocytes 

and [M-9-lymphocytes (269). The reduced affinity of |*°r-tyrosine A 

19 may reflect changes in the binding interface of the insulin 

molecule, since the Al9 amino acid residue is considered part of the 

putative binding region (275). The extent of A19 labelling is 

dependent on the percentage incorporation of 1257 into insulin during 

the iodination procedure. Providing the incorporation of 1257 into 

insulin from iodination to iodination is within reasonable limits 

( 50%) the level of iodinated tyrosines other than Al4 will be 
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similar. The level of 1257 incorporation in the present study was 

fairly consistent, reaching a mean -of 60.72 + 1.52% (mean + SEM, 

n=14). Recent studies have suggested that the B26 isomer has higher 

binding affinity and the B16 isomer has similar binding affinity to 

the Ai4 isomer in extrahepatic tissues (eg. adipocytes, cultured 

human fibroblasts, [M-9-lymphocytes and human placental membranes). 

However, both B26 and B16 isomers exhibit a lower binding affinity in 

hepatic tissues when compared with the A14 monoiodo-insulin isomer 

(276). To ensure the use of pure Al4 labelled hormone, techniques 

are now available for its rapid separation from other labelled 

products by purification on DEAE cellulose, by HPLC (277) or 

polyacrylamide gel electrophoresis (278). 

The chloramine-T method first described by Hunter and Greenwood 

(279) for the labelling of human growth hormone has been introduced 

in our laboratory for the routine production of 1207 _monoiodinated 

insulin of suitable purity, integrity and specific activity in 

sufficient quantities for use as a tracer (274). Roth and coworkers 

(1) formulated two generally applicable methods that reproducibly 

yielded monoiodo 1257 labelled hormones of high specific 

radioactivity suitable for hormone-receptor studies. One approach, 

applied successfully to insulin (274) and oxytocin (280) was to label 

a small number (10% or less) of the molecules with one iodine atom, 

followed by separation of the uniodinated molecules from the 

monoiodo-hormone. The final product ("carrier-free" monoiodohormone) 

have one iodine atom oper. molecule. The second approach 

(stoichiometric iodination) has been applied to insulin (281,282) and 

growth hormone (283), and involves the direct introduction of an 

average of 0.2 to 0.8 atoms of iodine, per hormone molecule. The 

VG Time



monoiodination is most suited for use with hormones of low molecular 

weight, the stoichiometric iodination method is most suited to 

hormones of higher molecular weight. The 1257_insulin produced by 

either method is about the same quality as regards specific activity 

(281). In fact, “carrier-free" monoiodinsulin prepared by Sodoyez 

and colleagues (271) and stoichiometrically labelled insulin prepared 

by De Meyts (220) has been compared in an interlaboratory experiment 

and found indistinguishable in terms of receptor binding studies when 

using either lymphocytes or rat liver membranes. 

The chloramine-T method for the iodination of insulin. 

Chloramine-T is the sodium salt of the N-monochloro derivative 

of p-toluene sulphonamide. It breaks down in aqueous solution slowly 

forming hypochlorous acid and is consequently a mild oxidising 

agent. Under mildly alkaline conditions at pH 7.5 in the presence of 

chloramine-T, Nal 2>r is oxidised forming cationic iodine, 125+7, 

Tyrosine molecules at this pH will only be very slightly ionized due 

to the pk of the phenolic side chain of tyrosine being greater than 

10. The iodination reaction probably proceeds through this small 

proportion of ionized groups, the iodine atoms being substituted at 

the ortho position to the hydroxyl group on the phenolic ring of 

tyrosine. The structures of mono and diiodotyrosine are shown as 

below: 
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QH OH 

if [ I 

1? CH 

| 
H2N -CH- COOH H2N-CH-COOH 

monoiodotyrosine ditodo tyrosine 

The amount of chloramine-T used in the reaction is dependent upon the 

amount of insulin to be iodinated and the particular batch of Na!@°r. 

Some workers have shown that larger amounts of oxidant are required 

for carrier-free radioiodide than for the equivalent amount of Nal27z 

(284). Greenwood and Hunter (285) have reported that the amount of 

chloramine-T required for oetnan iodination is for all practical 

purposes independent of the iodine concentration. Excess chloramine- 

T is reduced by the addition of sodium metabisulphite and free iodine 

is reduced to iodide. The quantity of sodium metabisulphite added is 

limited to twice that of chloramine-T. De Meyts (220) has used the 

same ratio of chloramine-T to sodium metabisulphite, although Stentz 

and colleagues (277) reported that the controlled iodination of 

insulin with chloramine-T without the use of sodium metabisulphite 

provides a reliable procedure for the preparation of monoiodinated 

insulin. These workers also reported that the use of sodium 

metabisulphite resulted in variable yields of iodinated insulin, 
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variability in the amount of labelled tyrosine A14 insulin produced 

and multiple species of labelled insulin when separated by gel 

filtration. Albumin is also included in the reaction volume to act 

as a carrier for the labelled insulin. Albumin also reduces the 

adsorption of reaction products to the reaction vial and the Sephadex 

column (271). The concentration of chloramine-T is kept low to 

minimise damage to insulin. The reaction time is short (15-20 

seconds) to minimise the exposure of insulin to chloramine-T. 

Preparation of reagents for iodination. 
  

1. Phosphate buffer (0.5 and 0.05 mol/l) (appendix 1 page 290). 

2. Column eluant: consisted of 0.5% BSA and 0.1% sodium azide (to 

prevent bacterial contamination of the column) dissolved in 0.05 

mol/l phosphate buffer and adjusted to pH 7.4. 

3. Column primer: 20 ml of 2.5% BSA in 0.05 mol/l phosphate 

buffer, adjusted to pH 7.4. 

4. Porcine insulin (0.25 mg/ml). 0.25 mg of porcine insulin was 

dissolved in 1 ml of 0.05 mol/l phosphate buffer, pH 7.4. 40 pl of 

this solution was aliquoted into each of 25 microfuge tubes 

(polystyrene, 500 pl capacity), frozen and stored at -15°C. A fresh 

tube of insulin was used for each iodination. 

5. Chloramine-T and sodium metabisulphite: 25 mg of chloramine-7T 

and 50mg of sodium metabisulphite were weighed out into separate LP3 

tubes and wrapped with foil to exclude the effect of light (220). 
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25 mg of chloramine-T was diluted with 100 ml of 0.05 mol/l phosphate 

buffer, pH 7.4 and mixed well to provide a concentration of 0.25 

mg/ml. 50 mg of sodium metabisulphite was diluted with 100 ml of 0.05 

mol/l phosphate buffer, pH 7.4 to provide a concentration of 0.5 mg/ml. 

6. Na 1457 (1 mei) 10 nl of Na 1257 was supplied by Amersham in a 

reactivial. The chloramine-T reaction had a pH optimum of pH 7.4 and 

yields were reduced below pH 6.5 and above pH 8.5 (286). The Na 1257 

was obtained in dilute sodium hydroxide solution (pH 7-11) and 

therefore the pH had to be adjusted to 7.4 by the addition of 100 ul 

of 0.5 mol/l phosphate buffer. 

Procedure for the radioiodination of insulin. 

Iodinations were carried out one or two days after Na 1257 batch 

synthesis. Label older than 3-4 days tended to yield preparations 

containing an increased percentage of damaged camien C>TOSi. 

Although the reason for this was not clear, it may have been due to 

an increase in the amount of irradiation products. 

Iodination was carried out in the standard conical glass vials 

supplied by Amershan. All solutions were added using automatic 

pipettes with disposable tips and thus uncapping and capping of the 

reaction vessel was required several times during the iodination 

procedure. Hach reaction was carried out in a fume cupboard behind a 

quarter of an inch lead shielding. The quantities of insulin and 

chloramine-T used in the reaction depended on the age of the Na 

1257, the 10 pl aliquot of Na '25r employed for the iodination of 

insulin had a calculated activity of 1 mci on the given activity 
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reference date but batches were actually synthesised 15 days prior to 

this date. Thus the activity of the 1257 was in excess of 1 mci when 

used in the lodination procedure. Generally the Na 1257 preparations 

were used 13 or 12 days before the activity reference date. 

Therefore the concentration of reactants especially insulin and 

chloramine-T had to be adjusted in accordance with the specific 

activity of the Na! 257 preparation. 

Protocol for the iodination of insulin using Na 1257, 
  

Reactions were generally carried out 13 days before the 1257. 

activity reference date (day two after batch synthesis). 

The following additions were made to the reaction vial 

containing 10 ul of Na!@°r (1.162 mei). 

100 pl of 0.5 mol/l phosphate buffer, 

11.62 wl of porcine insulin (2.905 ng) taken from the stock 

standard solution (40 ml). 

and 23.24 pl of chloramine-T (5.81 ug). 

The vial was inverted twice to gently mix the contents. Then after 

20 seconds 201 of sodium metabisulphite (10 ug) was added followed 

by two gentle inversions of the reaction vial. After a further 15 

seconds 200 nl of 0.05 mol/l of phosphate buffer was added containing 

2.5% BSA. 

The following adjustments were made for iodinations carried out 

12 days before the activity reference date: 

10 wl Nal rz (1.149 mci - approximately 1% decay from day 

19), 

11.49 nl porcine insulin (2.873 ug), 

and 22.98 nl chloramine-T (5.746 ng). 
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The labelled insulin was then separated from the unreacted iodide and 

damaged insulin by gel filtration on Sephadex G-50 (fine). The 

column was preflushed with 8 ml of 0.05 mol/l phosphate buffer pH 7.4 

(containing 2.5 % BSA) to purge the column of material remaining from 

previous iodinations and to prevent the adsorption of the freshly 

prepared labelled insulin to the Sephadex and the column itself. A 

{0 pl aliquot was removed from the reaction vial immediately after 

the reaction for the assessment of the percentage 1257 incorporation 

into insulin. The remaining reaction mixture was transferred to the 

top of the Sephadex column. The reaction vial was washed with a 

further 180 nl of 0.05 mol/l phosphate buffer (containing 2.5% BSA), 

and this too was transferred to the top of the column. § The 

combination of reaction mixture and wash was allowed to permeate into 

the column and eluted at a flow rate of approximately 1 ml/minute. 

Sixty-four, 1 minute fractions were collected in LP3 tubes on a Serva 

Linear II Fraction Collector. The 1257_ activity in each tube was 

counted for 3 seconds on a gamma counter (ICN, Tracerlab, with a 

counting efficiency of 57%). 

Four well defined peaks could be identified in the elution 

profile (activity versus fraction number), Figure 12. Peak I 

represented a high molecular weight fraction probably containing 

aggregates of the insulin molecule (274) and was contained within 

fractions 14-18. Peak II was assumed to represent monoiodinated 

insulin (these tubes contained the maximum activity associated with 

insulin) and fell typically in the region of fractions 26-31. Peak 

III probably represented free unreacted 1257 mixed with damaged eet. 

insulin and was located in fractions 34-38. Peak IV probably 

represented free unreacted 1257 located within fractions 39-42. Four 
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Figure 12. Typical elution profile of labelled fractions obtained by 
chloramine-T iodination of porcine insulin and seperation 
on Sephadex G-50 (fine), Flow rate = 1ml/ minute. 
High molecular weight fraction containing aggregates of 
insulin (fractions 14-18), 
"251 ~ insulin (fractions 26 - 31). 
Free unreacted '°I and damaged '25- insulin 
(fractions 34-38 ). 

Peak IV Free unreacted '°1 (fractions 39-42 ) 

"51
 

act
ivi

ty 
(co

unt
s 

per
 s

eco
nd 

x 1
0? 

) 

300 

200 

150 

50   
    

        
U fi M meen ! 1 ! ! L + 

Se A eee) eo a Oe gh a SB Op 

Fraction number. 

oth



to five fractions representing the apex of peak II (monoiodinated 

insulin) were pooled in a single vial. A 10 pl aliquot was taken 

from this vial for assessment of the percentage of damaged insulin 

and 50 wl aliquots of the remainder were dispersed into LP3 tubes and 

stored at -20°C. A typical iodination generated about 60 tubes each 

containing 50 wl aliquots of /?I-insulin (2 yCi/tube), with a 

specific activity of 242.8 + 6.34 pCi/ug (mean + SEM, n=14). 

Fractions corresponding to the other three peaks (peaks I, III and 

IV) were discarded after taking 10 pl aliquots from them to measure 

the percentage of tracer damage. 

125," 
Assessment of the specific activity and integrity of insulin 
  

preparations. 

The 10 pl aliquot taken from the reaction vial immediately after 

the iodination reaction was used to assess the percentage incor- 

poration of 1257 into insulin and the specific activity of the 

preparation. To the 10 pl aliquot was added 0.5 ml of eluant and 0.5 

ml of 10% trichloracetic acid (TCA). The albumin formed a visible 

precipitate which coprecipitated the undamaged intact 1257 insulin. 

After counting the radioactivity of this sample, followed by 

centrifugation for 10 minutes (2000 rpm, MSE MISTRAL 4L) the 

supernatant containing 1257 activity, predominantly as free 125; was 

aspirated and the 1257 associated with the precipitate determined 

from counting the radioactivity of the precipitate. Thus the 

percentage incorporation of 1257 into intact, undamaged insulin was 

calculated as follows: 

Radioactivity count of the precipitate after centrifugation x 100 

Radioactivity count of total mixture before centrifugation 
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Since the total amount of 1257 and insulin present in the reaction 

mixture and the percentage radioactivity incorporated into insulin 

was kmown, the specific activity could be calculated from the 

following formula: 

Specific activity (pCi/ng) = 

Percentage incorporation of 1257 _insulin X amount of 1257 present in 

the reaction mixture (pCi) 

amount of insulin present in the reaction mixture (ng) 

In the present study the average percentage incorporation of 

1257 into insulin was found to be 60.72 + 1.52% (mean + SEM, n=14), 

Table 2. These data corresponded to an incorporation level of 0.5 - 

0.6 molecules of iodine per molecule of insulin and suggested the 

production of monoiodinated insulin. Specific activities of over 350 

wCi/ug indicated di-or tri-iodination (287). The presence of only 

one iodine atom per insulin molecule ensured a minimal effect on 

insulin activity (288). It is generally accepted that the biological 

activity of iodinated insulin preparations decreases as the average 

level of iodine incorporation increases above approximately 1 mole of 

iodine per 1 mole of insulin monomer (289,290). A high fraction of 

the labelled molecules may show either a reduced affinity for cell 

receptors (291) or an increased affinity for non specific sites. 

Assessment of iodination damage to 125 7_snsulin. 

1257_insulin was assessed for In preliminary studies the 

iodination damage to the insulin molecule using trichloracetic acid 

precipitability (TCA) and adsorption to dextran coated charcoal. TCA 

precipitability was determined by the addition of 0.5 ml of eluant and 

0.5 ml of 10% TCA to a10 nl aliquot taken from the pooled peak II 
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Table ez. Percentage incorporation of 

percentage of undamaged insulin and the 
specific activity of labelled insulin. 

25 
I-insulin, 

  

  

lodination Number of Mean + SEM Coefficient of 

characteristics iodinations variation (cv) 

(n) . 

Percentage 

incorporation 14 60.72 + 1.52 937 

of I-insulin 

Percentage of 

undamag ed 14 95.81 + 0.62 2.44 

insulin 

Speci fic 

activity 14 242.8 + 6.34 9.77 

C -pChy ae) 
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tub es containing 1257_insulin. After centrifugation (10 minutes, 

2000rpm), the supernatant was aspirated and the activity of the 

precipitate counted. Charcoal adsorption was assessed in the same 

way by the addition of 25 pl of the pooled 1257_insulin preparation 

to 400 pl of 0.5 mol/l phosphate buffer, pH 7.4, containing 10 mg of 

dextran coated charcoal (293). After mixing and centrifugation (10 

minutes, 2000 rpm), the supernatant was aspirated and the precipitate 

ve5 T= activity determined. 

Labelled insulin was used in receptor assays when TCA precipit- 

ability was greater than 95% and charcoal binding was greater than 

90% (293). Samples pooled from peak II satisfied these criteria. 

Subsequently, TCA precipitability was routinely used for the assess- 

ment of damage and was usually 95% (average 95.8 + 0.62%, mean + 

SEM, n=14) but never below 92% (Table 2) and in good agreement with 

values obtained by other investigators (274,294). 

As mentioned earlier a cause of damage to the insulin molecule, 

that could easily be avoided, was the age of the Na! 257 supplied by 

Amersham. If the iodide was 35 days old or less, then TCA 

precipitability was routinely greater than 95%. However, if the 

tracer was 1 week old, TCA precipitability was reduced to 

approximately 92% and after 2 weeks to about 87%. The reason for 

this deterioration is not understood, but it may be that the 

concentration of irradiation products is higher in the older iodide, 

1257_insulin had causing damage to the tracer produced. Freezing the 

no apparent effect on TCA precipitability, but once thawed was never 

refrozen for further use. Iodination damage of stored 125y_insulin, 

as assessed by TCA precipitability generallly increased by about 3% 

(percentage of undamaged decreased from 95.8 + 0.62 to 92.7 + 0.37 
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mean + SEM, n=14) after two weeks, possibly due to self irradiation 

(295). The wis activity of the 1257-insulin on the day of use 

was calculated from the original specific activity of. the V25r. 

insulin assuming a decrease of 1% per day. Aliquots of the 1207. 

insulin preparation were used for both insulin radioimmunoassay and 

insulin receptor binding studies on isolated human erythrocytes and 

isolated adipocytes from mice and rats. 

ft 1257_ansulin. Repurification o 

Simple purification of the 1257 insulin was carried out 2 weeks 

after synthesis when the iodination damage of stored '2°1-insulin had 

generally increased by about 3%. Repurification was carried out to 

retain: the activity of the 1257_insulin for an additional two weeks 

by decreasing the percentage of damaged 1257_insulin. Purification 

was carried out by gel filtration on Sephadex G-50 (fine). The 

interior of the column was pretreated with 15 ml of 0.05 mol/l 

phosphate buffer, pH 7.4, containing 2.5% BSA to remove contaminated 

material remaining from previous iodinations and to prevent the 

adsorption of '*?I-insulin to the Sephadex beads and the column 

itself. 1-2 ml of the original 1257 insulin was transferred gently 

to the column and eluted in 64 1 ml fractions. The counting of 

repurified '°I-insulin activity was carried out as described 

previously (page 73). Three peaks were obtained in the elution 

profile (activity versus fraction number), Figure 13. Tub es 

containing the maximum radioactivity associated with repurified 

monoiodoinsulin could be identified with fractions 21-25. The peak 

representing aggregated iodination products of high molecular weight 
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were represented by fractions 11-14 and the peak probably 

representing the free, separated 1257 appeared in fractions 30-34, 

Figure 13. Four fractions from peak II were pooled and after 

thorough gentle mixing distributed into a number of aliquots (each 

aliquot [100-200 nl | typically contained 2 pCi/tube) and stored at 

-20°C until required. 10 wl aliquots were taken from the original 

pooled '?%r-insulin fraction (before adding to the column) and from 

each of the three peaks of the repurification for assessment of the 

amount of damaged 1257 insulin, Table 3. 

Determination of the specific activity and iodination damage of 

1257s nsulin. repurified 

The specific activity of the purified preparation was calculated 

from the original specific activity of 1257 -ansulin assuming a 1% 

reduction in the amount of specific activity per day for 2 weeks. 

The repurified '?5T-ingulin was assessed for iodination damage 

to the insulin molecule using TCA precipitability as described 

previously (page 76). Iodination damage to 125 tended to increase 

in the labelled insulin with time during storage and was probably the 

result of self irradiation damage (295). The concentration of 

immuno-chenically aston insulin <in athe mono~'*91-tyrosine Ai4 

insulin preparation decreased as a function of time because the 

disintegration of the 1257 nucleus was assumed to cause an immuno- 

chemical inactivation of the parent insulin molecule. Linde and 

colleagues (296) have shown that older 1257 insulin preparations may 

contain relatively more unlabelled immunoreactive insulin than new 

ones. This may cause an apparent decrease in the binding of labelled 
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Table 3. The percentage of undamaged insulin in the 

the different peaks of the original iodination 
and the repurification profiles (data from Figures 
12 and 13). 

  

  

Percentage of Coefficient of 
n undamaged insulin variation (cv) 

mean + SEM he 

Original iodination: 
Peak I 7 68.7 +4661 6.99 

Peak IT 14 95.81 + 0.62 2.44 

Peak III 7 16.6 + 2.62 41.6 

Peak LV 7 16.8 + 2.89 A Se oil: 

Repurification of 

125t-insulin: 

Peak I 3 84.26 + 3.95 10.47 

Peak II 5 98.66 + 1.34 0.61 

Peak III 5 79.8 +125 4.19 
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insulin to the receptor or antibody. In those studies 1257_insulin 

prepared by the chloramine-T method showed 15% tracer damage after 2 

months. In the present work chloramine-T iodination resulted in 

about 4.2% damaged insulin which increased by approximately 3% over 

two weeks storage. The percentage of undamaged insulin increased 

from 92.7 + 0.37 (mean + SEM, n=14) to 98.66 + 1.34 (mean + SEM, n=5) 

¢ 125r_insulin was both 

1257. 
after repurification. - The repurification o 

effective and economical and provided sufficient inswian tor 

both radioimmunoassay and radioreceptor assays over a period of 4 

weeks. 

Insulin receptor binding studies. 

The preparation of cells and tissues. 

A) The preparation of erythrocytes. 

Gavin and colleagues (294) were the first to demonstrate that 

erythrocytes have specific insulin binding sites. These cells bound 

1257 insulin, and the bound hormone was displaced by nanogram 

quantities of unlabelled insulin. Gambhir, Archer and Carter (210) 

reported that freshly isolated circulating human erythrocytes had 

highly specific insulin receptors and possessed properties that made 

then ideal cells for clinical hormonal radioreceptor studies. The 

membrane characteristic of these cells were similar to those of other 

circulating human cells (297) and there was substantial evidence to 

suggest that the insulin receptor status of these cells might reflect 

the receptor activity of the major target tissues for insulin i.e. 

fat, muscle and liver (30,211). Although glucose metabolism in the 
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erythrocyte is not thought to be dependent upon insulin (257), 

erythrocytes are readily available in large quantities. A few 

milliliters (15 ml) are sufficient to carry out a complete 

radioreceptor assay and they are obtained as a relatively homogenous 

cell suspension without extensive purification (1:24): It has been 

shown that blood samples may be stored at 4°C for up to 36 hours 

without affecting the insulin binding to erythrocytes (243). In the 

Tot present study the erythrocyte was chosen as the receptor model 

clinical studies involving normal and diabetic patients with and 

without hypertension where additional blood was required for glucose 

tolerance testing and determination of biochemical and haematological 

profiles. 

The method used for the isolation of erythrocytes was 

essentially that described by Gambhir and colleagues (121). 15 ml of 

blood was obtained by venipuncture of the median basilic vein and 

transferred to a heparinised blood tube (orange top). 7 ml of blood 

was generally transferred into each of two 15 ml plastic centrifuge 

tubes. Following centrifugation (10 minutes, 400xg, 20°C), the 

resulting plasma layers were aspirated. Both red blood cell pellets 

were gently mixed with one part of physiological saline (0.9 g/100 

ml) and layered onto 3 ml of Ficoll-Hypaque mixture. (Ficoll 9% and 

Hypaque 33.9%, 2.4:1 volume/volume) in two 15 ml plastic tubes as 

descrtibed by Boyum (298). After 20 minutes centrifugation (400xg) 

at 20°C the erythrocytes were separated from the other cell 

components on a density basis and the saline, mononuclear cells, 

Ficoll-Hypaque, granulocyte phases and the upper layer of the 

erythrocyte phase aspirated off. Hach of the resulting erythrocyte 

pellets were resuspended in one equal volume of saline and the above 
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procedure repeated. Each resulting erythrocyte pellet was then 

resuspended in two volumes of buffer G supplemented with 1% BSA and 

0.08% bacitracin (Appendix 2 page 290) to equilibrate the cells. The 

contents of each tube was centrifuged for 10 minutes (400xg) at 

20°c. The supernatant buffer was aspirated and the cell pellets in 

the two tubes combined and resuspended in an appropriate volume of 

buffer G resulting in a suspension: containing 4.42102 cells per 

millilitre. The total erythrocyte concentration was determined using 

a coulter counter {Coulter Electronic Ltd./ Model ZBI (100 pm 

aperture) |. The counting procedure was repeated four times and the 

background counts for saline alone subtracted. More than 95% of the 

erythrocytes were viable, as determined by trypan blue exclusion 

(299). 

Erythrocyte insulin binding decreases exponentially with 

erythrocyte age due to a decline in the concentration of receptor 

sites (213, 215) and this factor should be taken into account when 

using erythrocytes for insulin receptor binding gid be, In addition 

erythrocyte samples contain small numbers of reticulocytes and 

granulocytes which have a higher binding capacity than erythrocytes 

(121,300). It was assumed that the small concentration of these 

cells present would not contribute significantly to the total insulin 

binding of the erythrocyte preparation (117, 213). On this basis 

studies involving physical separation of reticulocytes from the 

erythrocyte sample and binding studies on erythrocytes of different 

ages were not attempted. 
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B) The preparation of adipocytes 

In addition to erythrocytes it was considered important to study 

insulin receptor binding in. a tissue which is known to be an 

important site of insulin action (219). The adipocyte is such a 

model and over the last decade adipocytes have been used to measure 

both insulin binding and insulin action in man (130, 301) and animals 

(302, 303.) In the present studies it did not prove possible to 

obtain adipocytes from human volunteers. Local clinicians considered 

the biopsy of adipose tissue as described by Pedersen (257) to be too 

invasive. Fortunately, animal studies have indicated a general 

agreement between the regulation of insulin receptors in adipocytes 

(205, 206) from man and animals. In the present studies insulin 

binding was carried out using rat epididymal fat pads and both 

subcutaneous and abdominal adipocytes and fat segments from lean and 

obese mice. 

The procedures adopted for the isolation of adipocytes were 

essentially those described by Rodbell (303) and Pedersen and 

coworkers (130). These techniques have been shown to generate a high 

yield of cells with greater than 97% viability (130). Only plastic 

or sgiliconised glassware was used for the preparation and incubation 

of the isolated fat cells. 
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i - Procedure for the isolation of rat adipocytes (only used 

for preliminary studies and are described here for 
  

reference purposes) 

Anesthetized rats (diethyl ether) were stunned by a blow on the 

head and decapitated. The epididymal fat pads were quickly removed 

and rinsed in 0.85% warm saline (37%c). ‘Thin distal portions from 

each pad were cut into small fragments weighing 20-30 mg and, blood 

vessels, connective tissue and clotted blood removed. Fragments of 

adipose tissue (lg) were inserted into a siliconised 25 ml conical 

flask containing 3 ml of Krebs bicarbonate buffer, pH 7.4 (Appendix 

3, page 291). Collagenase (3 mg/ml) and bovine serum ablumin, 

fraction V (40 mg/ml). Each flask was capped with nescofilm (Osaka, 

Japan), placed in a shaking water bath (100 cycles/minute) and gassed 

continuously (C02-02, 5 : 95, v/v) for 1 hour at s7° 0. After this 

time the tissue was dispersed into small fragments and fat cells were 

liberated from the tissue fragments by gentle teasing with a glass 

rod. The separation of the adipocytes was associated with an 

increased turbidity of the incubation medium. Separated adipocytes 

were then filtered through a 250 pm nylon mesh to remove connective 

tissue and centrifuged in a sterile polystyrene tube (15 ml, Corning 

T™, C25310) for 1 mimte at 200 rpm. Adipocytes floated to the 

surface of the centrifuge tube while the stromal vascular cells 

sedimented and were removed by aspiration. The separated adipocytes 

were washed at room temperature in 10 ml of Tris buffer, pH 7.45 

(Appendix 3, page 291) and centrifuged for 1 minute at 200 rpm. The 

washing procedure was repeated four times and after the final rinse, 

the adipocytes were resuspended in an appropriate volume of Tris 
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buffer which resulted in a suspension containing 4-5 x 10° cells per 

millilitre. These cells were retained at room temperature prior to 

use in experimental work. 

Estimation of adipocyte diameter and concentration 

1 ml of the isolated adipocyte suspension was transferred to a 

30 ml plastic scintillation vial containing 1 drop of 1% methylene 

blue. After staining for 10 minutes, successive 5 pl aliquots of the 

stirred suspension were transferred with the aid of a Gilson pipette 

to the cavity of an inverted siliconised microscope slide. The cells 

in the hanging drop located themselves in the cavity and were 

examined under the microscope (Vickers Instruments, England). At a 

substage magnification of 100 x, using an eye piece micrometer, the 

calibration slide was adjusted so that the unit marks had a constant 

interval of 12 pm. The free adipocytes floating on the surface of 

the medium, were identified by their ‘spherical shape, stained nuclei 

and cytoplasm. These details readily distinguished eit pours from 

larger lipid droplets. The adipocyte suspension was diluted to give 

a concentration of about 100 cells per 5 pl aliquot. Adipocytes from 

the same population were brought into the caliper field with 

systematic movement of the microscopic stage control knobs. The 

cells were aligned on the caliper scale, the equatorial plane of each 

cell was brought into focus, and the fat cell diameters between 12- 

144 pm were recorded in classes with mid-points of successive 12 pm 

multiples to provide a frequency distribution of diameter in 12 

categories of size. The sizing and counting of 100-150 fat cells 

was accomplished in about 15 minutes. The surface area ( TD?) and 
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volume ( TD? /6) were calculated for every measured cell diameter and 

all cells were assumed to be spherical. The precision of the 

counting and sizing procedure was evaluated by repeating the measure- 

ment of adipocyte number and diameter in four replicate samples from 

the same cell batch. The adipocyte suspensions were adjusted to a 

lipocrit of 5%. Since the mean diameter of the adipocytes was found 

to be about 60 pm a cell suspension giving a lipocrit of 5 to 7% 

corresponded to approximately 5 x 10? cells/ml (304). 

ii - Procedure for the isolation of adipocytes from lean and 

obese mice. 

Mice were killed by a blow on the head and subsequent cervical 

dislocation. The skin and hair on the femoral and abdominal regions 

was dampened with water to facilitate easy cutting and folding 

back. Subcutaneous adipose tissue was excised from the upper lateral 

part of the femoral region. Using this procedure about 10 g of 

subcutaneous adipose tissue could be obtained from each femoral 

region, or about 20 g per obese mouse. The abdominal wall was then 

opened to expose the two lower abdominal fat pads and a 10 g portion 

of adipose tissue was removed from each fat pad. In lean mice fat 

was only available from the lower abdominal adipose tissue depot. 

Adipocytes were isolated according to the method of Pedersen and 

colleagues (130). Adipose tissue samples irrespective of origin were 

placed in round. petridishes (Sterilin 7 om diameter, Teddington, 

Middlesex TW 118 QZ) containing warm glucose/saline (37°C). Hach 

piece of adipose tissue was chopped into fragments weighing 20-30 mg 

and all blood vessels, connective tissue and clotted blood was 
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removed. The chopped fragments were washed three times in warm 

glucose/saline (37°C) in a tea strainer. 1 g of adipose fragments 

was transferred to a siliconised 25 ml conical flask containing 2 ml 

of Hepes buffer (Appendix 4, page 292) suppl ewanted with BSA (25 

mg/ml), glucose (5 mmol/l) and collagenase (0.5 mg/ml). Each flask 

was shaken in a water bath (100 cycles/minutes) for 60 minutes at 

STC. Collagenase digestion resulted in the liberation of adipocytes 

from the adipose fragments into the incubation mediun. Adipocytes 

were also teased free with a plastic paddle and the remaining stroma 

removed by passing the digest through a tea strainer. Residual 

adipocytes were collected in a high sided plastic dish. The total 

cell suspension was filtered through two layers of nylon gauze, one 

layer of nylon mesh (tights) and finally collected in a sterile 

polystyrene centrifuge tube (A Corning T 15 ml, 025310). After a 

short centrifugation (10 seconds at 1000 rpm) the adipocytes were 

allowed to float to the surface. Fat droplets tended to float more 

rapidly to the surface than adipocytes and were aspirated. The 

infranatant was removed by suction and the adipocytes washed by 

resuspension in an equal volume of Hepes supplemented with BSA (50 

mg/ml), mixed gently and centrifuged at low speed (200 rpm) for l 

mimites. The adipocyte preparation was washed four times at room 

temperature using this procedure and after the final rinse 

resuspended in the Hepes incubation buffer containing 50 mg/ml BSA 

and 5 mmol/l glucose, Plate 1. The final suspension contained 4-5 x 

10° adipocytes/ml. Adipocyte number and diameter was estimated using 

two methods. The first method involved the use of an inverted drop 

in a cavity slide as described previously for rat adipocytes 

(page 88). The second method involved the construction of a 

moti.



Pilate’ 4. Typical isolated adipocytes from obese mice 

@s320 X , magnification >). 
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rectangular frame (1 x 1 om) of adhesive tape (about 0.2 mm in 

thickness), glued to a siliconised microscopic slide forming a 

"trough" for the reception of the cell suspension (305). “With the 

tape frame facing downwards, a 5 yl aliquot of cell suspension 

containing 100-150 cells was applied from underneath into the middle 

of the trough, using an automatic pipette (Gilson) with it's tip held 

vertically. Application in this way prevented cell loss due to 

floatation within the pipette tip. A blue cell finder culture slide 

(Model Leiden 74 Microlab, Holland) was positioned on top of the tape 

trough and the cell number and diameter measured at 100 fold 

magnification using an eye piece micrometer. The lipocrit wae 

adjusted to 5%. 

C). The preparation of fat segments 
  

Segments of fat (5 g) were taken from the femoral subcutaneous 

and lower abdominal regions of lean and obese mice and maintained in 

either warm saline (37°C) containing glucose (5 mmol/l) for studies 

on insulin degradation (page 112) or Krebs bicarbonate buffer, pH 7.4 

(Appendix 3 page 291) for studies on the rate of glucose oxidation 

(page 250). 

The insulin receptor binding assay 

Binding assays were carried out by incubating cells for an 

optimum, predetermined length of time with a fixed amount of 

radioactivity labelled insulin in the presence of increasing 

concentrations of unlabelled insulin. Labelled and unlabelled 

insulin then compete for binding to the insulin receptor and the



binding of the tracer is progressively inhibited as the concentration 

of unlabelled insulin increases, Figure 7. When 1257 insulin binds 

to cells two processes occur: a receptor binding and non-specific 

binding. The receptor binding is specific for insulin has a high 

affinity, is pH and temperature dependent, is reversible and has a 

rapid time course. Non-specific binding is thought to represent the 

adsorption of insulin to the cell membrane or the cellular uptake of 

whole or degraded molecules of labelled insulin (257). Non-specific 

binding of the labelled insulin must be taken into account and 

subtracted from values obtained for total binding to provide the 

level of specific binding to the insulin receptor. The incubation is 

allowed to reach a steady state, that is the rates of insulin- 

receptor association and dissociation are equivalent. At steady 

state the bound labelled insulin is separated from unbound (free) 

labelled insulin, generally by centrifuging the cell suspension 

through ice cold buffer or inert oil, depending on the cell type 

used. The optimum conditions for steady state binding vary between 

cell types. Several physical and chemical factors are important for 

the regulation of insulin binding in vitro e.g. time and temperature, 

Fig- 14, and pH, Figure 15 (220). The optimal binding of insulin to 

its receptor exhibits a sharp pH optimum of between 7.4 and 8.2 for 

most cells and tissues (129,130). Pedersen and colleagues (130) 

have shown a sharp pH optimum of 7.4 for human adipocytes. Insulin 

binding studies are generally carried out at subphysiological 

temperatures (10-20°). Since there is an inverse correlation 

between insulin binding and temperature (131) which may be due to an 

enhanced rate of insulin degradation in vitro at higher temperatures 

(133) and/or an increased rate of hormone receptor internalisation 
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Figure 14. Effects of time and femperature on the binding 

of '2°[~-insulin to human erythrocytes (121). 
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Figure 15. The effect of pH on '*°I-insulin binding to human 
erythrocytes, incubated for 2:5 hours at 15°C (121), 
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(134). The albumin concentration of the incubation medium may also 

influence insulin binding by affecting the rate of insulin 

degradation (135). Other factors affecting the binding of insulin to 

its receptor on a variety of tissues and species have been detailed 

by Ginsberg (306). The physical criteria for the incubation of cells 

must be constant between assays and also must be optimal for the cell 

or tissue used in order to obtain a reproducible radioreceptor 

assay. In ute using mice attempts have been made to examine 

insulin receptor status under normal physiological conditions i.e. 

free fed conditions. However, doing this presents certain problems 

because mice allowed food ad libitum will show greater variability in 

their insulin levels than fasted mice. As the level of circulating 

insulin affects receptor activity (307), any variation in plasma 

insulin concentration will be reflected in an alteration in the level 

of insulin binding. In order to minimize this variability receptor 

binding assays were carried out at the same time each day (10.00h) 

and circulating plasma insulin and glucose levels were monitored 

routinely. Essential details of the insulin binding assays used in 

the present work have been summarised in Table 4. 

The erythrocyte insulin receptor binding assay. 

The preparation of insulin standards : 

A stock solution of porcine insulin was prepared contaning 0.01 

mg of insulin/ml in buffer G. This solution was aliquoted and stored 

at -20°C. Serial dilution of this stock provided a range of insulin 
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standard concentrations (0 - 104 ng/ml) for use in the binding 

assay. Freshly | prepared standards were used twice and then 

discarded. A stock solution of insulin (1 mg/ml) in buffer G was 

used for the estimation of non-specific insulin binding (NS). 50 pl 

aliquots of this stock solution were dispensed into LP3 tubes and 

stored at -20°C. Two of these NS tubes were used in each assay. 

The erythrocyte binding reaction : 

The binding of 1255 insulin to prepared erythrocytes was carried 

out by the incubation of 400pl of erythrocyte suspension (=1.76 x 109 

cells in buffer G ) with 50 pl of '°?I-ingulin (0.04 ng or 10,000 cpm 

per tube, specific activity 242.8 + 6.34 pCi/ug and 50 pl of either 

buffer G or unlabelled insulin standard in a final volume of 500 

yl. Fourteen different concentrations of insulin were used, ceed 

from 0-10" ng/ml and 10° ng/ml represented the nonspecific binding. 

The reaction protocol is summarised in Appendix ‘e page 293. The 

reactants were incubated for 3 hours at 15°C in duplicate and each 

tube was shaken gently every 30 minutes. At the end of the 

incubation period all tubes were placed in an ice bath to stop the 

reaction. A 100 pl aliquot of reaction mixture was transferred from 

each tube to a 400 nl plastic microfuge tube (BETH 26, Beckman Ltd., 

High Wycombe, Bucks.) containing 100 ul of buffer G supplemented with 

18 BSA, 0.08% bacitracin and 100 mul of prechilled di-n-butyl 

phthalate. Hach tube was capped and centrifuged for 3 minutes in a 

Beckman microfuge (9,000 g). The eythrocyte pellet was retained in 

the bottom of the tube while the unbound tracer remained in the 

buffer phase, the two being separated by the di-n-butyl phthalate 
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layer. The tip of each microfuge tube containing the erythrocyte 

pellet was removed with a heated scalpel, transferred to an LP3 tube 

and subsequently counted for five minutes in a gamma counter 

(Tracerlab Service Ltd., with 57% efficiency). A 100 pl aliquot of 

reaction mixture from any reaction tube in (duplicate) was taken for 

total radioactivity. Counts were adjusted for background activity. 

The radioactivity bound to the erythrocyte was determined using the 

following formula : 

Percent radioactivity = Radioactivity of erythrocyte pellet x 100 

bound Total radioactivity (in 100ml of the 
incubated erythrocyte suspension) 

The percentage of specific insulin bound at each concentration 

of unlabelled insulin was determined by subtracting the percentage of 

1257_-ingulin bound in the presence of 10? ng/ml of unlabelled insulin 

(NS) from the total percentage 1257_insulin bound at each concentration 

of unlabelled insulin (219,302) (see Appendix 6, page 294). 

The assay of insulin binding to isolated rat adipocytes (only carried 

out for reference purposes). 

Serial dilution of stock porcine insulin(0.01 mg/ml) was carried 

out using Tris buffer, pH 7.45 to generate a range of insulin 

standards 0-104 ng/ml. A concentrated stock solution of 1 mg/ml 

insulin was used to genereate tubes for non-specific binding (109 

ng/ml). The concentrated adipocyte suspension (prepared as described 

previously, page 87) was diluted with Tris buffer, pH 7.45 containing 

either 1 or 5% BSA and supplemented with 0.08% bacitracin. A 200 ul 

aliquot of stirred adipocyte suspension ( 4-5 x 10? cells/ml) was 

incubated with 25 nl of Tris buffer, pH 7.45 containing either 0.1 ng 
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(25,000 cpm) or 0.28 ng (70,000) of '°°rI-insulin (specific activity 

242.8 + 6.34 uCi/ug) together with either 25 pl of Tris buffer or 25 

pl of one of a range of unlabelled insulin concentrations (0-1 x 10? 

ng/ml) in a final volume of 250 pl. The reaction protocol has been 

summarised in Appendix 7 (page 297). Incubations were performed at 

both 24°C and 37°C over periods of between 15-120 minutes in 400 ul 

microfuge tubes in a shaking water bath (100 cycles/minute). 

Individual tubes were shaken manually every 15 minutes. The binding 

reaction was terminated after 15-120 minutes by the addition of 100 

ul of dinonyl phthalate (310) and the tubes immediately centrifuged 

for 3 minutes. Three layers resulted adipocytes at the top, oil in 

the middle and buffer at the bottom. The tubes were cut horizontally 

with a cold sharp scalpel through the oil layer and both portions 

were transferred to LP3 tubes for counting. Assessment was made of 

both cell bound and free radioactivity. Duplicate 25 nl aliquots of 

the original labelled insulin was counted for total radioactivity. 

Radioactivity bound to adipocytes was determined from the following 

expression: 

The percent radioactivity = Radioactivity of adipocyte layer x 100 
bound Total radioactivity (25 nl of the 

original labelled insulin) 

The percentage of specifically bound insulin at each 

concentration of unlabelled insulin was determined by substracting 

the percentage 1257_insulin bound in the presence of 10? ng/ml of 

1257_insulin bound unlabelled insulin (NS) from the total percentage 

at each concentration of unlabelled insulin (219,302). All binding 

studies were carried out in duplicate. 

The incubation conditions for rat adipocyte insulin receptor 

binding are summarised in Table 4. This assay was used to establish 
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the adipocyte insulin receptor binding technique and was subsequently 

applied to studies involving obese mouse adipocytes. 

The assay of insulin binding to isolated mouse adipocytes. 

Adipocyte preparations were obtained from lean and obese mice as 

described previously (page 89). The concentrated mouse adipocyte 

suspension was diluted with Hepes buffer, pH 7.4 containing BSA (50 

mg/ml) and glucose (5 mmol/l) to give a final concentration of 4-5 x 

10? cells/ml. The adipocyte suspension was mixed gently and a 400 ul 

aliquote of cells taken from just under the surface. These ‘Sails 

were incubated in 15 ml polyethylene tubes with 50 ul of !°?°I-insulin 

(containing a 0.08 ng '°?t-insulin, 20,000 cpm) and 50 nl of either 

Hepes buffer, pH 7.4 or unlabelled insulin standard (0-1 x 10° ng/m1) 

in a total volume of 500 ul. The reaction protocol is been shown in 

Appendix 8, (page 298). The binding reaction was carried out at 37°C 

in a shaking water bath (100 cycles/minute) to keep the cells in 

homogeneous suspension. The incubation was terminated after 45 

mimites by the addition of 9 ml of chilled (4°C) saline. 1 ml of 

chilled silicone oil was layered on to the surface of the saline and 

the tube was ee for 3 minutes (3000 rpm) at 4°C. The cells 

located themselves at top of the oil and were taken up into the cut 

end of a yellow disposable pipette tip as described by Pedersen and 

colleagues (130). The radioactivity associated with adipocytes in 

the pipette tip was measured using an LPS tube. Duplicate 100 nl 

aliquots of reaction mixture from any reaction tube were counted for 

total radioactivity. Specific adipocyte binding represented by the 

difference between the total and the non-specific binding was 

expressed as a fraction of the total . radioactivity. 
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The analysis of insulin binding data. 

In the present work binding data has been presented in four 

ways, each emphasising different quantitive aspects of the binding 

interaction. 

A) The relationship between total insulin concentration and the 

total insulin specifically bound per cell. 

The total amount of insulin specifically bound was expressed as 

a function of both receptor affinity and receptor concentration, 

Figure 16. 

B) The competitive binding curve (competition curve). 
  

In this case the percentage of the total /?I-insulin 

specifically bound to receptor was plotted as function of the total 

insulin concentration, Figure 7. This expression most closely 

represented the sentiments of the actual experimental data (196). 

C) The Scatchard plot: 

The competitive binding of labelled and unlabelled insulin to 

human and animal cells was typically non-linear with an upward 

concavity when plotted according to Scatchard (110), Figure 8. The 

ratio of bound to free 1257 insulin (B/F) was plotted as afunction of 

the concentration of bound insulin (B). The curvilinearity of the 

Scatchard plot for insulin binding data was thought to represent a 

particular property of the insulin-receptor interaction and 

interpretation was based on heterogeneous receptor populations 

(311). The minimum model which best fitted the data consisted of two 

- 102 -



Figure 16. The relation between the insulin concentration 
and the amount of insulin specifically bound. 
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classes of binding site with differing but fixed affinities, Figure 

9, (118,132) a high affinity/low capacity binding site and a low 

affinity/high capacity binding site. The intercepts of the two 

slopes of the Scatchard plot on the x-axis give receptor number and 

the slopes of these lines represented the affinities of the receptor 

populations. The affinity constant (K,) of the low affinity binding 

site was given by the shallow part of the curvilinear plot, and the 

maximum binding capacity or the total concentration of receptor sites 

(Ro) was derived from the point where the linear extrapolation of the 

curve intersected the horizontal axis, Figure 9. 

Thus the total number of insulin binding sites per cell was 

calculated using the following expression: 

moles of insulin bound per litre x 6.022 

x 1023 * 
Number of binding = 

sites/cell number of cells/litre 

where . is Avagadro's number = number of molecules in one mole of 

insulin (220). 

The total number of receptor sites per unit surface area [square 

micrometer (ym?) J was estimated as follows: 

= number of sites per cell 

A) 
  

surface area (um 

Similarly the high affinity constant (K, ) and the binding capacity of 

the high affinity receptor (Ro,) was estimated from the slope and 

intercept respectively of the steeper portion of the plot, Figure 9. 

D) ‘The average affinity profile 

This analysis was based on the assumption that insulin receptor 

sites were not independent of one another, and the curvilinearity of 

the Scatchard plot represented a single set of homogenous binding 
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sites that underwent negatively cooperative site-site interactions 

such that the affinity of the receptors for insulin was inversely 

related to the fractional occupancy (229.512). thet dis, at low 

levels of insulin when very few receptor sites are occupied the 

receptors are in the high affinity state. As the level of insulin 

rises and occupancy increases, the receptors switch to a comformation 

that. has a lower affinity for insulin. The proportion of receptors 

in each state being a function of the occupancy by the insulin 

monomer as well as envirommental factors such as temperature and pH 

(230). The abscissa intercept (Ro) of a Scatchard plot based on the 

negative cooperativity interpretation of the curvilinearity is 

indicative of the total insulin binding capacity of the receptor 

population. The interpretation of the Scatchard plot for a single 

class of binding sites with negative cooperativity is shown in Figure 

10. The abscissa intercept (Ro) remains as the molar concentration of 

binding sites or binding capacity. As occupancy approaches zero 

(B——0O) the B/F ratio approaches a limiting high value and all the 

sites will be in the high affinity conformation when B = 0. As the 

occupancy increases, the B/F ratio will thus fall along a straight 

line, joining the initial B/F to the abscissa intercept Ro. The 

negative slope of that line, termed Kgs is equivalent to the affinity 

of the empty sites. When occupancy increases, the average affinity 

of all receptor sites decreases, due to site-site interactions. This 

changing affinity is represented by the successive lines of 

decreasing slope joining each point of the curve to the abscissa 

intercept, Figure 10. At each level of occupancy, the negative slope 

of the line joining the B/F ratio for that occupancy to Ro represents 

the average affinity (224) of the receptor sites at any level of 
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occupancy and is termed Kk. This affinity is an average and does not 

represent any actual site binding constant, since the sites are now 

distributed between two conformations. When B approaches Ro, the 

average affinity reaches a limiting low value or Ke Assuming that 

all sites are then in the same low affinity conformation, Kp actually 

represents the affinity of the sites in the occupied conformation. 

Recently it has been shown that there may be a third receptor 

conformation tinder low affinity and high capacity, known as K super 

(314). The physiological role of these states in insulin action has 

not yet been ratified, as the Ke and K super states occur at 

supraphysiological insulin concentrations. The average affinity 

profile express the relationship between the average affinity for 

insulin (K) and the receptor occupancy Y (230), Figure 11. At any 

point i on the Scatchard curve the average affinity (K;) = 

eo AB ES 
: Ro > Bt 

Where Bi = the concentration of bound insulin 

(B/F)i = bound/free insulin at that point, Figure 17. 

When the affinity K is plotted against the log;o of the percentage 

occupancy of receptor sites (¥ x 100, calculated from B/Ro x 100), 

the plot displays the average affinity of the receptor at all levels 

of receptor occupancy and is referred to as the "average affinity 

profile’ (230), .. Figure” 145 In this analysis, the limiting high 

affinity state obtained at low levels of receptor occupancy, is 

designated ce the limiting low affinity state, obtained at high 

levels of receptor occupancy, is Kp 

In the present work using erythrocytes x, has been defined as 

the value of K when the 1257 insulin concentration is 0.08 ng/ml. 

Irrespective of how the nonlinear Scatchard plot is interpreted the 
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Figure 17, Calculation of the average affinity K. At a given 
point on the curve, i, the level of bound insulin, 

B;, corresponds to a given ratio of bound/ free 

2 (-B/F). 

The value of the average affinity K for that 
occupancy is given by the negative slope Kj, 
or (B/F); /(R, -B;) (230). 
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total rs concentration, Ro, can be obtained from the sci 

on the abscissa whereas the estimated recptor affinity can be 

obtained by a variety of Roane: In addition, an alternative estimate 

of apparent insulin receptor binding affinity can be used and is 

represented by the concentration of insulin required to inhibit the 

receptor bound fraction by 50% (the 50% inhibition value). A low 50% 

inhibition value indicates a high apparent affinity (315). These 

binding values have been widely used as a rough estimate of receptor 

affinity at physiological insulin concentrations. Of note is the 

fact, however, that the 50% inhibition value is also a function of 

the insulin tracer concentration (315). 

In the present study it was considered that a model based on a 

single class of insulin receptors exhibiting negative cooperativity 

would provide a useful means for the quantitative comparison of 

insulin binding data. However, some consideration was given to a 

model comprising two classes of insulin receptors of fixed but 

differing affinities by presenting insulin receptor number in terms 

of "high" and "low" affinity components. 

Scatchard curves were fitted by dividing the plot into two 

sections, each of which were ideal for linear regression analysis. 

It must be emphasised, however, that such a procedure made no 

assumption concerning the model used to interpret the "“curvi- 

linearity" of Scatchard plots. The linear regression analysis 

allowed the determination of abscissa intercepts for the deter- 

mination of receptor binding capacities. Calculation of both total 

and low affinity receptor concentration together with Ke and Ke 

required a knowledge of Ro which was obtained by extrapolation of the 

lower portion of the Scatchard plot to the abscissa. 
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When carrying out the erythrocyte binding assay, Gambhir and 

colleagues (210) indicated that although a full Scatchard plot could 

be produced, the assay was less sensitive to increasing insulin 

concentrations (above 100 ng/ml) making extrapoltion to the abscissa 

difficult and unreliable. However, in the present studies, the lower 

slope of the Scatchard plot was based upon 8 points and showed 

excellent linear correlation inferring accurate determination of both 

the slope and the abscissa intercept. 

When data from adipocyte insulin binding assays were subjected 

to Scatchard analysis, the terminal points of the Scatchard plots 

_were obtained with very high insulin concentrations and because non- 

specific binding was disproportionately high and difficult to 

determine at these high concentrations, it proved difficult to 

accurately define the precise point of the abscissa intercept. Hence 

reliable values for Ro and total receptor number were not easy to 

obtain. The proper denominator for the expression of adipocyte 

insulin receptor binding has yet to be universally confirmed. 

Binding may be expressed as a function of either the number of 

adipocytes, cell surface area, protein or nucleic acid content. 

Since changes to insulin receptor binding are assumed to be 

accompanied by parallel alterations in cellular insulin sensitivity 

it was decided that the cell surface area was the proper denominator 

to which adipocyte insulin binding should be related. Also 

adipocytes can be of different sizes especially when taken from 

different regions and different animal species. 

Example calculations for the evaluation of erythrocyte and 

adipocyte insulin receptor binding data have been provided in 

Appendix 6, page 294. 
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The degradation of 1257_insulin by human erythrocytes: 

drvonso cps from either normal volunteers or non-insulin 

dependent diabetics were separated from plasma as described 

previously (page 83) and their concentration in buffer G adjusted to 

4.4 x 109 cell/ml. 400 nl aliquots from the erythrocyte suspension 

were incubated with 50 nl of /?t-insulin (10,000 cpm) with and 

without 50 pl of unlabelled insulin standard (OQ: Sat x 10° ng/ml) to 

give a final volume of 0.5 ml. Two additional tubes each containing 

50 wl 1257_insulin and 450 pl of buffer G (without erythrocytes) were 

included in the assay for the estimation of the degradation of intact 

unexposed 1257 insulin. All tubes were incubated for 3 hours at 15°C 

and shaken by hand every 30 minutes. The reaction was terminated by 

placing the tubes in an ice bath. A 150 nl aliquot from each tube 

was inserted into a 400 nl microfuge tube containing 100 nl of buffer 

G layered over 100 pl of di-n-butyl phthalate. After centrifugation 

(9,000 rpm for 3 pn the erythrocytes were retained as a pellet 

at ‘the bottom of the tube and separated from unbound tracer in buffer 

G by the layer of di-n-butyl phthalate. A 100 nl aliquot of unbound 

tracer was removed from each microfuge tube and transferred to an LP3 

tube containing 0.5 ml of buffer G supplemented with 1% BSA. 0.5 ml 

of buffer G containing 10% TCA was added to each tube and the 

radioactivity of total mixture counted. Tubes were then centrifuged 

(2,000 rpm) for 10 minutes and the supernatant aspirated. . The 

radioactivity associated with the precipitate was then counted. 

Insulin degrdation was determined by assessing the ability of he 

insulin remaining in the buffer to precipitate with 10% TCA. Insulin 

degradation was calculated as soluble radioactivity and expressed as 

the percentage of total radioactivity in the buffer. 
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The degradation of 1257 insulin by isolated adipocytes: 
  

Isolated adipocytes were prepared from lean and obese mice as 

described previously (page 89). Aliquots of adipocyte suspension 

were diluted with Hepes buffer pH 7.4, supplemented with BSA (50 

mg/ml) and glucose (5 mmol/l) to give a final volume of 400 nl (final 

concentration of 4-5 x 10? cells/ml) and incubated in 15 ml 

polyethylene tubes with 50 ul of !'??I-insulin (20,000 epm) either 

with or without a high concentration of unlabelled insulin (50 ul of 

10° ng/ml insulin) to give a final volume of 0.5 ml. An identical 

set of tubes each containing 450 ul of Hepes buffer and 50 ul of 

1257 insulin but no adipocytes was also set up for the determination 

of the percentage degradation of intact unexposed 1257 insulin. All 

tubes were placed in a shaking water bath (100 cycles/minute) for 1 

hour at 37°C. 200 nl aliquots of the infranatant (buffer containing 

radioactive insulin) were transferred to LP3 tubes containing 0.5 ml 

of Hepes buffer, pH 7.4 supplemented with 4% BSA. To each tube was 

added 0.5 ml of Hepes buffer containing 12% TCA and the tubes were 

centrifuged at 2000 rpm for 10 minutes. The supernatant was removed 

and the radioactivity associated with the precipitate counted. 

Insulin degradation was monitored by assessing the ability of 1257. 

insulin remaining in the incubation buffer to precipitate with 12% 

oct S07; In this method TCA-precipitable radioactivity was 

considered to be associated with intact insulin and TCA-soluble 

radioactivity was taken to be degraded insulin. 

ge



The degradation of 1257_insulin by isolated fat segments: 
  

100 mg pieces of adipose tissue from lean and obese mice (page 

92) were incubated for 2 hours at 37°C in 1 ml of Krebs bicarbonate 

buffer, pH 7.4 containing 4% BSA, glucose (5.6 mmol/l) and 257. 

insulin (10? cpm) in the absence and presence of unlabelled insulin 

(10? ng/ml). After incubation 200 pl of the infranatant was 

combined with 0.5 ml of Krebs buffer containing 4% BSA in an LP3 tube 

followed by the addition of 0.5 ml of Krebs buffer containing 15% 

TCA. The tubes were capped and the radioactivity associated with 

each tube-counted. After centrifugation (2000 rpm for 10 minutes) 

and removal of the supernatant the radioactivity of the intact 

precipitated 1257 insulin was counted. Insulin degradation was 

measured as soluble radioactivity and expressed as the percentage of 

total radioactivity in the buffer. 

The degradation of insulin by both erythrocytes and adipose 

tissue (adipocytes and fat segments) was determined by examining the 

ability of the radioactive insulin remaining in the incubation medium 

to precipitate with TCA (% intact insulin). The percentage of the 

1257 insulin which remained intact was then determined by the 

following formula: 

ad : 2 . : 
% of intact incubated insulin x100 
  

% of intact unexposed insulin 

Unexposed 1257_insulin has been reported to be at least 

98% precipitable by TCA (302). 

The radioimmunoassay of insulin. 

Radioimmunoassay is dependent upon the competition between 
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labelled and unlabelled antigen (Ag) for binding sites on specific 

inate on (Ab) (316). Increasing amounts of unlabelled Ag in the 

sample produce a proportional decrease in the binding of labelled Ag 

to the Ab (218). Thus the level of radioactivity associated with the 

Ab-Ag complex is related to the concentration of unlabelled Ag in the 

original sample. 

In the present work the insulin concentration was determined in 

both serum and plasma samples by the double antibody technique, of 

Hales and Randle (317) where separation of the bound from free 

labelled Ag was carried out by centrifugation. 

The essential principle of the test was the reaction of a 

limited, fixed quantity of anti-insulin serum with a mixture of the 

sample or standard insulin to be assayed together with a constant 

amount of ~ OA iain ond After the reaction had been allowed 

to approach completion the antibody bound insulin was separated from 

free insulin by centrifugation and the distribution of the radio- 

activity determined. The binding of labelled insulin to antibody was 

progressively inhibited by increasing amounts of unlabelled insulin 

owing to competition for specific binding sites on the antibody and 

the concentration of insulin in the sample under test was determined 

by reference to a standard curve prepared at the same time. [In this 

technique the first Ab (an anti-insulin Ab) raised against porcine 

insulin in guinea-pigs and the second Ab (induced in rabbits against 

the Y -globulin of the guinea-pig) were used to precipitate the 

primary Ab-Ag complex. 

Preparation of radioimmunoassay reagents. 

Diluent buffer: The following reagents were added to 1 litre 
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of double distilled water; 6.2 g sodium dihydrogen orthophosphate (Na 

Hy PO, 2H50), 0.25 g thiomersal (thiomersalate), 5.1 g bovine serum 

albumin fraction V, and the pH was adjusted to 7.4. 

Insulin ovinding reagent: The lyophilised reagent consisted of 
  

a mixture of guinea-pig anti-insulin serum and rabbit anti-guinea 

pig-globulin serum (Wellcome Laboratories, Dartford, Kent) and was 

reconstituted in 8 ml of distilled water on the day of the assay. 

This antibody dilution bound approximately 40% of a selected 

concentration of labelled insulin at the lower end of physiolocial 

range (0.25 ng). 

1257 dinated-insulin: 1257_insulin was prepared to an average 
  

specific activity of between 230-300 wCi/ug by the chloramine-T 

iodination method and purified by gel filtration as described 

previously (see page 68). The specific activity was reduced to 50 

uCi/ug by the addition of an appropriate amount of unlabelled 

insulin. It was important not to add an excessively large amount of 

labelled insulin as the resulting saturation of insulin binding sites 

is known to severely reduce the assay sensitivity (284). 

Preparation of insulin standards: The contents of one bottle of 
  

Wellcome human insulin standard (2 mill-units) was dissolved in 2 ml 

of diluent buffer. 0.2 ml aliquots of this solution were dispersed 

into stopped LP3 tubes and stored frozen at -20°C. When required on 

the day of assay, one of these tubes was diluted with 0.8 ml of 

diluent buffer to provide a top standard insulin concentration of 200 

uU/ml. Four further serial dilutions were made of this first stock 

standard tube to provide a range of standard insulin concentrations 

from 12.5 to 200 pU/ml. 
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Preparation of samples for assay: Serum and plasma samples from 

patients and lean mice were assayed directly. Serum and plasma from 

hyperinsulinaenic obese mice was diluted 1 in 10 with diluent buffer 

(this dilution factor was taken into account when computing results). 

Procedure 

Reagents were added to LP3 tubes in the order indicated in the 

reaction protocol shown in Appendix 12, page 304. Insulin standards, 

zeros, blanks and total counts were usually set up in triplicate 

although the insulin content of samples was generally determined in 

duplicate. 50 ul aliquots of insulin standards (12.5-200 nU/ml) or 

samples were pipetted into plastic LP3 tubes. A 50 wl aliquot of 

insulin binding reagent was added to all tubes (except the total 

counts and blank tubes). The contents of each tube was vortex mixed 

without frothing (Hoak and Tucker Ltd, London) and incubated in a 

refrigerator at 4% for six hours. A 50 pl ‘aliquot of 1257 insulin 

( x 10,000 cpm of specific activity 50 uCi/ug)was then added to all 

tubes. Tubes containing only 1257_insulin were used for the 

determination of the total 1257_insulin activity (cpm). After gentle 

vortex mixing, all tubes were incubated for a further 16-18 hours at 

4°C. After the second incubation 0.5 ml of diluent buffer was added 

to all tubes except the total counts and the contents vortex mixed. 

Free and Ab-bound insulin was separated by centrifugation (1,500 g, 

Mistral Coolspin Centrifuge, MSE Scientific Instruments, Surrey) for 

30 minutes at room temperature. The supernatant containing free 

labelled insulin was carefully decanted off and the remaining drops 

of buffer at the top of the tubes aspirated with the aid of a pasteur 
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pipette connected to a vacuum pump. The last drop of supernatant was 

then removed from the mouth of each tube with absorbant paper. The 

tubes were then left at an angle of 30° for approximately 4 hours to 

dry at room temperature. The 1257 activity associated with the 

precipitate was counted for 1 minute on a gamma counter (ICN, 

Tracerlab, with 57% counting efficiency) and counts were corrected 

for background. 

Construction of standard curve and computation of results. 

Initially standard curves were constructed using the 10849 of 

the standard insulin concentration plotted against the corrected 

bound radioactivity in counts per minute (cpm). A line of best fit 

was constructed by the method of least squares to allow the 

determination of the sample insulin concentration by direct 

extrapolation from the graph. Figure 18 shows a typical standard 

curve for insulin radioimmunoassay. Computation of results for 

subsequent insulin assays was carried out using a computer program 

(INS) which allowed reference to both human and mouse insulin 

standards (Appendix 13, page 305). 

Criteria for a satisfactory assay. 
  

The following are indications of a satisfactory assay: 

1. There must be good agreement between replicate values for zeros, 

standards, blanks and total counts. Replicate count rates were kept 

within 3-5 percent of the mean values in most instances. However, 

replicates differing by more than 200 counts/minute were discarded. 
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Figure 18. A fypical standard curve for the double antibody 
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The most common causes of poor precision were inaccurate pipetting, 

inadequate centrifugation and a bad decanting technique. 

2. The count rate for the zeros should be approximately 30% of the 

total count rate. The day-to-day variation in this value did not 

normally exceed five percent. The zero count indicated the amount of 

radioactivity associated with the insulin Ab complex in the absence 

of unlabelled insulin. 

3. The blank count rate should be less than 5% of total counts. 

4. In the present studies insulin assays had an intra-assay 

coefficient of variation of 4% and an interassay coefficient of 

variation of 5.7%. 

Blood sampling. 

In man, fasted blood samples were either taken from the median 

basilic vein by venipuncture or obtained via an indwelling catheter 

as part of a glucose tolerance test. Serum or plasma was separated, 

stored at -20°C and subsequently used for the determination of 

glucose, insulin calcium, routine haematology and a biochemical 

profile. 

In mice about 150 pl of whole blood was obtained from the cut 

tip of the tail by milking. Serum or plasma was separated and stored 

in 200 pl microfuge tubes at -20°C until required for assay. 

The esimation of glucose in plasma and serum. 

Glucose concentrations were estimated in both plasma and serum 

(10 pl) using an automated glucose oxidase procedure (Beckman Glucose



Analyser, Beckman Riic Ltd., High Wycombe) (318). Values were 

obtained in mmol/l glucose. 

The estimation of calcium in plasma and serum. 
  

Calcium levels (mmol/l) were determined in both plasma and serum 

(10n1) using a Corning Calcium Analyser 940 (367). 

The estimation of glucose tolerance. 

Glucose tolerance tests were carried out on overnight fasted 

patients using a 75 g oral glucose tolerance test (ogTT) . Venous 

blood samples were withdrawn at 0, 15, 30, 45, 60, 90 and 120 

minutes. The 75 g dose of glucose recommended by the National 

‘Institutes of Health (NIH) Working Group was chosen because the 50 g 

dose previously recommended by the British Diabetic Association was 

insufficiently provocative to demonstrate glucose intolerance, 

whereas the 100 gm dose recommended by the American Diabetic 

Association has been shown to be associated with symptoms of nausea 

during the test (428). 

Biochenical profile and routine haematology of patients. 
  

These parameters were determined at Dudley Road Hospital. 

The estimation of sodium and potassium: 

Sodium and potassium were determined by routine flame pnoto- 

metric analysis using a Lithium internal standard. Samples were 

diluted 1 in 200 and aspirated into a propane-air flame. The 589 mm 
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line of Na and the 766 nm line of K* were isolated by suitable 

interference filters and transmitted to individual photoreceptors. 

The resulting photocurrent was amplified and read out on a digital 

display (319). 

The estimation of uric acid (uricase or urate oxidase): 

In this method uricase was used to catalyze the oxidation of 

uric acid to give allantoin and H50o- The latter was measured by 

oxidative coupling of MBTH (3-methyl-2-venzothiazolinone hydrazone 

hydrochloride) . and anthanilic acid (O-aminobenzoic acid) in the 

presence of peroxidase. The coloured complex formed was measured at 

570 nm (320). 

The estimation of urea: 

Serum urea was made to react with acidic diacetyl monoxime for a 

short period in the presence of thine wilcarhuatie: which intensified 

the resulting colour and decreased the photosensitivity (321). 

Rather than measuring the colour formed by the reaction between 

diacetyl and urea photometrically the fluorescence was mesasured 

instead at 415 nm. 

The estimation of total cholesterol: 

The CHOD-PAP method was used (kinetic colorimetric test) 

specifically designed for an automatic analyser (322). The 

principle of the test is shown below:



Cholesterol ester + H50 Cholesterol Cholesterol + RCOOH 

esterase 

Cholesterol + Oo Cholesterol x - Cholesterone + H505 

oxidase 

2H505 + 4-aminophenazone + phenol POD 4 - 

(bensoquinone - monoimino)-phenazone + 4 H50 

The resultant colour was measured photometrically at 560 nm. 

The estimation of serum triglycerides: 

The enzymatic determination of triglyceride was based on the 

following series of reactions (323): 

Triglyceride Lipase Glycerol + fatty acids 

Glycerol + ATP Glycerol kinase | Glycerol-3-phosphate + ADP 

Glycerol-3-phosphate + 05 Glycerol-3-phosphate oxidase rae 

Dihydroxyacetone-phosphate + H505 

Ho0>5 + Acid-3-hydroxy 2-4-6 triiodobenzoic + Amino-4- 

antipyrine Peroxidase coloured quinonemine + H50 

The colour formed was measured at 564 m. 

The estimation of glycosylated haemoglobin: 

Was measured by an affinity chromatographic method (Glyco-gel; 

Pierce Chemical Company, Illinois, U.S.A.) (324). 

Routine haematology: 

Haemoglobin, white cell count, platelet count and mean 

corpuscular volume (MCV) were measured by standard laboratory methods 

(325). 
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Normal values for haematology and biochemistry are given in 

Appendix 11, page 303. 

General statistical analysis. 

Data in this thesis are presented as the mean + SEM (standard 

error of the mean). Straight lines were fitted by the method of 

least squares and calculated using an Olivetti Programma 101. Linear 

correlation was assessed by Pearson's correlation coefficient 

(Pearson's r). Estimation of the Significance of difference between 

mean values was carried out using Student's paired and unpaired t- 

tests. 

Experimental protocol. 

The following protocol summarises the experimental work that has 

been described in detail in the following chapters. 

a) The effect of overnight fasting on erythrocyte insulin receptor 

binding in normal male volunteers. 

b) The effect of the antihypertensive drug bendrofluazide and 

subsequent potassium supplementation on erythrocyte insulin receptor 

binding, glucose tolerance, serum glucose and insulin levels and 

general biochemistry of mildly hypertensive patients with and without 

non-insulin dependent diabetes mellitus. 

c) The effect of long term nifedipine treatment, subs equent 

withdrawal and restoration of nifedipine treatment on oral glucose 

tolerance and serum glucose and insulin levels of mildly hypertensive 

patients with and without non-insulin dependent diabetes mellitus. 
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d) The effect of dietary fibre (guaren) on erythrocyte insulin 

receptor binding in poorly controlled non-insulin dependent 

diabetics. 

e) The effect of dietary fibre (guaren) on adipocyte insulin 

receptor binding in genetically obese diabetic (ob/ob) mice. 

£) Adipocyte insulin receptor binding in lean and genetically obese 

diabetic (ob/ob) mice. 

zg) Insulin receptor binding and glucose oxidation in subcutaneous 

and abdominal fat of genetically obese diabetic (ob/ob) mice. 
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CHAPTER THREE 

The Effect of Overnight Fasting on 

Erythrocyte Insulin Receptor Binding 

in Normal Male Volunteers 
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Introduction 

The quantity and composition of the diet is of importance for 

glucose tolerance and insulin sensitivity (326). Conflicting data 

have been reported for the response of monocyte insulin receptors to 

feeding (239,327) and similarly conflicting data are now begining to 

appear for erythrocytes. Bhathena and colleagues (328) have reported 

an increase in insulin binding to both erythrocytes and monocytes 

following a glucose load. In contrast, a more recent study has 

showed that insulin binding did nae change after the glucose loading 

(329). 

Long periods of fasting appear to affect insulin receptor 

binding. Spanheimer and colleagues (331) demonstrated that a 14 day 

fast by obese patients increased insulin binding in both circulating 

monocytes and erythrocytes. The increase in erythrocyte insulin 

binding was largely due to a change in receptor affinity, while the 

increase in monocyte insulin binding was thought to be secondary to 

an increase in both affinity and the concentration of the insulin 

receptors. It would appear that different tissues respond 

differently with regard to insulin receptor concentration during 

fasting. An increased concentration of insulin receptors after 3 

days fasting has been reported for human monocytes (332). In human 

monocytes and adipocytes, fasting for 3 days was suggested to lead to 

an increased insulin binding because of an increase in the affinity 

of the receptor for insulin (196,334). This increase could be 

primarily accounted for by a decrease in the rate at which insulin 

dissociated from its receptor with no change in other kinetic 

features of the insulin receptor interaction (334,335). 
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Insulin receptor binding to human erythrocytes has been shown to 

increase following an overnight fast. The increase in insulin 

binding appeared to de due to an increase in receptor affinity (329). 

1257_ansulin +0 isolated In -animal studies. the binding’ of 

hepatocytes from fed rats bound significantly more 1257_insulin than 

hepatocytes from fasted rats and this increase could largely be 

accounted for by an increase in receptor concentration without 

alteration in receptor affinity. In contrast to hepactocytes, liver 

plasma membranes of fasted rats showed significantly increased 

insulin binding when compared to liver plasma membranes from fed 

rats. Analysis of the data indicated a significant increase in the 

affinity of liver plasma membrane receptors but no change in the 

receptor concentration (336). These observations demonstrate the 

variations in the responses of different tissues to insulin receptor 

binding during fasting. Increases in insulin receptor concentration 

have deen found in different tissues of genetically obese (ob/ob) 

mice after fasting, e-g. liver plasma membranes (255), thymic 

lymphocytes (205) and heart plasma membranes (124), but not adipose 

tissue plasma membranes (337). In genetically obese (ob/ob) mice 

24nr of fasting increased the number of insulin receptors on liver 

plasma membranes but did not affect receptor affinity (339). Almira 

and Reddy (336) reported that 72h fasting in rats produced an 

increased insulin binding to liver plasma membranes. Their data 

indicated a significant increase in the affinity of insulin receptors 

but no change in receptor concentration. 24h fasting in rats 

increased the ability of isolated adipocytes to bind insulin and this 

os was largely due to an increase in receptor affinity. In these 

animals binding continued to increase between 24h and 48h, but there 

was no further increase between 48h and 72h (302,338). 
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The present study has investigated the effect of an overnight 

fast (12 hours) on aut r binding to human erythrocytes freshly 

isolated from male human volunteers. This study was initiated 

because subsequent clinical investigations involved patients that had 

been subjected to a i2h overnight fast prior to blood sampling and 

experimentation 

Materials and Methods. 
  

Subjects: 

Whole blood samples were obtained by venipuncture from 7 freely 

fed normal male volunteers with a mean age of 37.6 + 1.4 years and a 

mean body weight of 76.5 + 2.5 kg (+SEM). All subjects had a normal 

body weight to age ratio. All had family and personal histories 

negative for diabetes mellitus, and no subject was allowed drug 

therapy. before or during experimentation. For this study blood 

samples were taken at 09.00 hrs on the day preceeding the assay and 

then in the evening of that day volunteers were subjected to a12hr 

overnight fast. Volunteers were recalled at 09.00 hrs on the 

following day (with 2 hours of morning ambulatory activity) for blood 

sampling and subsequent insulin receptor assay. 

Erythrocyte insulin receptor binding: 

10-15 ml of whole blood was obtained by venipuncture and 

transferred to a heparinized vacutainer tube. Purified erytnrocytes 

were separated from plasma and resuspended in a volume of buffer G 

that resulted in a suspension containing 4.4 x 109 cells per 

millilitre. The total erythrocyte concentration was determined using



a coulter counter (see page 83). More than 95% of the erythrocytes 

were found to be viable , as determined by trypan blue exclusion 

(299). The binding of 1257 insulin to purified erythrocytes was 

effected by the incubation of 400 pl of erythrocyte suspension (1.76 

x 102 cells) in buffer G with )°91-insulin (10,000 epm of specific 

activity, 242 pCi/ug) in the presence of increasing concentrations of 

unlabelled insulin (0 - 10? ng/ml) as described previously (page 

98). After reaction the cell bound and free insulin were separated 

by centrifugation through di-n-butyl phthalate (see page 98). The 

specific cell bound fraction at each concentration of unlabelled 

1257 ansulin ‘insulin was determined vy subtracting the amount of 

bound in the presence of an excess of unlabelled insulin (10? ng/ml), 

the non-specific binding at each concentration of unlabelled insulin. 

The binding data was analysed in four ways: firstly, the total 

insulin specifically bound was plotted as a function of the total 

{ 2° T-insulin insulin concentration. Then the percentage of 

specifically bound was plotted as a function of the total insulin 

concentration (competition curve) to provide values of receptor 

affinity. This was followed by plotting the specific cell bound/free 

insulin ratio as a function of the specific cell bound insulin 

(Scatchard analysis) (267) to provide values of receptor 

concentraiton and the various affinity constants. The binding 

capacity for the two classes of receptors (Ro) was obtained by 

extrapolation of each curve for each class to its intercept on the 

abscissa. Finally an average affinity profile, was constructed to 

demonstrate the relationship between the average affinity for insulin 

(K) and the receptor occupancy (Y) (see page 102). ‘The profile 

allowed the computation of ic. and Ke the empty and full sites 

affinity respectively. 
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Results 

Patient data and the effect of overnight fasting on erythrocyte 

insulin receptor binding has been summarised in Table 5. When 257. 

insulin was incubated with purified human erythrocytes a specific 

binding of the hormone was observed. Non-specific 1257-insulin 

binding in the presence of 10? ng/ml insulin was not significantly 

affected by fasting. At low insulin concentrations (0-10 ng/ml) 

erythrocytes from fasted volunteers bound marginally more insulin 

than erythrocytes from non-fasted volunteers, but this difference was 

not statistically significant, Figure 19. The total '®I-insulin 

bound to erythrocytes at the lowest insulin concetration used (0.08 

ng/ml) was 9.14 + 0.53% and 9.57 + 0.47% before and after an 

overnight fast respectively, Table 5. Erythrocytes from both fasted 

and non-fasted volunteers showed a displacement of bound 1257. 

insulin as the concentration of unlabelled insulin increased, Figure 

20. The inhibition of 1257_insulin binding by unlabelled insulin was 

almost linear over the range 1-15 ng/ml of insulin. The concen- 

tration of unlabelled cold insulin required to inhibit 50% of the 

1257_insulin binding to erythrocytes from both fast and unfasted 

volunteers was about 5 ng/ml. This percentage inhibition was 

observed with concentrations of insulin within the physiological 

range for normal individuals. The similarity in the profiles 

obtained for the competition-inhibition curves indicated that the 

ability of unlabelled insulin to inhibit 1257_ansulin binding was 

similar for erythrocytes from both fasted and non-fasted volunteers, 

1257. 
Figure 20. Since the ability of unlabelled insulin to inhibit 

insulin binding to erythrocytes is thought to reflect the binding 
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Table 5\. 

(mean values + SEM). 

Patient data and the effect of overnight 

fasting on erythrocyte insulin receptor binding 

  

  

Total 

Before After 

Overnight Overnight 

Fasting Fasting 

Weight (Kg) 76.5 %°2.<5 = 

Age (Years) 37.6 + 1.4 - 

Red blood cell 

concentration 4.003 + 0.14 3.9 + 0.15 

(cells x 109/ml1) 

Non specific 

binding (2) 

Speci fic 

binding (4%) 

High arfintity 

receptor 

concentration 
per cell 

Low affinity 

receptor 

concentration 
per cell 

Total affinity 

receptor 

concentration 
per cell 

Sites per square 

micrometre ( um2) 

Ky, affinity 
constant of 

empty sites 

(nM~L x 1072) 

Kg, affinity 

constant of 

full sites 

(nM-1 x 1072) 

Ray apparent 

affinity 

constant 
CoM xs 10=2) 

16.71 +1.5 

9.14 + 0.53 

14.14 + 1.22 

176.1 + 14.4 

190.3 + 15.1 

M50 oct lal 

9.15 + 0.8/7 

oot 0.23 

523° + 0.36 

14.71 + 0.75 

9.57 + 0.47 

16.14 + 1.63 

184.7 + 13.7 

200.9 + 14.5 

1.43 + 0.10 

9.65 + 0.55 

LS aoe 
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Figure 20. i es -inhibifion curves showing fhe percentage 
>I-insulin specifically bound to human erythrocytes 

ae normal volunteers before and affer overnight 
fasting. 
Each point represents the mean value of 7 
determinations + SEM. 
(x---«) before an overnight fast. 
(o——o) affer an overnight fas7. 
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affinity, the slope of the competition-inhibition curves in Figure 

20, suggested that the affinity of erythrocyte insulin receptors for. 

insulin was the same in volunteers before and after fasting. This 

observation was supported by the characteristic curvilinear Scatchard 

plots of the binding data, Figure 21. Using Scatchard analysis 4 x 

109 erythrocytes per ml of blood from free fed volunteers were 

calculated to bind 10 x 107! moles of insulin and each erythrocyte 

was estimated to have 190.5 + 15.1 receptor sites. After fasting 

overnight 3.9 x 109 erythrocytes per ml were shown to bind 10.2 x 

19710 moles of insulin and each erythrocyte was estimated to have 

200.9 + 14.5 receptor sites, Table 5. In order to analyse any 

changes in affinity more precisely, the present data was plotted as 

an average affinity profile, Figure 22. The average affinity of the 

receptor was plotted against the logs 9 of the fractional receptor 

occupancy. The overall affinity of erythrocytes for insulin in 

volunteers both before and after fasting was marginally greater at 

low insulin concentrations, when the receptors were empty me low 

occupancy), than at high insulin cocnentrations, when the receptors 

were "full" or "occupied" (c., high occupancy). The empty sites 

affinity (K,) had values of 0.0915 nM~' and 0.0965 nM7' before and 

after fasting, respectively. These values began to decrease with 

increasing occupancy of the receptors by insulin. The apparent 

progressively decreased until Ke values OL O..01958 nm! and 0.01 3nm7 | 

were obtained for erythrocytes taken from volunteers before and after 

fasting, respectively. These latter values were obtained with about 

10% of the available receptor sites occupied. The differences 

between the values obtained for the various affinity constants were 

not statistically significant, Table 5. 
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Figure 22. Average affinity profile of "51 _ labelled 

insulin binding data before and after 
fasting. 
Each point represents the mean of 7 
determinations. 

(«—-« ) before an overnight fast. 
(o—o) after an overnight fast. 

«1
08
 
1
 

Af
fi
ni
ty
 K 

  
    

=e SOE



Discussion 

The present data confirmed that insulin binding to human 

erythrocytes is a physiological phenomenon. Human erythrocytes have 

been shown to have highly specific insulin receptors (121), and the 

characteristics of insulin binding to erythrocytes appear to be 

similar to those for insulin binding +o human monocytes (209), 

granulocytes (119) and adipocytes (219). As with other cell types, 

the binding of a physiological concentration of unlabelled porcine 

insulin to human erythrocytes produced a greater than 50 percent 

inhibition of the total '@?r-insulin binding (121,340). Also '°r- 

insulin binding to erythrocytes increased over the physiological range 

of insulin concentrations (0-10 ng/ml) suggesting that a similar 

interaction may take place in vivo. The binding of insulin to 

erythrocytes was represented by nonlinear Scatchard plots and 

characterised by decreased receptor affinity with increased receptor 

occupancy. Similar observations have been made for lymphocytes (312) 

and insulin sensitive target tissues such as adipocytes 

(229). In the present study the evaluation of insulin binding data, 

showed that fasting did not significantly affect the ability of 

erythrocytes to bind insulin over the whole range of unlabelled 

insulin concentrations used. The total amount of insulin bound was a 

function of both receptor affinity and concentration. Both the 

ability of unlabelled insulin to inhibit 1257_insulin binding and the 

50% inhibition of 1257_ansulin binding to erythrocytes by unlabelled 

insulin was not influenced by fasting, suggesting no change in 

receptor affinity. The mean values for erythrocyte insulin receptor 

concentration before and after fasting were 190.5 and 200.8 sites per 
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erythrocyte, respectively. These values were significantly lower 

than previously recorded values of 2000 sites per cell by Gambhir and 

co-workers (121) but higher than values computed by Kappy and 

Plotnick (340) of 20-140 receptor sites per erythrocyte. These seem- 

ingly large discrepencies are due to the different interpretations of 

the binding data. Gambhir and co-workers (121) used insulin 

ide cattous of over 1000 ng/ml in order to calculate the maximum 

binding capacity. On the other hand Kappy and Plotnick (340) used a 

maximum insulin concentration of 100 ng/ml. In the present study the 

highest insulin concentration used for the Scatchard analysis was 

1000 ng/ml. 

One of the important assumptions for the interpretation of 

Scatchard plots is the absence of inter-site interactions. However, 

negative cooperativity has been postulated for insulin receptors 

(312). Therefore, the presence of negative cooperative interactions 

suggested that the receptor affinity constants obtained from the 

linear slope of the Scatchard plot probably do not have a great deal 

of precise physio-chemical meaning. Interpretation of the present 

data using the negatively cooperative model gave support to the 

previous analysis and suggested that overnight fasting had no 

‘significant effect on either the concentration or affinity of 

erythrocyte receptors. These observations are supported by the work 

of Bar and colleagues who have shown that fasting for 24 hours has no 

effect on insulin binding to circulating monocytes (196). On the 

other hand recent work by McElduff and Hastman has demonstrated an 

increased insulin receptor binding in human erythrocytes after an 

extended overnight fast (329). 
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CHAPTER FOUR 

The Effect of the Antihypertensive Drug Bendrofluazide and 

Subsequent Potassium Supplementation on Erythrocyte Insulin 

Receptor Binding, Glucose Tolerance, Serum Glucose and 

Insulin Levels and General Biochemistry of Mildly 

Hypertensive Patients With and Without Non-Insulin Dependent 

Diabetes Mellitus. 

The Effect of Long-term Nifedipine Treatment, Subsequent 

Withdrawal and Restoration of Nifedipine Treatment on the 

Oral Glucose Tolerance and Serum Insulin and Glucose Levels 

of Mildly Hypertensive Patients With and Without Non-insulin 

Dependent Diabetes Mellitus. 
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A. The effect of the antihypertensive drug bendrofluazide and 

subsequent potassium supplementation on erythrocyte insulin 

receptor binding, glucose tolerance, serum glucose and insulin 

levels and general biochemistry of mildly hypertensive patients 

with and without non-insulin dependent diabetes mellitus. 

Introduction 

Diuretic therapy has been used as a successful form of anti- 

hypertensive therapy for many years (65,77,85). However, the exact 

mechanism of action of the diuretic agents in reducing the blood 

pressure has still not been fully elucidated. Sodium and water 

excretion by the kidney undoubtedly play an important part, but 

whether it is purely the reduction in extracellular fluid volume or a 

more subtle alteration in the sodium content of various body 

compartments in particular the vascular smooth muscle wall, which 

leads to the reduction of blood pressure is still not known (341). 

Diuretic agents on their own are only mild antihypertensive agents, 

but they are very important adjuncts to other forms of antihyper- 

tensive therapy, most of which tend to cause a compensatory fluid 

retention and thus a loss of antihypertensive efficiency, It is 

important to administer low dose of diuretics because, with 

increasing doses, the number and degree of unwanted biochemical side 

effects increase, whereas the antihypertensive action does not 

increase correspondingly (88,342). Although this has been well known 

for a long time, diuretics are often still given in doses that exceed 

by far those necessary for the maximum effect on blood pressure. A 

major advantage in the use of thiazgides is that in addition to 
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producing a modest fall in blood pressure, they potentiate the effect 

of all other drugs which lower the blood pressure (343). Continuous 

treatment with diuretics often leads to potassium depletion in man 

(345). Most patients taking these ‘thd daieee for any length of time 

are given potassium prophylactically (79). The body-potassium is, 

however, located mainly within the cells, less than 3% being in the 

extracellular fluid, so that potassium status is only indirectly 

related to the plasma-potassium concentration. The estimation of 

intracellular potassium is difficult practically (79). Many 

clinicians feel that potassium supplementation is not necessary with 

the routine use of diuretic agents in the treatment of otherwise 

uncomplicated mild hypertension (344). In the case of both potassium 

retaining diuretics and potassium supplementation, the risk 

associated with diuretic therapy is increased, since potassiun- 

retaining drugs may induce hyperkalaemia, particularly in patients 

whose renal function is impaired. In addition potassium supple- 

mentation may cause nausea and local damage to the gastrointestinal 

mucosa, depending on the type of pharmaceutical preparation used 

C76) < Thiazgide diuretics,have been shown to lower the serum 

potassium levels of treated hypertensive patients (346,347). The 

lowering effect appeared after about 6 weeks administration (345) and 

Within one year (348). Other studies have reported that the 

administration of bendrofluazide to mildly hypertensive men and women 

did not significantly affect the serum potassium after 12 months of 

therapy (349). However, the serum potassium of diabetics has been 

observed to fall after 5 years continuous therapy with bendrofluazide 

without a change in total body potassium (85). There is evidence to 

suggest that diuretics do have an hyperglycaemic effect (65 ,78,80). 
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Breckenridge and colleagues (350) observed high blood glucose levels 

together with low levels of serum insulin in hypertensive patients 

after 3 years of thiazide therapy. In another study no change in 

glucose tolerance was observed in hypertensive patients treated with 

pendrofluazide for one year, but a significant deterioration was 

observed after 6 years. These workers suggested that prolonged oral 

treatment with thiazide was diabetogenic (80). Recently Pacy and 

colleagues (66) have demonstrated a deterioration in the glycaemic 

control of mild hypertensive diabetic patients after 3 months on 

bendrofluazide therapy. Other investigators have disputed that 

thiazgide are causally related to glucose intolerance (85). Diabetes 

may be precipitated by the wae ce thiazide diuretics, particularly in 

the elderly (351). There have been a number of reports in the 

literature stating that thiazides and related diuretics can cause or 

exacerbate diabetes mellitus (350,352) via a deterioration in glucose 

tolerance (352), but a role for thiazides in provoking glucose 

intolerance in previously glucose-tolerant subjects is contro- 

versial. Decreased insulin secretion by the pancreas (353), a 

decrease in tissue sensitivity to insulin (354), increased insulin 

o 
output, accelerated development of insulin depletion in the 

prediabetic state (355) and an effect on the enteropancreatic insulin 

axis (356) have all been offered as causal mechanisms. Certainly an 

impairment in glucose tolerance is most marked in those patients in 

whom the serum potassium has been shown to decrease over a 2 year 

period of therapy (78). 

In addition to potassium depletion and glucose intolerance, 

hyperuricaemia and changes in the lipid pattern have also been 

observed during thiazide therapy for mild hypertensive patients 
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(83,357). Serum urea and uric acid levels have been shown to rise in 

men and women taking bendrofluazide for periods of less than 12 

months (349). The increase in serum uric acid can be a practical 

problem, because of the association between hypertension and gout. 

In theory hyperuricaemia could contribute to the deterioration of 

renal function in hypertension and aggravate generalised arterial 

disease (358). However other workers have not been able to show a 

significant change in serum uric acid levels after 12 or even 24 

months of treatment with bendrofluazide (84). There is evidence to 

suggest that thiazide diuretics elevate both serum cholesterol and 

triglyceride levels (81,82) but other studies have shown that 

pendrofluazide therapy does not significantly influence either mean 

serum chlosterol or triglyceride levels (66). Elevated serum lipid 

levels are known to be risk factors for the development of coronary 

heart disease (359) and in mild hypertension changes in the plasma 

lipid pattern may antagonize any possible benefits of blood pressure 

reduction and be responsible for the failure of diuretics to prevent 

myocardial infarction in hypertensive patients (360). Thiazide 

diuretics have been shown to cause hypercalcaemia and an association 

between bendrofluazide treatment and impotence has also been reported 

(347) . With the exception of diabetes, gout and hypokalemia, the 

clinical significance of changes in biochemical parameters is 

uncertain (361). Any deterioration in either potassium, glucose, 

cholesterol or uric acid must be weighed against the benefits of 

treatment which may be modest in patients with mild hypertension 

(65). ‘However, thiazides are not recommended for the treatment of 

non-insulin requiring diabetic patients with hypertension since 

thiazides can aggravate glucose tolerance (362). Despite this, 
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thiazide diuretic therapy is still widely used in the treatment of 

both insulin and non-insulin dependent diabetic patients with hyper- 

tension (66). 

In the present study bendrofluazide was used for the treatment 

of mildly hypertensive patients with and without diabetes. 

Bendrofluazide is a thiazide diuretic. that produces a prolonged 

diuresis (18 hrs). The thiazide retails as Aprinox‘®); 

Bendroflumethi azide; Rerkechde:*): and NeosHacLex\®) and has the 

following structural formula (3-Benzyl-3,4-dihydro-6-trifluoromethyl- 

2H-b enzo-1 ,2,4-thiadiazine-7-sulphonomide 1 ,1-dioxide. 

7 
S 

NH2SO> aye 
NH 

CF3 CH2.Ce Hs 

NH 

= 1.4 C, sty a 33°45 42 

Structure of bendrofluazide 

Bendrofluazide is readily absorbed after oral eden od and 

after an oral dose of 10mg peak plasma concentrations of 50 to 100 

ng/ml are attained in 2 to 2.5 hours. The plasma half-life, during 

the period 4 to 10 hours after oral administration is about 2.7 

hours. About 95% of the dose is bound to plasma proteins and 45 to 

17% is excreted unchanged in the urine within 24 hrs (363). The 

frequency of metabolic side effects during bendrofluazide treatment 

of mild to moderately severe essential hypertension is low and has 
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been grossly exaggerated (85). It is well established that the 

deterioration in glucose tolerance following the administration of 

thiazides occurs more rapidly in diabetic patients (364). Many 

mechanisms have been proposed to account for thiazide induced glucose 

intolerance including effects on insulin secretion (353), insulin 

sensitivity and receptor and postreceptor actions (354,256,370). The 

actions upon insulin secretion may be a consequence of thiazide 

induced hypokalaemia (87,365). Potassium has been shown to be an 

important ion for the release of insulin in vitro (365). Insulin. 

per se may play an important role in the regulation of serum 

potassium levels (366). Some reports have suggested that thiazide 

induced glucose intolerance may be prevented or even reversed by the 

administration of potassium supplementation (87). This may provide 

an important way of reducing not only the potential adverse effects 

of hypokalaemia but gan gintee intolerance. 

The purpose of this study was to examine the effects of the 

thiazgide, bendrofluazide and subsequent potassium supplementation on 

gluocse tolerance, serum glucose and insulin levels, insulin receptor 

binding and general biochemistry and haemotology in mild hypertensive 

patients with and without non-insulin dependent diabetes mellitus 

over a period of 12 months with placebo control. 

Materials and Methods 
  

Newly diagnosed mild untreated hypertensive patients with and 

without non-insulin dependent diabetes mellitus were recruited for 

the study from the Diabetic Clinic at Dudley Road Hospital, 

Birmingham. All diabetic patients were controlled by dietary 
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carbohydrate restriction prior to study, no patients were taking any 

other medication in particular oral antidiabetic therapy. Only male 

and postmenopausal females were recruited because there is evidence 

to suggest that insulin binding may change during the stages of the 

menstrual cycle and may exhibit a diurnal variation (108). All 

patients had seated blood pressures greater than 160/95 mm Hg 

measured on two occasions by trained observers (Hawksley random zero 

sphygmomanometer) using phase 5 diastolic blood pressure. Secondary 

hypertension was excluded. The study was conducted in a single-blind 

manner. Patients with non-insulin dependent diabetes were diagnosed 

on the basis of a 75 g oral glucose test showing a 60 minute value of 

greater than 11 mmol/l glucose. Twenty patients were originaly 

recruited into the study. However, two non-diabetic patients did not 

complete the study. One patient had a myocardial infarction and 

subsequently died. The other repeatedly vomitted during the oral 

glucose tolerance tests. The results of these two patients were 

subsequently excluded from analysis when all the visits were 

compared. Of the eighteen patients that completed the study nine 

were non-diabetic (four male and five female) and nine were diabetic 

patients (eight male and one female) with mean ages of 56.8 + 2.3 and 

63.8 + 2.1 years, respectively and mean body weights of 79.5 + 4.2 

and 70.6 + 2.3 Kgs (mean + SEM) respectively. The ages and vody 

weights of diabetic and non-diabetic patients were not significantly 

different. Each patients served as his or her own control. 75 g 

oral glucose tolerance tests (OGTT - page 119) were performed at 

recruitment, after one month of bendrofluazide placebo treatment 

(methylcellulose), after one month treatment with bendrofluagzide 5 mg 

daily, after a further 3 months of bendrofluazide and after one month 
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of bendrofluazide with potassium supplementation. Potassium was 

administered as the chloride salt (20 mg three times daily as Kloref S). 

Patients presented at 09.00 hrs in the clinic after a 12 hour 

overnight fast. Body weight, pulse and blood pressure measurements 

were taken seated and then approximately 30 ml of venous blood was 

taken by venipuncture for haematology (full blood count and 

platelets), biochemistry (urea, electrolytes, liver function tests, 

serum glucose and insulin and lipid profile). Fasting blood was 

taken for erythrocyte insulin receptor binding and results were 

analysed by computer-assisted Scatchard analysis (page 102) using two 

classes and negatively cooperative models. During the OGTT venous 

blood samples were taken for glucose and insulin at 0,15,30,45,60,90 

and 120 mimte intervals. Urine samples were analysed for total 

protein, glucose and haemoglobin. Glucose was determined using an 

automated glucose oxidase procedure (318) and insulin concentration 

determined using a double-antibody radioimmunoassay (317) (page 112). 

The area under the curve for glucose and insulin during the oral 

glucose tolerance test were calculated using parallogram approx- 

imation between each consecutive pair of time intervals (Appendix 9, 

page 299 and Appendix 14, page 308). A complete protocol of the 

study has been included in Appendix 10, page 300. In this study 

analysis of variance was used to examine group effects (between 

diabetics and non-diabetics), and treatment effects between groups. 

Parameters in which treatment effects were observed at the P< 0.05 

level were further analysed by a priori contrasts comparing each 

bendrofluazide treatment period with placebo and the effect of 

potassium supplementation with the level achieved after 4 months 

bendrofluazide treatment. The study was approved by the hospital 
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ethical committee. Patient compliance was assessed by medication 

counting and subjects were allowed to continue the study if more than 

80 percent of medication had been taken. 

Results 

Diabetic and non-diabetic patients were studied at recruitment 

and after 1 month on placebo, prior to treatment with bendrofluazide 

as indicated in the protocol (Appendix 10, page 300). Analysis of 

the data indicated that the placebo had no significant effect upon 

either the insulin receptor binding status, glucose and insulin 

levels or biochemical and haemotological parameters of non-diabetic 

and diabetic patients. Hence in this study, placebo values were used 

as controls and compared with data obtained after treatment with 

pbendrofluazide and bendrofluazide supplemented with potassium. 

Mildly hypertensive non-diabetic patients: 
  

In non-diabetic mild hypertensive patients, bendrofluazide and 

subsequent potassium supplementation significantly reduced systolic 

and diastolic blood pressures, Table 6. In this group bendrofluazide 

therapy and subsequent potassium supplementation had no significant 

effect upon body weight, fasting blood glucose and fasting insulin 

levels, Table 6. 

Glucose tolerance appeared to deteriorate in these patients 

during treatment but did not achieve statistical significance, Figure 

23. Bendrofluazide and subsequent potassium supplementation had no 

significant effect upon either. the area under the OGTT curve or the 

gluocse/insulin ratio, Table 6, Figures 24 and 25. Fasting serum 
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Figure 24 , The effect of bendrofluazide and subsequent 

potassium supplementation on the area under 

the curve of the OGTT (mean values + SEM ). 
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Figure 25. The effect of bendrofluazide and subsequent 

potassium supplementation on the glucose/ 

insulin ratio (mean values + SEM ) ; 
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insulin levels, Table 6, and serum insulin levels estimated during 

OGTT, Figure 26 were marginally elevated after bendrofluazide 

treatment but decreased when the bendrofluazide was supplemented with 

potassium. Potassium supplementation significantly reduced the area 

under the curve of the OGTT insulin levels in mildly hypertensive 

non-diabetic subjects, Figure 27. 

Bendrofluazide treatment : and subsequent potassium supple 

mentation had no significant effect on the biochemical profile of 

non-diabetic mild hypertensive patients, Table /7. Following 

potassium supplementation, the serum potassium increased by 0.06 

mmol/l but just failed to achieve the serum potassium level obtained 

with placebo. 

Bendrofluazide significantly increased the total insulin 

receptor concentration of erythrocytes from mildly hypertensive non- 

diabetic patients, Table 8, and this increase was largely accounted 

for by a significant increase in the concentration of low affinity 

receptors, Figure 28. The total insulin receptor concentration 

(sites per cell) was increased significantly after 1 month of 

pendrofluazide therapy and this increase was maintained at 3 months 

and after potassium supplementation, Figure 29. There were no 

significant changes in the various affinity constants (Kins Ke On Kn) 

with bendrofluazide treatment, Table 8. 

Mildly hypertensive diabetic patients: 

Bendrofluazide treatment and subsequent potassium supple 

mentation had no significant effect on the body weight of mildly 

hypertensive diabetic patients but significantly reduced both
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miGune: 275.3 Tne effect of bendrofluazide treatement and 

subsequent potassium supplementation on the 

area under the curve of the OGTT insulin 

levels ( mean values + SEM ) . 
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Figure 28 . The effect of bendrofluazide therapy on the low 

and the nigh affinity concentrations of mildly 

nypertensive non ~ diabetic and diabetic patients 

(mean values + SEM ). 
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Figure 29 , The effect of bendrofluazide and subsequent 

potassium supplementation on the total insulin 

receptor concentration of mildly hypertensive 

non — diabetic and diabetic patients (mean 

values + SEM ). 
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systolic and diastolic blood pressures, Table 9. The fasting blood 

‘glucose rose significantly in diabetics after 4 months of bendro- 

fluazide treatment but was subsequently reduced by potasssium 

supplementation, Table 9. Potassium supplementation did not lower 

the fasting blood glucose of diabetic patients back to placebo 

levels. Gluocse tolerance, Figure 30, and the area under the OGTT, 

Figure 24, deteriorated in diabetic patients treated with bendro- 

fluazide and subsequent potassium supplementation but these changes 

did not achieve statistical significance. The glucose/insulin ratio 

tended to increase with bendrofluazide treatment reaching statistical 

significance when the bendrofluazide was supplemented with potassium, 

Figure 25. The fasting serum insulin levels of diabetic patients, 

though slightly elevated after the first month of bendrofluazide 

treatment, declined after three further months of treatment, Table 

9. In the diabetic group insulin levels contimed to diminish 

despite potassium supplementation although statistical significance 

was never achieved. Insulin levels of diabetic patients during OGTT, 

Figure 31, and the areas under the insulin curves obtained during the 

OGTT, Figure 27, were reduced as a result of bendrofluazide 

treatment, but only reached statistical significance after subsequent 

potassium supplementation. 

Bendrofluazide treatment and subsequent potassium supple 

mentation had no significant effect on the biochemical and 

haematological profiles of mildly hypertensive diabetic patients, 

Table 10. 

After one month on placebo the total specific insulin binding to 

erythrocytes and the total and low affinity receptor concentrations 

were all significantly lower in mildly hypertensive diabetic patients 

~ 159 =
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than in mildly hypertensive non-diabetic patients, Tables 8 and 11. 

Bendrofluazide treatment for either 1 or 3 months had no significant 

effect upon insulin receptor binding in diabetic patients, Table 

11. However, subsequent potassium supplementation significantly 

increased both the total specific binding and the total insulin 

receptor concentration in these patients. - The increase in total 

receptor concentration could be largely attributable to an increase 

in low affinity receptor concentration, Table 11. However, the 

values obtained were always significantly lower than the 

corresponding values for mildly hypertensive non-diabetic patients 

after potassium supplementation, Table 8, and not significantly 

different from placebo values obtained for mildly hypertensive 

diabetic patients, Table 11. 

Pooling of non-diabetic and diabetic patients. 

Treatment with bendrofluazgide alone or supplemented with 

potassium did not significantly influence the body weight, Table 12. 

Both systolic and diastolic blood pressures were significantly 

reduced following 1 and 3 months treatment with bendrofluazide and 

bendrofluazide with subsequent potassium supplementation, Table i2. 

The pooling fasting serum glucose level was significantly 

increased after 3 months treatment with bendrofluazide. Potassium 

supplementation marginally lowered this value but the decrease was 

not statistically significant when compared with values for placebo 

and 3 months of bendrofluazgide treatment, Table 12. Examination of 

the 7061 6d oral glucose tolerance curves for non-diabetic and 

diabetic patients did not reveal a significant deterioration, Figure 

- 164 -
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32 and there were no significant changes in the areas under the 

curves, Table 12. The fasting insulin level was slightly elevated 

after one month on bendrofluazide but subsequently fell after 3 

months with a more pronounced reduction after potassium supple 

mentation. Ee none of these changes achieved statistical 

significance, Table 12. Potassium supplementation marginally reduced 

the serum insulin levels and significantly reduced the area under the 

insulin curves estimated during the oral glucose tolerance tests, 

Figure 33. 

Pooled values for serum cholesterol, uric acid and urea were 

significantly elevated after bendrofluazide treatment and subsequent 

potassium supplementation compared with placebo values, Table 13 and 

Figures 34,35,36. Platelet levels were significantly elevated after 

potassium supplementation, Figure 57, while triglycerides remained 

unchanged throughout the treatments, Table 13. Serum potassium 

levels did not change significantly after 1 month on bendrofluazide, 

but were reduced significantly after 3 months treatments and 

subsequent potassium supplementation, Table 13 and Figure 38. The 

mean erythrocyte volume (MCV) decreased significantly after treatment 

with bendrofluazide and subsequent potassium supplementation, Figure 39. 

As might be expected pooling the insulin binding data 

effectively cancelled out the alterations observed in receptor 

concentration for the two groups, Table 14, and there were no changes 

in receptor affinity. For clarity the results of the bendrofluazide 

section have been summarised in Table 15.
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Figure 34, The effect of bendrofluazide and subsequent 

potassium supplementation on the pooled serum 

cholesterol levels of non — diabetic and dibetic 

mildly hypertensive patients (mean values + SEM ). 
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Figure 35 . The effect of bendrofluazide and subsequent 

potassium supplementation on the pooled serum 

urate (uric acid ) levels of non — diabetic and 

diabetic mildly hypertensive patients (mean values 

+ SEM ) 

  

  

  

                  
  

i 

Urate (mmol/1) * ** Vas 

a ad 

0.42 

0.40 - 

0.36. 

0 36 al 

0.34 — 

e Bi B3 K 

** 5 <0.01 , *** 5p <0.001 compared with placebo value 

+ p <0,05 compared with 3 months bendrofluazide value 

ie



Figure 36. Tne effect of Bendrofluazide and subsequent 

potassium supplementation on the pooled serum 

urea levels of non - diabetic and diabetic mildly 

hypertensive patients (mean values + SEM ) 
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Figure 37.. The effect of bendrofluazide and subsequent 

potassium supplementation on the pooled platelet 

levels of non - diabetic and diabetic mildly 

nypertensive patients ¢ mean values + SEM ) 
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Figure 38 . The effect of bendroflazide and subsequent 

potassium supplementation on the pooled 

potassium levels of non - diabetic and diabetic 

mildly hypertensive patients (mean values + SEM). 
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Figure 39 . The effect of bendrofluazide and subsequent 

potassium supplementation on the pooled values 

for MCV in non - diabetic and diabetic mildly 

hypertensive patients ( mean values + SEM ) . 
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Discussion 

In the present study the mean body weights of the two groups 

were unchanged and this observation supported the earlier work of 

Murphy and colleagues (65) who demonstrated no change in the body 

weight of hypertensive patients treated with bendrofluazide. On the 

other hand Pacy and colleagues (66) were unable to detect an increase 

in body weight in hypertensive diabetic patients treated with 

b endrofluazide. Berglund and colleagues demonstrated that patients 

with arterial hypertension had impaired glucose tolerance compared 

with normotensive controls even when their body weight and body fat 

was similar (371). 

Systolic and diastolic blood pressures were significantly 

decreased in the present study in both non-diabetic and diabetic 

groups after 1 month and 3 months of bendrofluazide therapy. 

addition bendrofluazide treatment had a hyperglycaemic effect in 

diabetic patients but had no effect on the fasting blood glucose of 

non-diabetic patients. In the diabetic patients fasting blood 

glucose levels were significantly elevated after 3 months. Glucose 

tolerance continued to deteriorate with bendrofluazide treatment but 

the area under the curve for the oral glucose tolerance was not 

significantly increased even after 3 months of bendrofluazide 

therapy. These observations suggest that diabetes per se may 

influence the action of bendrofluazide in hypertensive patients. 

Three months bendrofluazide therapy has recently been reported to be 

associated with a deterioration in glycaemic control in diabetic 

hypertensive patients (66). The reported deterioration in glucose 

tolerance was small and control of blood pressure in patients with 
7 

- 179 -



moderate hypertension was considered to more than offset by the 

theoretical risk of a small increase in blood glucose (372). There 

was some evidence to suggest a decreased tissue senstivity to insulin 

since, the glucose/insulin ratio tended to deteriorate. All. the 

effective diuretics in common use seem capable of producing potassium 

depletion. The most probable explanation is that the increased 

amount of sodium delivered to the sodium/potassium exchange of the 

distal tubule and collecting ducts, results in the reduction of 

sodium reabsorption in more proximal parts of the nephron (373). 

Many investigations have shown that prolonged treatment of 

hypertension with various diuretics is associated with a reduction in 

the plasma potassium concentration, but measurements of total body 

potassium have been less conclusive. A fall in exchangeable 

potassium has been observed by some workers (344) but others (374) 

have found no significant fall in body potassiun. Hypertensive 

patients treated with diuretics over a long period have been shown to 

have a reduced serum potassium concentration and a reduced total body 

potassium (345). The plasma potassium has been shown to be more 

labile than the total body potassium so that considerable variations 

in the former are not surprising. Potassium depletion may be 

involved in the mechanism whereby thiazides impair carbohydrate 

metabolism (356). In the present study pooled serum potassium levels 

did not change after 1 month of bendrofluazide but were significantly 

reduced after 3 months although none of the patients achieved 

clinical hypokalaemia. Potassium supplementation halted the fall in 

serum potassium but did not restore it to pretreatment placebo 

values. Potassium supplementation also led to a significant decrease 

in the fasting blood glucose levels in diabetic patients. This 
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action did not appear to be due to a restoration of insulin levels 

which continued to decrease during this phase. This observation was 

in contrast to previous studies (87) where potassium supplementations 

has corrected the deficiency in insulin secretion. Murphy and 

colleagues (65) were unable to find a positive correlation between 

changes in plasma potassium and changes in glucose tolerance, 

although in patients who had persistent hypokalaemia (plasma 

potassium below 3.6 mmol/l) glucose’ tolerance deteriorated 

significantly more than in those with plasma potassium consistently 

above 3.6 mmol/l. 

In the present study insulin levels did not change significantly 

in either non-diabetic or diabetic patients after bendrofluazide 

therapy. After potassium supplementation insulin levels continued to 

decrease and a significant reduction in the area under the OGTT curve 

for insulin was observed for both non-diabetic and diabetic groups. 

It may be that the reduced insulin levels were the result of a 

deficiency in insulin secretion resulting from thiazide induced 

hypokalaemia. Potassium is an ween se kt cation for insulin release 

from pancreatic B-cells (365). Thiazide may increase the 

permeability of the B-cell membrane to potassium (223). This then 

would inhibit the influx of calcium ions upon which insulin secretion 

is thought to be dependent (377). An excellent correlation has vein 

shown to exist between the decrease in total body potassium and the 

defect in insulin secretion in normal patients (369). The study 

demonstrated that potassium depletion of the level encountered in 

clinical practice could cause glucose intolerance associated with 

impaired insulin secretion. In addition to the decreased secretion 

of insulin, patients with severe chronic hypokalaemia may also 
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secrete a higher ratio of proinsulin (which has less biological 

activity) to insulin (365). It has also been reported that insulin 

itself may play an imprtant role in the regulation of serum potassium 

Levels (366). Some previous studies on glucose intolerance during 

thiazide administration have demonstrated a decrease in insulin 

secretion (87) while others have suggested that thiazides may 

increase insulin secretion (368). In the present study there is 

great doubt that the administration of bendrofluazide decreased 

serum potassium, however, though this correlated with the glucose 

level, it did not relate to insulin. This may merely reflect the 

poor correlation of serum potassium with total body levels of this 

ion. Alternatively potassium may not be as important in the 

regulation of insulin release as previously supposed. Thiazide 

diuretics ‘are known to affect other cations involved in insulin 

release and these may be more important determinants of deficient 

insulin secretion. It is well kmown that thiazides also effect serum 

magnesium and calcium levels and these ions may be more directly 

involved in the maintainence of insulin release (375). In addition 

it has been reported that a magnesium deficiency may aggravate the 

symptoms of hypokalaemia (376). 

Many of the other characteristic metabolic and biochemical 

actions of thiazides have been observed in? «this study. 

Bendrofluazide therapy resulted in an elevation in urea, uric acid 

and cholesterol in both diabetic and non-diabetic patients. 

Potassium supplementation failed to correct these changes. Berglund 

and soit pibea os (84) were unable to demonstrate a significant increase 

in uric acid after 12 and 24 months of bendrofluazide therapy. On 

the other hand a recent multicentre study (349) has demonstrated a 
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significant rise in serum uric acid after 6 months and 12 months of 

treatment with bendrofluazide. Hyperuricaemia, hypokalaemia and 

hyperglycaemia are now recognised biochemical side effects of 

thiazide treatment (351). Hyparurlonenta may occur spontaneously in 

hypertensive patients who are generally overweight (378) and 

treatment with thiazide diuretics has been shown to increase serum 

urate (uric acid) by competitively inhibiting the tubular secretion 

of urate (379). In the present study serum cholesterol was 

significantly elevated after bendrofluazide therapy. The effects of 

thiazides on serum lipids have been extensively studied (380). The 

actual rise in cholesterol in the treated group, may be evidence of a 

thiazide-induced increase in cholesterol such as that reported by 

Grimm and colleagues (81), Ames and Hill (380), and Helgeland et al 

(361), on the other hand Pacy and colleagues (66) reported that 

treatment of hypertensive diabetic patients for 3 months with bendro- 

fluazide did not show significant changes in the serum cholesterol 

level. petite cents 5 levels were unchanged in the present study after 

pendrofluazide treatment. Previous workers had reported an increase 

in the serum levels of triglyceride (81,361) but recent work by Pacy 

and colleagues (66) confirmed that bendrofluazide had no significant 

effect on serum triglyceride levels. 

Reduction in MCV and increased platelet concentrations after 

bendrofluazide and potassium supplementation remain difficult to 

account for. 

The present study is the first to examine the effect of 

bendrofluazide treatment on insulin receptor binding in mildly 

hypertensive diabetic and non-diabetic patients. The total insulin 

receptor concentration increased in non-diabetic patients within one 
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month of bendrofluazide treatment and remained significantly high 

after 3 months treatment. The increase in binding could be largely 

accounted for by an increase in low affinity insulin receptor 

concentration. In non-diabetic patients the increase in insulin 

receptor concentration would help to maintain normal glucose 

tolerance. Alterations in insulin receptor number in response to 

changes in insulin levels have been reported previously (108,257) 

although the relationship was not entirely clear. Bar and colleagues 

reported that the total receptor concentration was inversely related 

to the circulating levels of insulin (196). While in the foetus, 

hyperinsulinaemia does not appear to lead to receptor downregulation 

(126). In the present study the serum insulin concentration did not 

significantly change after bendrofluazide treatment so insulin 

release does not appear to be the real cause of the increase in 

insulin receptor number. Since the receptor number remained 

significantly elevated after potassium supplementation this would 

suggest that potassium supplementation had no additional influence on 

insulin receptor number. In the diabetic group the insulin : aebtde 

number was not influenced by bendrofluazide treatment and the 

receptor/insulin ratio deteriorated. These effects might explain why 

glucose tolerance in diabetic patients administered thiazide 

diuretics “deteriorates rapidly, whereas in non-diabetic patients, 

glucose tolerance might take many years to develop. Potassium 

supplementation increased the insulin receptor number significantly 

in diabetic patients when compared with values obtained after 3 

months treatment with bendrofluazide alone. The increase in receptor 

number in the diabetic group after potassium supplementation may have 

allowed the diabetic group to maintain glucose tolerance and further 

reduce the level of glycaemia. The effect of potassium may well have 
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been mediated through an action upon intracellular’ glucose 

metabolism. Another possibility might be that potassium may affect 

o 
other mechanisms involved in the maintenance of carbohydrate 

tolerance (421,476). 

The insulin receptor data obtained in the present study might 

have been more reliable if it had been obtained from studies using 

target tissues for insulin such as hepatocytes or fat cells. 

However, it would be impossible to obtain repeated samples of these 

tissues. Erythrocyte insulin receptor number correlates well with 

receptor numbers on monocytes, though these do not necessarily 

correlate well with receptor numbers in other target tissues. 

Previously the effect of thiazides upon insulin receptor binding has 

only been studied for diazoxide a particularly diabetogenic thiazide 

vasodilator, but so far results have been conflicting (256,370). 

It is difficult to envisage the mechanisms by which insulin 

receptor number might change in erythrocytes which have only a 

limited capacity for protein biosynthesis. Three mechanisms have 

been proposed for the change in insulin receptor number. Firstly, 

new cells including reticulocytes may be recruited into the 

circulating pool and these may differ in their insulin receptor 

number from those already in the circulation. Reticulocytes have a 

higher binding capacity than erythrocytes (213). The above mechanism 

alone would be unlikely to account for the degree of change in 

insulin receptor status observed in the present study. Secondly, 

bendrofluazide might affect the endocytotic internalisation of 

receptors and their recycling to the external plasma membrane via the 

lysosome (134). ‘Thirdly, thiazides may cause a conformational change 

in the insulin receptor. This effect may be mediated by the thiazide 

diuretic itself or through changes in insulin concentration. 
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B. The effect of long-term nifedipine treatment, subsequent 
  

withdrawal and restoration of nifedipine treatment on the oral 
  

  

glucose tolerance and serum insulin and glucose levels of mildly 

hypertensive patients with and without non-insulin dependent 

diabetes mellitus. 

Introduction 

Calcium ions play a vital role in many cellular processes and 

ionic calcium is particularly important for the function of the 

myocardium (457). Calcium fluxes through the slow inward channels 

are responsible for the plateau of the transmembrane action potential 

and play an essential role in myocardial excitation-contraction 

coupling probably by triggering the release of intracellular calcium 

ions. Calcium also tightens cell membranes thereby decreasing their 

permeability to various substances, including glucose (458). In 

addition, calcium has been shown to mediate the cellular response to 

glucagon stimulation (459) and thus affects hepatic glucose output 

via s stimulation of glycogenolysis. Calcium might influence glucose 

metabolism via several pathways and different overall effects on the 

blood glucose concentration may be forthcoming depending on which of 

these pathways is the dominating one. in vitro experiments have 

shown that calcium affects factors of importance for the regulation 

of glucose metabolisn. Accordingly, calcium has been shown to 

trigger the stimulus-secretion coupling process which leads to 

insulin release from the pancreatic B-cell (375) and any drug which 

modified cellular calcium metabolism/mobilisation could also affect 

insulin release. Calcium antagonists, have been shown to interfere 

with calcium at the cell membrane and intracellularly (460) and the 
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term may be used to denote agents which specifically inhibit calcium 

dependent processes or regulatory mechanisms. Such drugs may be 

subdivided into those that decrease the avabLantiaty of calcium to 

the myoplasm and those that decrease the cellular effects of calcium 

without lowering the intracellular calcium concentration. 

Accordingly, calcium channel blockers, such as nifedipine and 

verapamil (461) form a subgroup of calcium availability inhibitors, 

since they have been shown to block the influx of extracellular 

calcium through ion selective channels in the membrane of both 

cardiac and smooth muscle (460). However, some of these drugs have 

been shown to have additional sites of action, particularly in smooth 

muscle (460) and this fact must be taken into consideration when they 

are to be used as investigational tools. Calcium antagonists have 

been found to be active in lowering high blood pressure and are 

increasingly prescribed for hypertension (94). In practically all 

cases of essential hypertension the increase in blood pressure has 

been shown to be due to an elevation in vascular resistance the 

product of smooth muscular tension in arterioles. The final 

determinant of vascular smooth muscle tension has been shown to be 

the concentration of free calcium in the sarcoplasm (462) and it 

would appear that the antihypersensitive effect produced by the 

inhibition of calcium influx increases in proportion with the pre 

treatment blood pressure. The acute administration of nifedipine 

results in a distinct fall in blood pressure in patients with 

essential hypertension but not in normotensive subjects (94). 

Nifedipine is a dihydropyridine derivative widely used in the 

treatment of angina pectoris. Information on the pharmacokinetics of 

y nifedipine has been hard to assemble due to analytical 

difficulties. Nifedipine is rapidly absorbed after sublingual 
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application with a peak concentration after 1 hour. Lt ie 

metabolised to a number of inactive metabolites and 70-80% of the 

given dose is excreted through the kidneys as water soluble 

metabolities (457). The incidence of side effects has been shown to 

be low with nifedipine but do include flushing, local oedema and 

headache. 

In spite of the well documented in vitro effects of calcium on 

some of the metabolic processes which determine the glucose tolerance 

(463), relatively few clinical studies have been carried out to 

investigate whether calcium antagonists influence glucose tolerance 

in man. However, a few studies, dealing with the effect of 

nifedipine on human glucose tolerance have been performed recently 

(97,461,464). The results obtained in those investigations have been 

highly conflicting. Nifedipine has been shown to increase fasting 

plasma glucose and induce apparent glucose intolerance in subjects 

with normal glucose tolerance (461,98) and reduce further both 

insulin secretion and glucose tolerance in patients with glucose 

intolerance (98). Other studies have been unable to demonstrate 

changes in either glucose concentration or peak insulin responses 

after nifedipine treatment (97) and the effects of nifedipine on 

glucose tolerance were minimal when the drug was given in low doses 

(98,465). These studies in normal subjects did not exclude the 

possibility of a significant effect of conventional doses of the drug 

in diabetic patients, who have a limited capacity to secrete 

insulin. A further impairment of glucose tolerance in non-insulin 

dependent diabetic subjects has been reported after nifedipine 

treatment (98) but this has not been confirmed in other studies 

involving diabetic patients (464,465). The fact that nifedipine 

might be capable of inducing glucose intolerance in normal subjects 
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and delaying the insulin response to an oral glucose load suggested 

that nifedipine might be hazardous if given to diabetic subjects 

(97). Furthermore, it had previously been observed that a patient 

with non-insulin dependent diabetes had appreciably decreased mean 

blood glucose concentrations after the withdrawal of nifedipine 

treatment (461). This begged the question as to whether nifedipine 

might possess some diabetogenic properties. 

The present study was designed to investigate the effect of 

long-term nifedipine treatment, a short period of withdrawal and 

subsequent restoration of nifedipine treatment on serum glucose and 

insulin and oral glucose tolerance in mildly hypertensive patients 

with and without non-insulin dependent diabetes mellitus. 

  

Materials and Methods 

Twelve mildly hypertensive volunteers (6 non-diabetic and 6 non- 

insulin dependent diabetics) who had been treated with nifedipine (40 

mg/day) for longer than six months were recruited from the Diabetic 

and Hypertensive Clinics at Dudley Road Hospital, Birmingham. The 

volunteers were either male or postmenopausal females and diabetic 

patients were controlled by dietary restriction alone. Patients with 

eardiac conduction disturbances and cardiac insufficiency were 

excluded from the study. All volunteers were asked to fast for 12 

hours prior to attending the hypertensive clinic. At presentation 

volunteers were given a 75g oral glucose tolerance test and fasting 

blood samples were taken for haematology (Hb, WBC, platelets and 

( MCV), a biochemical profile (urea, uric acid and electrolytes), serum 

glucose and insulin. Blood pressure was measured using a Hawksley 

random zero sphygmomanometer using phase 5 diastolic in the sitting 
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position. Pulse and body weight were also recorded. Patients were 

then asked to stop taking nifedipine for one month. At the end of 

the month (second clinic visit) the blood tests, parameters of the 

biochemical profile, oral glucose tolerance tests and serum glucose 

and insulin estimations were all repeated. Patients were then 

instructed to resume nifedipine treatment (40 mg/day) and after one 

month (third clinic visit) all the measurements were repeated. 

Informed consent was obtained from all the patients and all patients 

completed the study. A complete protocol of the study has been 

included in Appendix 10, page 300. 

Results 

The effect of long-term nifedipine treatment, subsequnet 

withdrawal and restoration of nifedipine treatment in pooled mildly 

‘hypertensive patients with and without non-insulin dependent diabetes 

have been summarised in Table 16. Body weights and diastolic blood 

pressures did not change significantly throughout the study. 

However, the pooled systolic blood pressure was significantly 

elevated after nifedipine withdrawal but decreased again after the 

restoration of nifedipine treatment. When patients were separated 

into diabetic and non-diabetic groups, Tables 17 and 18, the 

elevation in systolic blood pressure was no longer statistically 

significant. 

Serum glucose, serum insulin, haemotological and biochemical 

parameters were not significantly changed by manipulation of 

nifedipine treatment, either when values were pooled or separated 

into diabetic and non-diabetic groups. The withdrawal of nifedipine 

treatment increased the level of glycosylated naemoglobin in diabetic 
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The effects of long term nifedipine treatment, 

  

  

  

ce LOU) i 

Table 16. 
subsequent withdrawal, and restoration of 

nifedipine treatment in pooled mildly 

hypertensive patients with and without 

non-insulin dependent diabetes mellitus. 
(mean values + SEM). 

After 
After 6 1 month 

n months of withdrawal 1 month after 
ni fedi pine from restoration 

treatment nifedipine of nifedipine 
(lst visit) (2nd visit) (3rd visit) 

Age (Years) de 60.3 + 1.7 - - 

Body: Weight (Kg) 2 77.4 + 3.4 Td et 3 so Ved BS3 

Systolic blood * 
pressure (mmHg) E2 E56./ 5.42 165.6 + 4.5 157.2 + 5.3 

Diastolic blood 

pressure (mmHg) 12 95.9 + 2.9 96.4 + 2.9 95 + 2.6 

Serum glucose 

level (mmol/1) 12 Set? Osat 5.67 + 0.76 5.62 + 0.67 

Serum insulin 

level ( wU/ml) i 18.16 + 1.98 18.8 + 1.9 19.8 + Zeal 

Glycosylated 

haemoglobin (4%) i Fell 0055 8.3954 0.73 7.41 + 0.52 

Platelets (x109/1) 12 245.4 + 23.4 25347 + 29 2A2 6 Poe Lad 

MCV; (ils) 2, 86.1 + 2.15 87.4 + 1.8 89.5 + 1.6 

Urea (mmol/1) 12 5-49 + 0.46 S419. 0437 5.08 + 0.34 

Uric acid (mmol/1) Le 0.376 + 0.02 0.364 + 0.02 0.389 + 0.03 

Sodium (mmol/1) 12 138.7 + 1.0 139.5 + 0.7 139.8 + 0.6 

Potassium (mmol/1) 12 4.39 + 0-11 4.21 + 0.12 4.26 + 0.11 

Calcium (mmol/1) AP. 2.31 + 0.02 2.25 + 0.02 2.26 + 0.03 

* p<0O.05 compared with first visit.



Table 17. 

subsequent withdrawal and restoration of 
nifedipine treatment in mildly hypertensive 

non-insulin dependent diabetic patients 
(mean values + SEM) 

The effects of long term nifedipine treatment, 

  

  

After 

After 6 1 month 
months of withdrawal 1 month after 

ni fedi pine from restoration 
treatment nifedipine of nifedipine 
(Vst- visit) (2nd visit) (3rd visit) 

Age (Years) 58.24 257 - - 

Body Weight (Kg) 78.8 + 2.4 79.4 + 2.4 78.8 + 2.5 

Systolic blood 

pressure (mmHg) 150.4 + 8.9 164.8 + 7.5 158.3 + 4.9 

Diastolic blood 

pressure (mmHg) 92.8 + 3.4 9908 + 5.2 39.5 269 

Serum glucose 

level (mmol/1) 7.28 + 1.28 Pvas e Legs 6.88 + 1.12 

Serum insulin 

level ( pU/ml1) 20.5 + 3.4 19.7 +3 .7 2307 Posen 

Glycosylated * 

haemoglobin (%) 7.88 + 1.37 962° + 1.3 1 Bp Fi twli 

Platelets (x109/1) 224.6 + 43 224.2 + 46.4 250.0 + 48.8 

MGVi3 (C£d5) 83.7 +3 88.0 + 1.2 89.8 + 1.9 

Urea (mmol/1) So. FUvo9 4.85 + 0.4 4.78 + 0.44 

Uric acid (mmol/1) 0.377 + 0.04 0.38 + 0.04 0.387 + 0.04 

Sodium (mmol/1) LOT OP 62 1h ye) 139.5, + (0.7 

Potassium (mmol/1) 4.15 + 0.08 4.07 + 0.14 4.13 + 0.08 

2.34 + 0.03 2.27 +.0.03 2.3 + 0.03 Calcium (mmol/1) 

  

* UE DE< O505 compared with first visit. 

Lol



Table 18. The effects of long term nifedipine treatment, 

subsequent withdrawal and restoration of nifedipine 
treatment in mildly hypertensive non-diabetic 

patients (mean values + SEM). 

  

After 

  

After 6 1 month 
months of withdrawal 1 month after 
ni fedi pine from restoration 
treatment nifedipine of nifedipine 
(ist visi t) (2nd visit) (3rd visit) 

Age (Years) 62.5 + 1.4 - - 

Body Weight (Kg) 76.0 + 6.6 75.6 + 6.4 75.6 + 6.3 

Systolic blood 

pressure (mmHg) 1634+, 5..3 166.3 + 4.7 156.0 + 9.9 

Diastolic blood 

pressure (mmHg) 99.0 + 4.02 97.0 + 3.5 94.7 + 4.6 

Serum glucose 

level (mmol/1) 4.25 + 0.25 4.1 +0.19 4.35 + 0.24 

Serum insulin 

level ( uU/ml) 15.8 + 1.85 18.0 + 1.29 16.0 + 1.1 

Glycosylated 
haemoglobin (4%) 7.67 +-0.41 7.2 +0045 7.07 + 0.36 

Platelets (x109/1) 

MCV (f1) 

Urea (mmol/1) 

Uric acid (mmol/1) 

Sodium (mmol/1) 

Potassium (mmol/1) 

Calcium (mmol/1) 

266.2 + 24.9 

88.5 + 2.7 

582+ 0.73 

0.375 + 0.03 

140.3 + 1.2 

4.64 + 0.18 1+
 

2.28 + 0.03 

283.2 + 36.2 

86.8 Jez it
 

5.53 + 0.85 

0.348 + 0.03 

141.2'+ 0.3 

4.35 + 0.19 }+
 

2.24 + 0.04 

224.8 + 21.1 

59.32 ste «2D 1+
 

5.37 + 0.61 

0.392 + 0.04 

140.0 + 0.9 

4.38 + 0.19 i
 

2.22 + 0.04 
  

aoe



patients, Table 17, but marginally improved the oral glucosé 

tolerance in pooled patients, Figure 40, as reflected by the area 

under the OGTT curve, Figure 42. When patients were separated into 

diabetic and non-diabetic groups only the diabetics showed a marginal 

improvement in glucose tolerance after nifedipine withdrawal, Figure 

45. The restoration of nifedipine treatment for one month was 

associated with a marginal deterioration in glucose tolerance, Figure 

43, which was reflected by an increase in the area under the OGTT 

curve for both diabetic and non-diabetic patients, Figure 45. The 

deterioration in glucose tolerance seen in non-diabetic patients 

after the restoratiion of nifedipine treatment was not associated 

with any significant reduction in insulin levels, Figures 44 and 

45. Serum insulin levels of pooled patients, Figure 41, and diabetic 

patients, Figure 44, recorded during the oral glucose tolerance 

tests, tended to increase with each visit. On the other hand 

manipulation of nifedipine treatment ik non-diabetic patients did not 

significantly affect insulin levels recorded during the oral glucose 

tolerance tests, Figure 44, or the areas under the OGTT insulin 

curves, Figure 45. 

Discussion 

As expected nifedipine withdrawal caused a marginal increase in 

systolic blood pressure (457) which reached statistical significance 

only when patient data was pooled together. Nifedipine treated 

patients recruited into the study were generally mildy hypertensive 

and it may be that the withdrawal of nifedipine for one month was not 

sufficiently long enough to show a significant deterioration in the 

blood pressure when analysed by group. 
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The effect of long term nifedipine treatment (1st visit), 
subsequent withdrawal (2nd visit) and restoration of 
nifedipine treatment (3rd visit) on the oral glucose 
tolerance of pooled mildly hyperhypertensive patients 
with and without non-insulin dependent diabetes 
mellitus. (each point represents the mean of 12 
determinations. SEM omitted for clarity ). 
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Figure 41. 
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The effect of long term nifedipine treatment 
(1st visit), subsequent withdrawal ( 2nd visit) and 
restoration of nifedipine treatment (3rd visit) 
on serum insulin levels recorded during oral 
glucose tolerance testing of pooled mildly 
hypertensive patients with and without non- 
insulin dependent diabetes. (each point 
represents fhe mean of 12 determinations. SEM 

omitted for clarity }. 
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Figure 42. The effect of long ferm nifedipine treatment (1sf visit), 
subsequent withdrawal (2nd visit) and the restoration 
of nifedipine treatment (3rd visit) on the area under 
the OGTT and OGTT insulin curves of pooled mildly 
hypertensive patients with and without non- insulin 

dependent diabetes mellitus.( each block represents 
the mean value of 12 determinations + SEM ). 
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Figure 43. 

  

The effect of long term nifedipine treatment(1st visit), 
subsequent withdrawal (2nd visit) and restoration of 
nifedipine treatment (3rd visit) on the oral glucose 
tolerance of mildly hypertensive patients with and 
without non -insulin dependent diabetes mellitus 

(each point represents the mean of 6 determinations. 
SEM omitted for clarity ). 
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Figure 44. The effect of long term nifedipine treatment 

(1st visit), subsequent withdrawal (2nd visit) and 
restoration of nifedipine treatment (3rd visit) on the 
serum insulin levels recorded during oral glucose 
tolerance testing of mildly hypertensive patients 
with and without non-insulin dependent diabetes 
(each point represents the mean of 6 determinations. 
SEM omitted for clarity ). 
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Nifedipine withdrawal did not significantly influence fasting 

levels of either serum glucose or serum insulin. Despite an 

inexplicable increase in glycosylated haemoglobin, there was some 

indication of a marginal improvement in the already impaired glucose 

tolerance of diabetic patients but no real change in the glucose 

tolerance of non-diabetic patients. 

Previous studies have been unable to demonstrate an impaired 

glucose tolerance in normal individuals treated for three days with 

nifedipine (20 mg/day) (461) and to some extent the present work in 

consistent with the work of Giugliano and colleagues (98) who were 

unable to demonstrate any deterioration in glucose tolerance after 10 

days nifedipine (30 mg/day) treatment of patients with normal glucose 

tolerance. Restoration of nifedipine treatment was not accompanied 

by changes in either fasting glucose or insulin levels but there was 

some evidence for a deterioration in glucose tolerance in both the 

diabetic and non-diabetic groups. An aggravation of the impaired 

glucose tolerance of non-insulin dependent diabetic patients has been 

postulated after 10 days treatment with nifedipine (30 mg/day) (98) 

but this has not been confirmed by other studies involving the 

treatment of diabetic patients for significantly longer periods of 

time (464,465,470). Any nifedipine induced impairment of glucose 

tolerance could well be the product of a reduction in insulin 

release, since nifedipine is a calcium antagonist and this cation is 

known to play a major role in B-cell glucose stimulus insulin 

secretion coupling (480). Nifedipine might equally act by affecting 

either intra B-cell stores of calcium, the metabolism of glucose in 

islets or the transport of other cations across the B-cell membrane 

(481). 
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However, in the present work fasting serum insulin levels were 

not significantly influenced by manipulation “of = the, nifedipine 

treatment. Indeed the serum insulin levels recorded during the oral 

glucose tolerance tests of diabetic patients were significantly 

increased, even during the period of nifedipine withdrawal and could 

have accounted for the marginal improvement in glucose tolerance 

observed at that time. The aggravation of glucose intolerance 

observed in diabetic patients, after the restoration of nifedipine 

treatment, in the face of increased plasma insulin levels might 

suggest an overall reduction in insulin sensitivity. 

It is conceivable that any changes in the circulating insulin 

level observed after nifedipine treatment might be the consequence of 

vasodilatation-induced activation of the sympathetic nervous system 

(98). 

There is evidence to suggest that factors other than impaired 

insulin release may play a part in any nifedipine induced glucose 

intolerance. Particularly relevant would be raised plasma glucagon 

concentrations and the possibility of transient increases in plasma 

noradrenaline concentrations (482). 

It is clear that the effect of nifedipine on oral glucose 

tolerance and insulin release should be taken into account when the 

drug is used for the treatment of non-insulin dependent diabetic 

patients with coronary heart disease and a limited capacity to 

secrete insulin, since any further deterioration in glucose tolerance 

produced by the drug may be harmful. 
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CHAPTER FIVE 

Effect of Dietary Fibre (Guarem) on Insulin Receptor Binding to: 

A) Erythrocytes from Poorly Controlled Non-insulin Dependent 

Diabetics and B) Subcutaneous Adipocytes from Genetically Obese 

Diabetic (ob/ob) Mice. 
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Introduction 

The term di etary fibre was first coined by Hipsley in 1953 to 

describe the components derived principally from plant cell walls in 

foods (382). Trowell subsequently used the term to describe those 

components of the cell walls of plants which were not digested in the 

small intestine of man (383). Trowell concluded that these 

components were protective against ischaemic heart disease and might 

have some use in the treatment of diabetes mellitus (384). Dietary 

fibre is a complex mixture and its composition will vary according to 

the type of food or diet in question. Polysaccharides and lignin of 

plant cell walls do not contain@-glucosidic bonds and this principal 

chenical feature distinguishes them from the other major 

polysaccharide in food, starch. This distinction is crucial because 

‘the endogenous secretions of the mammalian gastrointestinal tract 

only contain enzymes that hydrolyse @ -glucosidic bonds. The 

polysaccharides of the plant cell wall are therefore not hydrolysed 

and are equivalent to the carbohydrates which MG alee and Lawrence 

(385) described as unavailable. The non-structural polysaccharides 

include pectin and cellulose deriviatives and a range of gums which 

may be either exudate gums (e.g. gum arabic) or storage poly- 

saccharide gums (e.g. guar) (386). 

Guar gum is a gel-forming galactomannan, a storage poly- 

saccharide obtained from the cluster bean (Cyamopsis tetragonaloba) 

grown in India. The mature bean is used as cattle food in India 

(387), while in the United Kingdom, it is aoe as a food additive, a 

stabiliser in ice cream and a thickener in sauces. 

It has been reported that guar acts by slowing up the rate at 
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which carbohydrates are digested and absorbed in the intestine, 

although the way it carries this out is not fully understood. Most 

dietary carbohydrate is eventually turned into glucose by the body 

and guar supplementation of ene diet can slow up the rate at which 

glucose arrives in the blood stream (388). The mechanisms by which 

guar is believed to act remain controversial. One hypothesis has 

suggested that guar acts by delaying gastric emptying, hence slowing 

the delivery of carbohydrates to the small intestine (313,389). In 

support of this hypothesis was the observation that viscous 

polysacchardies such as guar slow gastric emptying in man (390) and 

rats (391). In the pig, guar has been shown to have little effect on 

gastric emptying when given at levels known to reduce blood glucose 

levels in man (392). Recently Blackburn and coworkers (388) have 

demonstrated that the incorporation of guar into a hypertonic glucose 

drink significantly reduced postprandial blood glucose and insulin 

levels and in most subjects delayed the rate of gastric emptying. 

However, blood glucose levels were even reduced in patients whose 

gastric emptying was accelerated by guar (388). In addition no 

correlation was found between the change in the rate of gastric 

emptying induced by guar and the change in the peak increase in blood 

glucose concentration, suggesting that delayed gastric emptying was 

not the most predominant mechanism by which guar improved glucose 

tolerance. An alternative hypothesis based on the results of studies 

carried out in rats suggested that guar improved glucose tolerance by 

reducing the rate at which glucose was absorbed from the small 

intestine (292,393). This could be effected either by forming an 

intraluminal gel and delaying glucose absorption (394) or by 

increasing the resistance to diffusion of the intestinal unstirred 
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water layer (395) or even by inhibiting the effects of intestinal 

motility on fluid convection (388). The observation that plasma 

insulin levels were lowered by guar indicated that improved glucose 

tolerance was not due to an enhanced insulin response and instead may 

be related to a reduction in glucose absorption. It has been 

confirmed that guar exerts its effects on postprandial insulin levels 

by forming intra-luminal gels in the small intestine causing a delay 

in glucose absorption (396). However, several gastrintestinal 

hormones, notably gastric inhibitory polypeptide (GIP) and gut 

glucagon-like immunoreactivity (GLI) have been shown to stimulate 

insulin release (397). Several workers have suggested that the 

decrease in insulin levels after guar may be due to a reduction in 

the release of gastric inhibitory polypeptide from the duodenum and 

jejunum (398). Such a reduction in serum gastric inhibitory 

polypeptide concentration might enhance the hepatic disposal of 

glucose since gut hormones belonging to this family have been 

suggested to share some of the anti-insulin actions of glucagon on 

hepatic glucose metabolism (398). 

Several approaches have been used to study the effects of 

dietary fibre on glucose metabolism in non-insulin dependent diabetic 

patients. Jenkins and colleagues (399) have investigated the effect 

of adding highly purified guar to the usual diets of non-insulin 

dependent diabetic patients and have also examined the effect of 

substituting commonly available foods rich in dietary fibre for low 

fibre items in the diet (400). 

The possibility that dietary fibre could play a role in the 

management of diabetes was first suggested by Trowell (384). He 

indicated that primitive societies, such as those found in Uganda and 
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other developing countries consumed diets containing more “dietary 

fibre" and less refined carbohydrate (as sucrose) than Western 

communities (401). Members of these primitive societies rarely 

suffered from diabetes. As these countries became ca developed and 

westernised, the prevalence of diabetes began to increase, and 

Trowell suggested that this trend was related to parallel changes in 

diet (401). The link between fibre and non-insulin dependent 

diabetes has been strengthened by the many well documented studies 

(399,400) demonstrating that fibre intake has therapeutic benefits 

for diabetic patients. Jenkins and coworkers (402) showed that gel- 

forming fibres like guar gum were more potent in preventing a rise in 

the blood glucose level following an oral glucose load, than the non- 

gelling fibres like bran. Studies have confirmed that, while the 

addition of guar gum to test meals improves glucose tolerance in both 

diabetic and normal subjects, non-viscous forms of dietary fibre such 

as bran are without effect (399,402). Preliminary results using the 

euglycaemic glucose clamp techniques support the concept of an effect 

of dietary fibre on the insulin response (403). An increased intake 

of high carbohydrate fibre with the diet has been found to improve 

glucose control in insulin dependent diabetics and/or lower the 

insulin requirement (404). Jenkins and colleagues have shown that 

meals rich in guar and pectin will reduce hyperglycaemia and improve 

glucose tolerance in normal and diabetic subjects (61,399,424). The 

addition of dietary fibre to the diet has been shown to improve non- 

insulin dependent diabetes by decreasing the fasting level of plasma 

glucose (405,406), improving the intravenous insulin tolerance (406) 

and decreasing the urinary excretion of glucose (406,407). The 

effect of a variety of dietary fibre materials including guar, pectin 

- 207 -



and gum tragacanth have been investigated on oral glucose tolerance 

in normal subjects. The additiion of each substance significantly 

reduced blood glucose levels at one or more time points and generally 

reduced the serum insulin concentration (402). Jenkins and 

colleagues (408) also developed a crispbread preparation containing 

guar gum. When insulin-dependent diabetic patients consumed 14 and 

26g of guar per day in this form they required less insulin and 

showed a lower incidence of glycosuria with no adverse effects on 

mineral metabolism (409). The addition of guar to test meals 

consumed by non-insulin dependent diabetic patients significantly 

reduced the rise in blood glucose normally observed during the first 

2 hours of an OGTT and depressed serum insulin levels over the same 

time period (399). In experiments with normal subjects, the results 

were not so clear cut. The addition of guar to a test meal of bread 

and marmalade did decrease the postprandial blood glucose and insulin 

levels of normal patients for a short time (61). Similar 

observations have been made by Goulder and colleagues (394). In 

addition guar gum supplementation led to a significant reduction in 

both basal and postprandial hyperglycaemia and insulin levels in non- 

insulin dependent diabetics receiving no oral hypoglycaemic therapy 

(407). Three months treatment of mildly hypertensive diabetic 

patients with a high fibre diet, guar bread or granulated guar 

produced a significant reduction in glycosylated haemoglobin (HbA1) 

indicating an overal improvement in diabetic control (66,416). 

It is well established that obese non-insulin dependent diabetic 

patients have considerably higher insulin levels than normal weight, 

normoglycaemic individuals (410). Weight reduction is therefore one 

of the cornerstones in the treatment of the often overweight non- 
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insulin dependent diabetic patient. However, there is evidence to 

suggest that fibre treatment can improve glucose control in 

diabetics even in the absence of any weight reduction (411). 

Dietary fibre might contribute directly to weight reduction by 

creating a state of satiety. There are ‘scbonl important aspects 

involving hunger and satiety regulation which may be influenced by 

the fibre content of food (412). Increased disbary fibre content 

leads to a calorie dilution of the food, as the availability of 

calories in fibre is poor. Dietary fibre supplements have been shown 

to reduce hunger and increase satiety (403). There appears to be a 

difference in this regard between the gelling and the non-gelling 

fibres. Krotkiewski has recently shown that guar taken before main 

meals leads to a more significant reduction in hunger than wheat bran 

taken in the same way (412). The average weight reduction tended to 

be greater with guar supplement than with wheat bran. Furthermore, 

Tuomilehto and colleagues have shown that the daily ingestion of 15g 

of guar gum results in a permanent weight loss (413). Other workers 

have shown that guar gum supplementation does not reduce the body 

weight of either obese healthy subjects (414) or non-insulin 

dependent diabetics (407). In rats, guar supplementation does not 

affect the normal rate of body weight gain (415). 

Vascular disease and coronary artery disease are the major 

causes of the reduced life expectancy of non-insulin dependent 

diabetics, Hypercholesterolaemia, high concentrations of low density 

lipoproteins (LDL) and hypertriglyceridaemia have been linked with 

vascular disease, particularly, coronary artery disease (381). The 

risk of disease increases with increased blood cholesterol levels. 

The concentration of high density lipoproteins (HDL) appears to be 
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inversely associated with the risk of coronary artery disease 

Boop se The changes seen in plasma lipids and lipoproteins in normal 

subjects and in non-diabetic hyperlipidaemic patients in response to 

various dietary manipulations may be difficult to interpret, owing to 

alterations in other variables such as calorie intake, weight and 

compliance with therapy. In non-insulin dependent diabetic patients 

such studies have the added problems of variations in blood glucose, 

insulin, metabolites and the possibility of oral hypoglycaemic 

therapy. The hypolipidaemic effects of high fibre diets in normal 

non-diabetic subjects has been examined by several groups (66,406). 

In these studies the diet was supplemented with various types of 

fibre at doses of between 5 and 100g per day and included wheat bran, 

carrot, cabbage, citrus pectin and guar gum (417). 15-40 g of guar 

gum per day for periods of 2-8 weeks significantly reduced the serum 

cholesterol levels of both normal subjects and hyperlipidaemic non- 

insulin dependent diabetic subjects (418). Guar gum supplementation 

in non-insulin dependent diabetics caused a significant decline in 

the serum cholesterol level (407,414) without a change in serum 

triglyceride (414). Peterson (416) has reported that fasting 

triglycerides fall significantly in patients on guar gum and the most 

striking improvement was a reduction in total cholesterol. 

Furthermore, the reduction in the cholesterol level was almost 

exclusively due to a fall in low density lipoprotein cholesterol, as 

the high density lipoprotein cholesterol fraction did not change 

throughout (416). On the other hand Tuomilehto and coworkers (413) 

have been unable to demonstrate consistent changes in either serum 

cholesterol, triglycerides or HDL cholesterol in hyper- 

cholesterolaemic female patients taking guar gum. A change in body 
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weight has been suggested to cause changes in serum lipid levels 

(419). Guar gum incorporated into hypercholesterolaemic rat diets 

significantly lowered serum cholesterol (415), liver cholesterol and 

total liver lipid (420) but fasting plasma triglycerides were not 

affected (415). 

The available data on the use of dietary fibre in obesity and 

non-insulin dependent diabetes mellitus have strongly suggested that 

the reported improvement in glucose tolerance is mainly brought about 

through a reduction in insulin resistance. A high fibre diet has 

been shown to be associated with an increased tissue sensitivity to 

insulin. Increased insulin binding to circulating monocytes and a 

25% increase in the number of insulin receptors on monocytes has been 

denonstrated in adult insulin dependent diabetic patients on high 

fibre diets (422). Feeding insulin-dependent diabetics with a low- 

fat/high-starch/high-fibre diet for 4 weeks was accompanied by a 

significant rise in monocyte insulin bidning with no change in 

insulin binding to erythrocytes (423). Increased insulin receptor 

binding to adipocytes and monocytes but not erythrocytes has also 

been observed in non-insulin dependent diabetic patients fed low- 

fat/high-starch/high-fibre diets (406). : 

Guar supplementation does not appear to affect serum calcium 

concentration, but there is evidence to suggest that the urinary 

excretion of calcium may be reduced (407). 

The quality and content of the galactomannan polysaccharide in 

guar gum can vary dramatically and depends upon the method of growth, 

final extraction and purification of the guar. The viscosity of the 

hydrated guar is important, because this property influences its 

clinical effectiveness. It is therefore vital to characterise 
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accurately the preparation used in any experimental work. Any delay 

in the rate of development of viscosity on hydration of a guar 

preparation may mean that the improvement in postprandial blood 

glucose and insulin levels will be missed and therapeutic effects 

attemated. Highly viscous guar preparations are the most clinically 

useful but unfortunately they are also the least palatable. There is 

also evidence that the intimate mixing of guar with food is required 

for the maximum effect on blood glucose and insulin levels (483). At 

present, guar can be considered as a granular drug or a food product, 

bread being one possible future vehicle for its administration 

(408). The quantities of guar used in early investigational studies 

were very large (40g per day). It is now known that as little as 

2.5g of guar incorporated into a test meal is just as effective as 

these larger doses (425). The dose and form of administration of guar 

has been investigated using bread and soup test meals (426). Guar 

was most active in modulating blood glucose and serum insulin levels 

when it was taken rapidly suspended in liquid. 

The first part of the present study (Part A) was initiated to 

investigate whether guar faa Remeda Pharmaceuticals, Kuopio, 

Finland) was an effective and acceptable form of treatment for poorly 

controlled non-compliant non-insulin dependent diabetic patients. 

This study involved the determination of erythrocyte insulin receptor 

status, oral glucose tolerance, plasma glucose, insulin and calcium 

concentrations, body weight, blood pressure and a biochemical profile 

including glycosylated haemoglobin (HbA1). This work was accompnaied 

by animal study (part B) involving the effect of guarem on adipocyte 

insulin receptor binding, body weight, blood glucose, insulin and 

calcium levels of genetically obese diabetic (ob/ob) mice from Aston 

colony. 
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Materials and Methods 
  

Part A: The effect of guarem on erythrocyte insulin receptor binding 

in poorly controlled non-insulin dependent diabetics. 

Patients: 

Patients with poorly controlled non-insulin dependent diabetes 

and a history of non-compliance were recruited from the Diabetic 

Clinic at Dudley Road Hospital, Birmingham. All patients were less 

than 65 years of age and more than 110% ideal body weight with poor 

glycaemic control over the last three clinic visits i.e. with a 

clinic blood glucose of >9.9 mmol/l and a HbA1 level greater than 

11%. As far as possible, patients were dietary controlled throughout 

and only postmenopausal women were selected to avoid the effect of 

the menstrual cycle on insulin receptor binding. Baseline recordings 

were made at the initial clinic visit. Patients presented at 09.00 

hours in the clinic after a i2 hour overnight fast and the following 

parameters were determined dietary intake, oral glucose tolerance, 

body weight and blood pressure (taken seated using a Hawksley random 

zero sphygmomanometer). Venous blood was taken for insulin receptor 

binding, serum was separated for glucose and insulin and whole blood 

was taken for the determination of glycosylated haemoglobin (HbA1) 

and the biochemical profile. Details of the oral glucose tolerance 

test and biochemical determinations have been described previously, 

pages 119 and 120, respectively. Studies were initially performed on 

a total. of 8: patients “out. only”. 7 completed the. study, ~5 

postmenopausal women and 4 men, average age 58 + 4.2 years. 
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Study protocol: 

At the first clinic visit, diet or oral hypoglycaemic therapy 

was maintained and patients were reviewed one month later providing a 

second baseline recording. 

Guarem treatment commenced at the second visit and patients were 

maintained on the agent for one month. The subjects were asked to 

take one sachet (5g) of the gramules in 200 ml of flavoured water 

just prior to each main meal. The drink was consumed within 1-2 

mimutes prior to gelling (total dose 15g per day). 

Patients were then reviewed after one month (providing the first 

treatment recordings) and subsequently asked if they would like to 

continue with guarem treatments. Any subjective opinions of the 

patients were recorded (i.e. horrible, distasteful, unsociable etc.). 

Erythrocyte insulin receptor binding was determined by the 

method of Gambhir and colleagues (121). Non-specific binding in the 

presence of an excess of unlabelled insulin (10? ng/ml) averaged 14% 

of the total insulin binding. 

The effect of guarem treatment on the percentage degradation of 

1257_ingulin by isolated erythrocytes from non-insulin dependent 

diabetic patients was determined as described previously, page 110. 

Part B: The effect of guarem administration on adipocyte insulin 
  

receptor binding in genetically obese diabetic (ob/ob) mice. 

Animals: 

Obese hyperglycaemic mice of both sexes (mean body weight 90.1 + 

2.4 g, and mean age 19.2 + 0.5 weeks) from the Aston colony were fed 

a standard pellet diet (Heygate and Sons Ltd., Northampton, U.K.) and 

tap water ad libitum . 
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Technique for the administration of guaran. 
  

Guarem was rapidly administered orally as a suspension in water 

with the aid of a 2ml syringe connected to a sterilised bent serum 

needle with a small bubble of epoxy resin on the end. The needle was 

gently eased down the pharynx of the mouse and the dose of guarem 

expelled into the stomach. Generally a guarem dose sufficient for 

six mice was made up and maintained in suspension with the aid of a 

magnetic stirrer. Hach mouse received its dose of guarem in a final 

volume of 0.5 ml of double distilled water. 

Experimental protocol for animal studies. 
  

Initial experiments were carried out to determine the optimal 

dose and exposure time for guarem treatment. Assessment was made of 

body weight, plasma glucose, insulin and calcium after 4 days 

treatment with a range of guarem concentrations (1.1 - 19.3 mg/day) 

as summarised in the experimental protocol below: 

Experimental protocol 

  

  

  

Obese mice Time of Parameters Concentration gm/70 kg 
exposure measured of guaren human 

(mg/day) equivalent 

12 Body weight 
Mean age 18.91 + Plasma: 
0.62 weeks 4 days glucose 19.3 15/70 
Mean body weight insulin 
91.6 + 2.46g) Cam 

16 Body weight 
Mean age 18.06 + Plasma: 
0.47 weeks 4 days glucose 
Mean body weight insulin 
82.6 + 5.12) ta 
Split into 4 
dosage groups 

4 9.1 8/70 

4 4.6 4/70 
4 205 2/70 

4 eo 1/70 

- 215 -



In a second series of experiments the time of exposure was 

reduced to 2 days and obese mice were administered either a low dose 

of guaren (2.3 mg/day) or a high dose of guaran (19.3 mg/day). 

Assessment was made of body weight, plasma glucose, insulin, calcium 

and insulin receptor binding using adipocytes from the subcutaneous 

femoral region of obese mice. 

Isolated fat cells were prepared according to the method of 

Pedersen and colleagues (130) as described previously (page 89). 

Insulin receptor binding data were analysed by the method of 

Scatchard (267) and interpreted using both the two class model and 

the negatively cooperatively model of insulin receptor binding (page 

102 for details). Binding was expressed in terms of the 

concentration of receptor per cell and per square micrometer of the 

cell surface area (pm). Non-specific counts (10? ng/ml) were 

substracted from total to provide the amount of 1257 insulin 

specifically bound. 

1257 _insulin degradation by isolated adipocytes and fat segments 

from low and high guarem treated obese mice was estimated in the 

presence and absence of a high concentration of unlabelled insulin 

(10° ng/ml) (see pages 111 and 112 for details). 

Results 

A) Clinical study 

The effect of guarem treatment for 1 month on the plasma 

glucose, insulin, calcium, general biochemistry and blood pressure of 

non-insulin dependent diabetics has been summarised in Table 19. All 

patients maintained their body weights throughout the study. Guarem 
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Table 19. The effect of guarem treatment for one month on poorly 

controlled non-insulin dependent diabetics (mean values 

+ SEM). 

  

Body weight (kg) 

Plasma glucose level (mmol/1) 

Plasma insulin level (nU/m1) 

Glycosylated haemoglobin (2%) 

Cholesterol (mmol/1) 

Triglycerides (mmol/1) 

Urea (mmol/1) 

Uric acid (mmol/1) 

Sodium (mmol/1) 

Potassium (mmol/1) 

Calcium (mmol/1) 

Systolic blood pressure (mmHg) 

Diastolic blood pressure (mmHg) 

  

Third visit 

First visit Seco nd (1 month 
(lst base- visit (2nd guarem 

line) baseline) treatment) 

86.7 + 5.3 88.1+ 6.7 88.4 + 6.9 

10.4 + 1.3 166 + 007 S.f +O 

48.2 + 8.6 4052 # 9.9 2358 + 6.5+ 

13.8 + 0.8 13.0 +:0.7 ed & Ost 

6.1 + 0.4 G.l + 0.6. 3.6 +06 

1.8 + 0.3 1.4 + 0.3 1.4 + 0.3 

5-8 + 0.6 5.6 + 0.6 Sel + 047 

0.231 + 0.03 0.232 + 0.03 0.214 + 0.04 

T37 a7 + 150° T3986 RISO 13/564 1a 

4.4 + 0.2 4.5 + 0.3 4.4 +0.1 

2.4 + 0.04 2.34 0.08 2.2 + 0.04 

140 + 7.9 146.7 + 4.4 138.3 + 18.6 

76.8) +°14.3.° Glee + 10.9 Sis7 47753 

  

* 

  

p < 0.05 compared with second visit. 

+ p< 0.05 compared with first and second visits. 

ro a



  

treatment significantly lowered plasma glucose and insulin levels, 

Table 19 and marginally improved oral glucose tolerance, Figure 46. 

Guaren treatment had no significant effect on either blood pressure 

or the various components of the biochemical profile. 

In addition, guarem treatment had no significant effect on 

either erythrocyte insulin receptor binding, Table 20, or on the 

total amount of insulin bound in the presence of a range of low and 

high insulin concentrations, Figure 47. Competition-inhibition 

curves for insulin binding to erythrocytes were nonlinear, Figure 48. 

All treatments caused a displacement of bound 1257_snsulin as the 

concentration of unlabelled insulin increased. Analysis of the data 

by this method was not dependent on the maximum binding capacity (Ro) 

and reflected receptor affinity at physiological insulin 

concentrations. Guaren treatment did not significantly affect 

receptor affinity, Table 20 and Figure 48, and this observation was 

supported by the non-linear parallel Scatchard plots of the insulin 

seadins data, Figure 49, indicating no change in either insulin 

receptor concentration or affinity. 

Guaren treatment did not significantly affect the percentage 

degradation of 1257 insulin by isolated erythrocytes from non-insulin 

dependent diabetic patients whether estimated in the presence or 

absence of unlabelled insulin. 

-B) Guarem treatment of obese mice. 

The treatment of obese mice with a high concentration of guarem 

(human dose equivalent) for four days produced a high mortality 

(50%). In surviving animals the body weight, plasma glucose and 

plasma insulin levels were significantly reduced after guaran 
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| Figure 46. ‘The effect of guarem ireatment on the 75g oral 
glucose tolerance of poorly controlled non-insulin 

cependent diabetics. (mean of 7 determinations + SEM}, 
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treatment, Table 21, although plasma calcium levels remained 

unchanged. Postmortem examination of animals that had died during 

guaran treatment showed evidence of intestinal blockage, large 

amounts of stomach gas, enhanced bile production and morbidity of the 

small intestine. 

When obese mice were treated for four days with a range of lower 

guaren concentrations, Table 22, body weights were significantly 

reduced. In addition plasma glucose was decreased after treatment 

but only achieved statistical significance with guarem concentrations 

of 4.6 and 2.3 mg/day. Plasma insulin levels tended to decrease 

after guaren treatment but did not achieve statistical significance. 

The treatment of obese mice for 2 days with low and high 

concentrations of guarem significantly lowered both the body weight 

and plasma glucose levels of obese mice, Table 23. However, only the 

high concetration of guarem significantly lowered the plasma insulin 

level. Plasma calcium levels were not affected by guarem treatment, 

Table 23. The mean adipocyte diameter was significantly reduced when 

obese mice were treated with a high concentration of guarem for 2 

days, Table 24A. 

The low concentration of guarem had no significant effect on 

either adipocyte insulin receptor concentration or affinity, Tables 

244 and B. This observation was supported oy the similarity in the 

binding curves obtained, Figure 50. Seatchard analysis of the 

binding data generated similarly shaped curviliner plots, Figure 

51. Since the slopes of the Scatchard plots at the same fractional 

occupancy were not significantly different there appeared to be no 

change in adipocyte insulin receptor affinity when obese mice were 

treated with a low concentration of guarem. The high concentration



Table 21. The effect of four days high guarem treatment (19.3 mg/day) on the. 
body weight, plasma glucose, plasma insulin, and plasma calcium 

levels of obese mice (mean values + SEM). 

  

Body weight (g) 

Glucose level 

(mmol1/1) 

Insulin level 

( ng/ml) 

Calcium level 

(mmo 1/1) 

  

Values for all Pretreatment Values for 

n obese mice n values for n obese mice 

before guarem sur vi vi ng after guarem 

treatment obese mice treatment 

13 91.6 + 2.46 6 88.9 + 3.81 6 50.1 $5.53) + 

gis 24.1 + 1.64 6 22-1 +-1.88 6 12.30 2:399 “E¥ 

13 47° OL a 333 6 48.9 + 7.81 6 29.88 + 6.74 + 

3 2.0420 0.04 6 2.460 + 0.05 6 2.625 +:.0..05 

  

* p< 0.05 compared with pretreatment values of surviving obese mice. 

+ p< 0.05 compared with values for all obese mice before guarem 
treatment. 

= 225s
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Figure 50. Binding curves for obese mouse adipocytes. Data 
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of guarem had no effect on adipocyte insulin receptor concentration 

whether expressed per cell or ym? of cell surface area, but 

significantly increased both the percentage of insulin specifically 

bound to adipocytes and the values for the receptor affinity 

constants ie; Ke and x. Table 244A and B. In the presence of low 

insulin concentrations (0-10 ng/ml) the ability of adipocytes from 

obese mice treated with the high concentration of guarem to 

specifically bind insulin was significantly increased compared with 

adipocytes from untreated control obese mice, Figure 50. However, no 

change in the specific insulin binding to adipocytes from obese mice 

treated with high concentration of guarem was observed in the 

presence of high concentrations of insulin (200-500 ng/ml), Figure 

50. These observations suggest that the increased adipocyte insulin 

binding resulting from the treatment of obese mice with a high 

concentration of guaren was not due to a change in receptor number 

but rather to an increase in receptor affinity. This observation was 

also supported by the Scatchard plots obtained, Figure 51. At the 

same fractional occupancy two upwardly concave curves were obtained 

with different slopes and different origins from the bound/free axis 

but both intersected the abscissa at almost the same point. 

When the effects of low and high guarem concentrations on 

insulin receptor binding were compared, the percentage of insulin 

specifically bound to adipocytes was significantly higher after 

treatment with the high guarem concentration, Table 24A, and this was 

due to an increase in adipocyte insulin receptor affinity, Table 24B, 

Figures 50 and 51 with no effect on insulin receptor concentration. 

The effect of treating obese mice with low and high concen- 

¢ 1257. trations of guarem on the percentage degradation o insulin by 
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isolated adipocytes and isolated fat segments has been summarised in 

Table 25. Fat segments produced a significantly greater degradation 

of '25t-insulin than isolated adipocytes. The addition of a high 

concentration of unlabelled insulin (10? ng/ml) significantly reduced 

1257_ansulin degradation by both adipocytes and fat segments. Guaren 

treatment had no significant effect on the degradation of 1257. 

insulin by either adipocytes or fat segments. The percentage of 

1257_insulin degradation by both adipocytes and fat segments from 

guaren treated obese mice was not significantly affected by the 

addition of 10? ng/ml of unlabelled insulin. 

Discussion 

The treatment of poorly controlled non-insulin dependent 

diabetics with guarem for one month did not significantly alter their 

body weight. This observation is at variance with the results of 

studies by Tuomilehto and colleagues who showed that the daily 

ingestion of 15g of guarenm by female hypercholesterolaemic patients 

resulted in a permanent reduction in body weight (413). On the other 

hand the present results are consistent with studies carried out by 

several other groups who have been unable to demonstrate a reduction 

in body weight in healthy obese and non-insulin dependent diabetic 

patients treated with guar gum (414,429). 

Treatment of obese mice with relatively low concentration of 

guaren produced a significant reduction in body weight. However in 

this case the guar may have been having a toxic rather than 

physiological effect. It is clear that man and obese mice deal with 

guaren in different ways. In man guarem is not broken down to any 
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extent in the small intestine but is thought to be fermented by the 

bacterial flora of the lower bowel producing excessive amounts of gas 

- an unsociable side affect of guarem consumption. Obese mice 

clearly utilise guarem differently, fermenting it in the stomach and 

duodenal regions producing excessive stomach gas. Also because of a 

reduction in motility the intestine of the obese mouse cannot cope 

with solidified guarem and is prone to blocking. The back pressure 

caused by blockage presumably ruptures the gall bladder and leaking 

bile then permeates the majority of the viscera. Obese mice 

therefore lose weight essentially by starvation with a high mortality 

rate. 

In the present study as far as patient acceptability was 

concerned, few patients were prepared to continue guarem treatment 

longer than one month complaining of nausea, vomitting, "horrible 

taste", “feeling bloated" and excessive gas production. The 

treatment of non-insulin dependent diabetics with guarem 

significantly reduced fasting plasma glucose and plasma insulin 

levels and marginally improved oral glucose tolerance although in 

this case statistical significance was not achieved. Similar effects 

on plasma glucose (405-407) and plasma insulin (388,430) have been 

well documented, although Karlstrém and colleagues were unable to 

demonstrate a reduction in the plasma insulin concentration in non- 

insulin dependent diabetic patients after supplementation of the diet 

with guar (405). 

The treatment of obese mice with relatively high concentrations 

of guarem also resulted in a reduction in both plasma glucose and 

plasma insulin levels. The mechanism by which guarem gelation lowers 

the blood glucose and insulin levels probably involves a reduction in 
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glucose absorption in the small intestine. This may be effected by 

an increase in the dimension of the unstirred layer and a 

compensatory reduction in insulin release facilitated by a reduction 

in the release and effectiveness of insulinotropic gastrointestinal 

hormones, i.e. GIP associated with the enteroinsular axis. It has 

been suggested that the release of GIP from the gut in response to 

oral glucose may be regulated by the rate of absorption of glucose 

(431). The postprandial secretion of GIP has been shown to de 

reduced by the addition of guar to test meals, a possible mechanism 

being a reduction in the rate of absorption of mutrients (397,398). 

In these studies both GIP and gut glucagon-like immunoreactivity 

(GLI) were shown to stimulate insulin release in the presence of 

hyperglycaemia. Therefore, it seemed probable that the reduction in 

the insulin response to test meals by the addition of guar was at 

least in part due to diminished gut hormone secretion (398). 

Whether the drects, of guarem described above could have been 

facilitated by a delay in the rate of gastric. emptying, slowing the 

delivery of carbohydrates to the small intestine, seems unlikely. 

Studies carried out in rats using sacs rings (432) and perfused 

loops of intestine in vivo (393) strongly suggest that solutions of 

guar and other viscous polysaccharides inhibit intestinal glucose 

absorption either by forming an intraluminal gel (394) or by 

increasing the resitance to diffusion of the intestinal unstrirred 

water layer (395). Blackburn and colleagues have suggested that 

viscous polysaccharides such as guar reduce the rate of glucose 

absorption across the small intestine by impairing the convective 

functions of gastrointestinal motor activity (388). Under normal 

circumstances it has been suggested that convection currents, induced 
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by intestinal movements, are largely responsible for bringing 

nutrients from the bulk phase to the epithelial surface, with 

diffusion playing an important role only in the unstirred region just 

adjacent to the epithelium (388). Viscous solutions probably reduced 

the access of nutrients to the epithelium by inhibiting convective 

solute movement within the lumen of the intestine. In the present 

study guaren treatment had no significant effect on the plasma 

calcium levels of either poorly controlled non-insulin. dependent 

diabetics or obese hyperglycaemic mice and these observations were 

consistant with previous studies carried out in man (407). A 

reduction in diastolic blood pressure has been reported in non- 

insulin dependent diabetic patients during guar gum supplementation 

(414). However, this observation was not confirmed by the present 

study. In addition, guarem treatment did not significantly effect 

the serum levels of cholesterol and triglycerides confirming the 

previous observation of Tuomilehto and colleagues (413). However, in 

rats there is some evidence to suggest that extended guarem treatment 

does lead to a reduction in serum cholesterol levels (415,420). 

There is a wealth of evidence to show that diet greatly 

influences cellular insulin binding (406). Insulin sensitivity had 

been shown to be enhanced in patients on high fibre diets due largely 

to an increase in cellular insulin receptor binding. In the present 

work guaren treatment of poorly controlled non-insulin dependent 

diabetic patients did not significantly effect erythrocyte insulin 

receptor concentration or affinity. It may well have been that 

guaren treatment for one month was too short a time period for the 

rather slowly responding erythrocyte insulin receptor model. 

Nevertheless, previous studies have also been unable to demonstrate 
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an effect of low-fat/high-starch/high-fibre diet on erythrocyte 

insulin receptor binding in insulin dependent (423) and non-insulin 

dependent (406) diabetic patients. In contrast to the present 

studies using erythocytes, increased insulin receptor binding to 

monocytes and adipocytes has been demonstrated for both insulin 

dependent and non-insulin dependent diabetic patients treated with 

high fibre diets. 

In obese mice, treatment with a low guarem concentration had no 

significant effect upon adipocyte insulin receptor concentration or 

affinity. However, treatment with a high concentration of guaran 

resulted in a significant reduction in iteeite diameter and 

improvement in insulin receptor affinity. The improvement in insulin 

receptor affinity may have been the result of the marked reduction in 

body weight. A positive correlation exists between adipocyte size 

and body weight in the rat (433). Furthermore, weight loss has been 

associated with a rise in cellular insulin binding in both man (330) 

and rat (302). 

The treatment of obese mice with gaurem had no significant 

effect upon the inate capacity of either isolated adipocytes or fat 

segments to degrade insulin. In addition isolated subcutaneous 

adipocytes from obese mice treated with a high concentration of 

guarem bound more 1257_insulin when exposed to low concentrations of 

insulin (0-10 ng/ml), than adipocytes from either untreated control 

mice or mice treated with a low concentration of guaran. In the 

presence of higher concentrations of insulin (200-500 ng/ml), 

treatment with high concentration of guarem did not significantly 

influence 1257 ansulin binding. This suggested that treatment with 

high concentration of guaren significantly increased adipocyte 
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insulin receptor affinity. It is now well established that Scatchard 

analysis of adipocyte insulin receptor binding is characterised by 

curvilinear (upwardly concave) plots that result from binding site 

heterogeneity (132), negative cooperativity (312) and perhaps a 

combination of the two (434). In the present study with obese mouse 

adipocytes a difference in insulin receptor binding affinity was 

established using nonlinear least squares curve fitting of the 

Scatchard plots. Assuming a two-site model, the differences in the 

shapes of the curvilinear Scatchard plots were consistent with 

differences in adipocyte insulin receptor affinity. Differences in 

affinity were also confirmed from the slope of the line joining the 

B/F axis for that occupancy to the Ro intercept on the abscissa (the 

maximum binding capacity). The mechanism by which guarem treatment 

might increase adipocyte insulin receptor affinity is at 

understood. However, a reduction in the circulating insulin level 

(435) might explain the observed increase in receptor affinity. 

Insulin receptor affinity has been shown to be regulated by rapid 

fluctuations in insulin levels (334) and a reduction in plasma 

insulin concentrations may be the major influence regulating acute 

changes’ in receptor affinity. If this is true then modulation of 

insulin receptor affinity might best be considered as a post-receptor 

event analogous to insulin-induced down regulation (436). It should 

be pointed out that there are other examples where the affinity of 

the receptor for insulin has been regulated widely under biologically 

relevant conditions. Occupancy of only a small number of adipocyte 

receptor binding sites by insulin has been suggested to produce a 

marked fall in the affinity of all of the receptors because of 

negatively cooperative site-site interactions among the receptors 
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(229,312). Fluctuations in pH within the physiological range have 

also been shown to produce major changes in receptor affinity (196) 

and it is important to emphasise that receptor concentration as well 

as receptor affinity, are probably subject to numerous potential 

influences, including the effects of other hormones, metabolic 

alterations such as acidosis or ketosis and dietary composition 

(196). 
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CHAPTER SIX 

Insulin Receptor Binding and Insulin Action in 

Abdominal Fat of Lean Mice and Abdominal 

and Subcutaneous Fat of Genetically Obese 

Diabetic (ob/ob) Mice. 
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Introduction 

Obese mouse adipose tissue, although not resistant to the 

metabolic effects of insulin shortly after birth, becomes so with the 

full-blown expression of obese-hyperglycaemic syndrome (439). The 

body weight of the adult ob/ob mouse exceeds that of its lean 

littermate by more than two-fold and this difference is reflected in 

a markedly increased adipocyte cell size and a slightly increased 

adipocyte number (440). The cause of insulin resistance in the obese 

mouse has not proved easy to define, but since insulin resistance is 

a relatively early feature of the syndrome, the factor(s) 

responsible for its development may be of primary importance. 

Moreover, tissue resistance to the action of insulin underlies the 

manifest symptoms of non-insulin dependent diabetes mellitus in man, 

and it is therefore possible that the primary abnormality or 

abnormalities in question are associated with the link between 

obesity “nh diabetes. Gemth and colleagues (441) suggested that 

insulin resistance was not likely to be the basic genetic abnormality 

in ob/ob mice. Hyperinsulinaemia and hyperphagia either causally 

related or both due to the same genetic hypothalamic disturbance 

appeared more likely to initiate the obesity seen post weaning. The 

obesity would in turn further augment insulin resistance and 

hyperinsulinism with diabetes the ultimate outcome. Many studies 

have focussed attention on the role of the expanded adipose tissue in 

the insulin resistance of obese humans (442), mice (437) and rats 

(438). 

It is well established that insulin binding to the plasma 

membrane of adipocytes and the degree of response to insulin can be 
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influenced by the concentration and affinity of insulin receptors. 

In obese mice decreased binding of insulin to liver receptors has 

been observed (443) a finding that correlates well with the known 

hepatic insulin resistance of those animals (444). “i reduction in 

insulin binding to receptors on adipocytes (337), muscle (445) and 

thymic lymphocytes (205) has been reported in a variety of 

genetically spontaneous (ob/ob) and artificially induced obese states 

in mice. Furthermore, the decrease in insulin receptor binding was 

specific and not associated with changes in receptors for either 

glucagon, growth hormone or catecholamines and there were no 

detectable changes in plasma membrane structure or function (443). 

Thin mice that are heterozygous for ine obese (ob) mutation have been 

shown to demonstrate normal insulin binding (339). Alternative and 

possibly more physiologically significant sites for the regulation of 

insulin action have been suggested to occur distal to the receptor 

bindine event at postreceptor sites. A postreceptor defect has been 

identified in obese mice (208) at the level of the insulin mediated 

glucose transport system. Obesity had no effect on the system in 

adipocytes (337,478) but greatly reduced the activity of the system 

in skeletal muscle (446). Postreceptor abnormalities of insulin 

action observed in obesity appear to be heterogeneous in nature and 

emphasise the need for studies involving more than one major target 

tissue. 

Studies from several | ace nth cal ee! have shown that adipocyte 

enlargement in rodents may be accompanied by changes in insulin 

receptor binding and glucose metabolism (302,447). Early reports 

suggested that insulin binding might either decrease or remain 

unchanged with increasing adipocyte size (31). Certainly adipose 
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tissue glucose metabolism and insulin sensitivity has been shown to 

be influenced by the cellular character of the tissue. In vitro, 

basal glucose metabolism (i.e. glucose metabolism in the absence of 

added insulin) has been reported to be related to the number of fat 

cells in tissue fragments, small and large adipocytes oxidizing 

glucose to carbon dioxide at similar rates (448). In contrast, the 

ability of insulin to stimulate the rate of glucose oxidation in 

adipose tissue was found to be related to the size of the adipocytes 

in the tissue. Large adipocytes from obese patients and obese rats 

have been found to be relatively resistant to this action of insulin 

compared to smaller adipocytes from non-obese controls (442,447). 

Weight loss in the obese and a reduction in adipocyte size were 

associated with the restoration of normal adipose tissue insulin 

sensitivity (442) and paralleled a similar decrease in the 

concentration of insulin in the plasma (448). It was subsequently 

postulated that the insulin resistance of the enlarged adipocyte 

might play a role in the development or perpetuation of the glucose 

intolerance and hyperinsulinaemia commonly seen in obesity (448). 

Over the past fourteen years considerable evidence has accumulated in 

support of the concept that the disordered glucose metabolism of 

obesity may be related to the presence of insulin resistance (448). 

Although animal models of obesity are quite diverse, they share with 

human obesity the common characteristic of enlarged adipocytes. 

Alterations in the ability of insulin to influence glucose metabolism 

in the enlarging adipocyte have been observed both during normal 

growth and obesity (449) and it has been suggested that differences 

in cell size rather than the age of the animals might be responsible 

for differences in insulin binding and insulin sensitivity (302). 
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According to the spare receptor concept (see page 40), only a 

small fraction of the total number of insulin receptors needs to be 

occupied by insulin to elicit a maximal insulin response (201,301). 

In the normal adipocyte if only 10-15% of the available insulin 

receptors need be occupied to elicit a maximal insulin effect (135) 

and sufficient insulin is present (maximally effective insulin level) 

to occupy this same absolute number of insulin receptors in cells, 

then one would expect to see a normal insulin response. Indeed such 

observations have been reported in obese rats (447). Livingstone and 

Lockwood demonstrated that maximally effective insulin levels 

produced comparable rates of glucose transport in both normal and 

enlarged adipocytes trou rats (450). On the other hand, glucose 

oxidation has been studied more extensively and several groups have 

‘found that maximally effective insulin levels have a decreased 

ability to stimulate glucose oxidation in isolated adipocytes from 

obese rats when compared with adipocytes from lean rats (438,448). 

The glucose transport data of Livingstone and Lockwood (450) was 

consistent with a decreased number of insulin receptors on adipocytes 

from obese rats, while the data which demonstrated decreased maximal 

rates of glucose oxidation (438,448) implied the presence of 

additional abnormalities. 

There is substantial evidence to suggest that both insulin 

action and degradation might be mediated through the binding of 

insulin to specific receptors on the adipocyte plasma membrane (190) 

although the precise nature of this relationship remains to be 

elucidated. Previous studies have shown that most of the degradation 

of insulin by rat liver membranes and rat adipocyte suspensions was 

accounted for by a protease (s) partially released into the 
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incubation medium unrelated to receptor binding (135,281). However, 

these observations did not exclude the possibility that some 

receptor-bound insulin might have been degraded. Gliemann and Sonne 

found that the treatment of adipocytes with trypsin markedly 

inhibited insulin degradation (304). Grofford and colleagues showed 

that adipocyte plasma membranes were able to degrade insulin and that 

this activity was abolished in membranes prepared from trypsin 

treated cells (485). These studies suggested that the enzyme system 

responsible for insulin degradation was loosely bound to the 

adipocyte plasma membrane. It has proved difficult to evaluate 

insulin binding data obtained using suspensions of cells with high 

protease activity because the concentration of free insulin decreases 

progressively (304). The finding that labelled degradation products 

were taken up by cells showed that the control of insulin degradation 

was even more critical since the accumulation of degradation products 

might be misinterpreted in relation to the receptor binding. In 

several studies the extracellular degradation of labelled insulin by 

adipocytes was inhibited by adding unlabelled insulin (10umol/1) to 

the wash buffer (130). Using higher unlabelled insulin 

concentrations the percentage insulin degradation was found to be 

even less (135). Pedersen and colleagues have shown almost no 

difference in the degrdation of 1257 insulin by adipocytes from 

normal and obese patients (330). In addition, Bolinder and co- 

workers have demonstrated no significant difference between human 

omental and human subcutaneous fat in terms of their ability to 

degrade 1257_insulin (247). Considerable variation in the 

distribution of fat depots has been well documented in man (451) and 

gender is known to influence the distribution of subcutaneous fat 
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(452). Furthermore, it has been suggested that the particular 

anatomical site is an important determinant for the effect of 

nutritional factors and hormones on human adipose tissue insulin 

receptor binding (453). In obese men, regional differences in either 

the loss or formation of fat may contribute to local differences in 

adiposity (246). Significant regional differences in the in vitro 

basal metabolism, insulin receptor binding and glucose oxidation have 

been observed between abdominal .and femoral subcutaneous adipose 

tissue from obese women (125). In addition significant differences 

have been observed between omental and subcutaneous adipose tissue 

from normal menopausal women as regards insulin receptor affinity and 

insulin action (247). 

On the basis that changes in insulin receptor binding and/or 

postreceptor action of insulin might account for the insulin 

resistance of obese mice and non-insulin dependent diabetes in man, 

adipocyte insulin receptor binding and glucose axidation have been 

examined in lean (+/+) and genetically obese diabetic (ob/ob) mice. 

Furthermore, regional differences in adipose tissue insulin 

sensitivity have been documented for obese human subjects but not for 

animal models of obesity. Consequently, the present study has also 

investigated the possibility of regional variations in insulin 

receptor binding, insulin action {vasal and insulin stimulated 

glucose oxidation) and insulin degradation in different adipose 

tissue depots (lower abdominal and femoral subcutaneous regions) of 

obese mice.



| 

Materials and Methods 
  

Animals 

Twenty-two week old obese mice (ob/ob) and their lean litter- 

mates (+/+) were obtained from the Aston colony, Plate 2, and fed 

standard pellet diet (Mouse breeding diet, Heygate and Sons Ltd., 

Northampton) and tap water ad libitum. All animals were maintained 

in an air conditioned room 22 + 2°C with a 12h dark, 12h light 

schedule. Prior to sacrifice animals were weighed and blood 

collected from the cut tip of the tail. Plasma was qacacated for the 

determination of glucose,insulin and calcium levels. 

Insulin binding studies. 
  

  

Either 2 obese mice or 5 lean mice were used for each insulin 

receptor binding experiment. All animals were killed by a blow to 

the back of the head and subsequent cervical dislocation at 10 am on 

the day of study. Adipose tissue was excised from the lower 

abdominal and femoral subcutaneous region of obese mice and from the 

lower abdominal region of lean mice and retained in warm saline 

containing 5 mmol/l glucose at 37°C. Isolated adipocytes were 

prepared according to the method of Pedersen and colleagues (130) as 

described previously (page 89). Adipocyte concentration and diameter 

were determined (pages 88 and 89) with typical coefficients of 

variation of 3.6% and 3.5% for counting and sizing, respectively. 

The adipocyte Secenthaeiaa was adjusted to 4-5 x 10?/m1 with Hepes 

buffer, pH 7.4 (Appendix 4, page 292) supplemented with 5% BSA and 5 

mmol/l glucose. Adipocytes were then transferred to 15ml polystyrene 

centrifuge tubes and insulin receptor binding assays performed as 

described previously (page 101). Results were corrected for non- 
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Plate 2 . Illustrating the large difference in body weight 

between obese and lean mice . 
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specific binding which in these experiments amounted to about 0.1% of 

the total radioactivity for both lean and obese mouse adipocytes. 

The amount of !'°I-insulin specifically bound to adipocytes was 

calculated by subtracting the non-specific counts from the total 

counts. All binding studies were carried out in duplicate and 

binding data were analysed using Scatchard plots for the estimation 

of receptor concentrations and affinity constants ., Kp and Kae 

Since adipocytes vary in size and previous studies had indicated that 

most of the insulin binding activity of adipocytes could be recovered 

in the particulate, non-nuclear plasma membrane fraction (04),. 4% 

was considered physiologically relevant to express insulin receptor 

concentration in terms of per square micrometer (pm) of cell surface 

area in addition to receptor concentration per cell. 

The measurement of the rate of p-(u-'4c)-glucose oxidation. 

Fat segments rather than adipocytes were used in these studies 

eens there was some evidence to suggest that the procedures used 

for adipocyte isolation might artificially alter adipose tissue 

metabolism (454). p-(u-14c)-glucose oxidation was continuously 

monitored with the aid of a vibrating reed electrometer (VRE) and 

ionization chamber (IC). This novel technique has been used for 

radiorespirometric studies of 14¢-1abelled substrate oxidation to 

0, (25,26,197) and offered several advantages over the 

conventional means of measuring glucose oxidation. Foremost of these 

was the ability to measure and record the rate of substrate oxidation 

simultaneously and continuously during the incubation of the 

tissue. The apparatus designed for this study consisted of a 

vibrating reed electrometer (Cary model 401, Cary Instruments, 
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Monrovia, California), an ionization chamber (IC: volume 275 nl; 

Varian Associates Ltd, Surrey), a gassing chamber and a small 

incubation vessel. The apparatus has been represented schematically 

in Figure 52. The vibrating reed electrometer was used without 

eritical damping and 90 volts were applied across the terminals of 

the 275 ml ionization chamber. A high resistance leak method using a 

calibrated 1012 ohm resistor was used to measure the tiny ionization 

current generated by +90, produced from p-(u-'4c)-glucose by the 

metabolising tissue. The application of 90 volts across the 

electrodes of the chamber caused a tiny current to flow towards the 

cathode of the chamber. The vibrating reed electrometer detected and 

amplified this tiny current. The output of the vibrating reed 

electrometer was connected to a potentiometric chart recorder 

(Servoscribe RE 540, Smiths Industries Ltd., London). The gas flow 

through the system was maintained with the aid of a vacuum pump and 

precise control of the gas flow rate (in the range 50-60 ml/min) was 

achieved by means of a needle valve and a Flostine-bald type gas 

flometer (Platon Flowbits Ltd., Basingstoke). The Krebs bicarbonate 

buffer in the tissue incubation chamber was gassed continuously with 

water vapor saturated 95% 0,/5% CO,. Water vapor was removed from 

the gas by means of a drying tube containing anhydrous calcium 

chloride. Both the tissue incubation chamber and the gas reservoir 

were immersed in a waterbath adjusted to s7°C4 The ionization 

chamber was calibrated with '4c0, generated from 1 pCi of Ba! +00. 

(specific activity, 0.27 yuCi/mg) by reaction with few drops of 2mol/1 

HCI. The evolution of "S005 was completed within 30 seconds and 

about 300 ml of carrier gas was used to carry the eGs into the 

ionization chamber. Carrier gas was used to purge 4008 from the 
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ionization chamber into scrubbers containing 2 mol/l NaOH, Figure 

53. Calibration of the ionization chamber was carried out 5 times 

and the mean value was used to calculate a calibration factor defined 

as the unit radioactivity (muCi) per unit volume (ml) per millivolt 

(mv) [wCi/mi/mv]. The '4c0, evolved from 1 pCi of Ba'4cos produced a 

mean response of 2.51 V/uCi (range 2.4 = 2.74 V). The total volume 

of the system was 285 ml (assuming a dead space of 10 ml and 275 ml 

ionization chamber) and the calibration factor was calculated using 

the following formula: 

Calibration factor (uCi/ml/mV) = 

Number of pCi used 

Total volume of system (volume of chamber + tubing in ml) 

Deflection in mV 

Hence the calibration factor in the present study was found to 

1 Ci 
285 ml 

2510 mV 
= 1.39 x 107° pCi/ml/mv 

Background electrometer readings with 5% C0,/95% 05 flowing 

through the incubation chamber were routinely between 0.2 and 0.5 

mV. Electrometer readings obtained during the incubation of tissues 

were 20 to 200 times greater than background i.e. 10 — 100 mV. At 

any instant during incubation, the rate of glucose siaadien could be 

calculated using the following equation: 
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Rate of glucose oxidation = GFR x SA x CF x ER 

(mol e/hr/g) Wgt. of tissue (g) 

GFR = gas flow rate in ml/hr 

SA = specific activity in pmole/uCi 

CF = calibration factor 1.39 x! 076 nCi/ml/nV 

ER = electrometer response in mV. 

The ranoval of labelled volatile impurities from p-(u-'4c)-giucose. 
  

In preliminary experiments the pD-(u-! 4¢)-glucose was found to be 

contaminated with small amounts of labelled volatile compounds. 

These were removed by rotary evaporation and subsequent recon- 

stitution with sterile distilled water to avoid falsely high values 

for the rates of glucose oxidation. The labelled glucose was stored 

at -20°C until required. 

Preliminary studies were carried with segments of mouse adipose 

tissue to confirm that the system was capable of measuring small 

changes in the rate of glucose oxidation. 

Procedure 

Portions of adipose tissue were removed from the lower abdominal 

and femoral sub cutaneous regions of obese mice and the lower 

abdominal regions of lean mice and retained in petridishes containing 

Krebs bicarbonate buffer, pH 7.4. Connective tissue, blood vessels 

and clotted blood were renoved and each portion of tissue cut into 

small 30-40 mg fragments. 300 mg of adipose tissue fragments from 

either the lower abdominal or femoral subcutaneous regions of obese 

mice were either maintained statically in oxygenated Krebs 

bicarbonate buffer, pH 7.4 for 2 hours before the estimation of the



  

  

rate of glucose oxidation or used directly in glucose oxidation 

studies. In either case adipose tissue fragments were transferred to 

the tissue chamber and preincubated for 30 minutes at 37°C with 2 ml 

of Krebs bicarbonate buffer, pH 7.4 containing 5.5 mmol/l glucose. 

The buffer was gassed with 5% C05/95%/0> at a gas flow rate of = 50 

ml/min to establish baseline metabolism. At the end of the pre- 

incubation period 2ml of fresh buffer containing 5 uCi of pe(u-' *0)- 

glucose was added and a stable plateau for the basal rate of glucose 

oxidation obtained after approximately 40-60 minutes. The effect of 

a range of different insulin concentrations (3-300 ng/ml) was 

subsequently investigated on the rate of glucose oxidation and a 

recording trace obtained, Figure 54. After each experiment a smooth 

contimious curve of best fit was drawn through the recorder tracing 

and after subtraction of the background the rate of glucose oxidation 

in pmole/hr/g was calculated for points. at 2 mimate intervals along 

the curve. These points were replotted on graph paper as shown in 

Figure 57 to illustrate the continuous recording of the rate of 

glucose oxidation. 

125;7_insulin degradation by either isolated adipocytes or fat 

segments (pages 111 and 112) was estimated by assessing the ability 

Or: 12574 nsulin remaining in the incubation buffer to precipitate 

with either 12% or 15% TCA. In this method TCA-precipitable 

radioactivity was considered to be intact insulin and TCA-soluble 

material was assumed to be degraded insulin. Insulin degradation was 

expressed as a percentage of the total radioactivity in the buffer. 
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Figure 54, An original recorder trace showing the 

basal rate of glucose oxidation by abdominal 

adipose tissue from lean mice . 
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Results 

The body weight, plasma glucose and plasma insulin levels of 

obese mice were significantly greater than the corresponding values 

for age matched lean mice, Table 26. Adipocytes from obese mice 

irrespective of origin were always significantly larger than those of 

lean mice, Table 27A. There was no significant difference between 

the diameters of subcutaneous and abdominal adipocytes from obese 

mice, Table 27A. 

Insulin receptor binding to isolated adipocytes od obese and 

lean mice has been summarised in Tables 27A and B. The binding of 

insulin to lean mouse abdominal adipocytes was always significantly 

greater than the insulin binding to obese, Table 27A, in the presence 

of both low and high unlabelled insulin cocnentrations, Figure 55. 

Adipocytes from obese mice bound only half as much insulin as 

adipocytes from lean mice over the whole range of insulin con- 

centrations, Figure 55. Lean and obese mouse adipocytes showed very 

similar values for the eerie insulin receptor affinity constants 

and the 50% inhibition constant, A Table 27B. Scatchard analysis 

of the data provided similarly shaped curvilinear plots for 

adipocytes from lean and obese mice, Figure 56. At the same 

fractional occupancy the slopes of the curves for lean and obese 

mouse adipocytes were the same indicating no difference in apparent 

receptor affinity, Figure 56. It was clear that the decrease in 

insulin binding observed with obese mice adipocytes could be totally 

accounted for by a decrease in the insulin receptor concentration 

obtained from the intercept of the Scatchard plot with the abscissa 

(455). Compared to lean, obese mouse abdominal adipocytes showed a 
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Table 26. Age, body weight, plasma glucose, plasma insulin and 

plasma calcium levels in lean and obese mice (mean 
values + SEM). 

  

  

n Obese mice n Lean mice 

Age (weeks) 14 2.09°* O43 LD eese: + O47 

Body weight (g) 14 Os 309% 15 45.6 + 1.1 

Glucose (mmol/1) 14 25.9 + 2.6% 15 1233 +°0.3 

Insulin (ng/ml) 14 S000 te Fey. 1S 2.8 + 0.3 

Calcium (mmol/1) 12 eeaG + 0205 12 2433 +,.0-02 

  

* p<0.05 for obese compared with lean mice.   
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Figure 55. ‘Insulin binding curves for lean and obese mouse 
adipocytes. Data are presented as the amount of 
specifically bound insulin plotted against the fotal 
insulin concentration. 
Mean values, SEM omitted for clarity (number of 

determinations in brackets ), 

o-----0 Lean abdominal (6). 
e-—-»e Obese subcutaneous (7 )}. 
x——x Obese abdominal ( 7 ). 
x p < 0-05 compared fo obese abdominal. 

+ p< 0-05 compared fo obese abdominal. 
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significant reduction in the total receptor concentration per cell 

which was largely accounted for by a 70% reduction in the 

concentration of high affinity low capacity receptors and 46% 

reduction in the ‘concentration of low affinity high capacity 

receptors, Table 27A. When insulin receptor binding was expressed in 

= cell surface area obese terms of the receptor concentration per um 

mouse adipocytes again showed a significant reduction in total 

receptor concentration which was largely accounted for by an 85% 

reduction in the concentration of high affinity low capacity 

receptors and a 74% reduction in the concentration of low affinity 

high capacity receptors, Table 27B. Abdominal and femoral 

subcutaneous adipocytes from obese mice showed very similar specific 

insulin binding capacities in the presence of low insulin 

concentrations, Figure 55, while in the presence of high insulin 

concentrations (>100ng/m1) abdominal adipocytes from obese mice bound 

significantly less insulin than femoral subcutaneous adipocytes, 

Figure 55. In addition femoral subcutaneous adipocytes from obese 

mice showed significantly lower values for Ky and Kp and the he when 

compared with abdominal adipocytes, Table 27B. The fact that at low 

insulin concentrations both femoral subcutaneous and abdominal 

adipocytes from obese mice bound similar amounts of insulin even 

though abdominal adipocytes showed a reduced insulin receptor 

concentration suggested that abdominal adipocytes were endowed with 

an increased insulin receptor binding affinity. Scatchard analysis 

revealed that the total binding capacity of abdominal adipocytes was 

significantly lower than that of femoral subcutaneous adipocytes, 

Figure 56. The reduction in abdominal adipocyte total insulin 

receptor concentration was largely accounted for by a 31% reduction 
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in the low affinity receptor concentration per cell (27% when 

expressed per yum? cell surface area). 

The basal rate of glucose oxidation by lean mouse abdominal fat 

segments was almost twice that of obese mouse, Table 28 and Figure 

57. The rate of insulin stimulated glucose oxidation by obese mouse 

abdominal fat segments was significantly reduced compared to that of 

lean, Figure 57. The dose response curve for the rate of obese mouse 

abdominal fat segment insulin stimulated glucose oxidation was 

displaced to the right compared to lean, Figure 58, indicating that 

lean abdominal fat segments were significantly more sensitive to 

insulin than obese. The rate of glucose oxidation by lean mouse 

abdominal fat segments was maximally stimulated by 30 ng/ml of 

insulins On the other hand, this dose of insulin together with 60 

and 300 ng/ml insulin only marginally increased the rate of glucose 

oxidation by obese mouse fat segments, Figure 5S Femoral 

subcutaneous and abdominal fat segments from obese mice showed 

similar rates of both basal and insulin stimulated glucose oxidation, 

Figure 57, indicating no regional differences an: . insulin 

sensitivity. Static incubation for 2 hours (carried out in order to 

retain tissue for subsequent estimation of the rate of glucose 

oxidation) significantly reduced the rate of basal glucose oxidation 

and marginally reduced the rate of insulin stimulated glucose 

oxidation by femoral subcutaneous and abdominal fat segments from 

obese mice, Figure 59. 

The percentage degradation of 1257_insulin by lean and obese 

mouse abdominal fat segments was significantly higher than the 

respective degradation by lean and obese mouse abdominal adipocytes, 

Table 29. The addition of a high concentration of unlabelled insulin 

(10° ng/ml) significantly reduced the percentage of degradation of 
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Table 28. The rate of p-(u-14c) - glucose oxidation by abdominal 

and subcutaneous adipose tissue from obese mice and 

abdominal adipose tissue from lean mice in the absence 

and presence of insulin (mean values + SEM, number of 

determinations in brackets). 

  

Obese mice 

  

  

  

  

Lean Abdominal Subcutaneous 

mice 

Abdomonal 
After After 

Fresh 2 hours Fresh 2 hours 

tissue incubation tissue incubation 

Rate of glucose 0.806 0.404 * 0.184 + 0.413 0.225 + 

oxidation in the * + i © + 

absence of insulin 0.054 0.037 0.02 0.038 0.021 

(basal rate) (n=6) (n=10) (n=5) (n=8) (n=5) 

(u moles C09/hr/g) 

Rate of glucose 

oxidation in the 

presence of insulin 
(u mole C09/hr/g) 

3 ng/ml insulin 1.409 0.411 * - 0.40 - 
- ~ - 

0.127 0.041 0.058 
(n=6) (n=5) (n=5) 

7.5 ng/ml insulin 1.987 0.40 * - - - 
+ + 

0.152 0.043 
(n=5) (n=7) 

30 ng/ml insulin 7.198 0.588 * 0.384 0.372 0.515 
+ + + + + 

0.152 0.088 0.063 0.025 0.041 
(n=5) (n=7) (n=5) (n=5) (n=5) 

60 ng/ml insulin ~ 0.681 - - - 
+ 

0.16 
(n=6) 

300 ng/ml insulin - 0.73% - - - 
+ 

0.150 
(n=5) 

  

p < 0.05 compared with lean abdominal adipose tissue. 

p < 0.05 compared with fresh obese abdominal adipose tissue. 

p <0.05 compared with fresh obese subcutaneous adipose tissue. +
+
 

% 

7 260 = 

 



( saynulw 
) 

awiy 
(S@NUIW) 

JWI] 

 
 
 
 

  
  

OcL 
OOL 

08 
09 

047 
02 

0 
GY 

GE 
GZ 

SL 
5 

T 
T 

T 
T 

T 
T 

ro 
pe) 

1 
T 

I 
T 

Ly 
x 

(
L
=
 

x) unnsur 
jwfiug-~, 

= 
(G=x 

‘G=e) 
unnsu 

jw/bug 
a 

h
i
 

ad 

i 
{ 

yf 
Q 

9 
=h 

H
A
H
A
 
K
H
 
H
I
E
 

E
E
R
E
 

E
E
R
E
 

0
7
 

” 
ate 

0 
oO 

i
y
 

J 
4 

=
 

5 
p
l
s
 

Ss 
8 

oo 
0g 

B 
y
e
e
 

é 
Joy 

© 
we 

Q 
(8) 

ee 
S 

4 
S
s
 

gf 
fe 

Pe 
19) 

| 
a 

Fé 
ae 

x
 

unnsut 
yw/Bu_ 

OC 
o 

of 
109 

a 

(
0
-
0
-
0
.
 

co 
aa 

c
 

~ 
7
)
 

a
 

o
o
 

3
 

a
 

oS 
| 

a
D
 

Se 
19S 

o
e
 

08 
> 

0” 
(6s) 

= 
ts 

©
 

uynsuy 
w/6u 

¢-1 
1 

5 
20° 

002 
{001% 

UOlDpPIxo 
asoIN|6 

Jo 
abs 

payojnwys 
UNNsUT 

_~ 
 Uoyppixo 

asoznj6 
Jo 

ayou 
yosog 

a 

‘DUIWOPgD 
asaqg 

»
—
—
x
 

‘snoauDjNIgNs 
aseqQ 

*&-——* 
‘DUIWOPqD 

UDA] 
o------- 4 

(SJayadJg 
Ul 

SUOLDUIUAJEaP 
jo 
y
a
q
u
i
n
u
 

)* a
w
 

asaqo 
pUD 

UDA] 
woJ} 

sjuawBas 
anssit 

asodipp 
Aq 

uolfopixo 
asodnj\6 

jo 
ays 

payojnwiys 
ulNsuI 

puD 
\DsDg 

1s 
aunbi4 

e
e
 

e
e
 

E
E
E



Figure 58. Basal and dose response for the insulin 
stimulated rate of glucose oxidation by 
adipose tissue from lean and obese mice. 
Mean values + SEM (number of determinations 
in brackets ), 
x Obese abdominal. 
e Obese subcutaneous. 
x p< 0-05 compared fo obese abdominal. 
o Lean abdominal. 
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1257 insulin by abdominal fat segements and abdominal adipocytes from 

lean and obese mice. There was no significant difference in the 

percentage degradation of 1257_insulin by abdominal fat from lean and 

obese mice whether using fat segments or isolated adipocytes either 

in the absence or in the presence of a high concentration of 

unlabelled insulin. However, the suppression of 1257 insulin 

degradation by 10° ng/ml of unlabelled insulin was marginally more 

effective with fat segments than with adipocytes irrespective of 

origin. . 

Discussion 

Decreased insulin binding has been suggested to be a common 

feature of the insulin resistance of the obese state. In the present 

study specific binding to obese mouse abdominal adipocytes was 

reduced compared to lean and this was largely due to a reduction in 

the concentration of insulin receptors and a markedly reduced 

sensitivity of the rate of glucose oxidation to insulin. These 

observations suggested the presence of defects at both the receptor 

and postreceptor level in obese mouse abdominal fat. Abdominal 

adipocytes from lean mice bound significantly larger amounts of 1257. 

insulin than abdominal adipocytes from obese mice when exposed to 

both low and high insulin concentrations. This observation was 

consistent with the increased insulin receptor concentration 

determined for lean mouse abdominal adipocytes. Adipose tissue 

samples taken from different sites in obese mice for the continuous 

monitoring of the rate of glucose oxidation could not all be utilised 

at the same time because of the nature of the experimental system and 
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there was a need to maintain adipose tissue samples in static 

incubation for 2 hrs prior to use. This. incubation led to a 

significant reduction in the basal rate of glucose oxidation 

presumably the result of flushing out high concentrations of 

endogenous insulin. However, this period of incubation did not 

detrimentally affect the subsequent rate of insulin stimulated 

glucose oxidation. There is some evidence to suggest that a 

relationship might exist between the basal rate of adipocyte glucose 

oxidation and adipocyte size (448). In rats, basal rates of 00g 

production were found to be similar over a wide range of adipocyte 

size (448). In obese humans the basal rate of glucose oxidation to 

Leo. by large femoral adipocytes was almost twice that of abdominal 

adipocytes (125). In the present work the basal rate of glucose 

oxidation was significantly greater for lean mouse fat segments than 

for obese irrespective of region. This difference was probably due 

to the greater number of adipocytes in lean mouse fat segments, since 

lean mouse adipocytes were always significantly smaller than 

adipocytes from obese mice. Smith has demonstrated a reduction in 

the ability of insulin to stimulate glucose oxidation in large human 

fat cells (456). In rat adipose tissue, insulin sensitivity has been 

shown to be related to the size of the component fat cells, the 

larger the fat cells, the less insulin sensitive the adipose tissue. 

For lean mouse fat segment the maximum rate of glucose oxidation 

was observed at an insulin concentration of 30 ng/ml while for obese 

mouse fat segments very high insulin concentrations of the order of 

300 ng/ml only marginally increased the rate of glucose oxidation. 

Maximal insulin stimulated rates of glucose oxidation have been 

suggested to occur when only a minority (10-15%) of the available 
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insulin receptors are occupied (202). On this basis a decrease in 

insulin action observed with insulin concentrations great enough to 

saturate this absolute number of receptors (maximally effective 

insulin level) could not be due to a decreased number of insulin 

receptors. This line of reasoning implies that the defect in glucose 

oxidation in large adipocytes is distal to the insulin receptor i.e. 

either at the level of the glucose transport system or at one or more 

of the intracellular steps in glucose metabolism. This hypothesis is 

supported by the observation that, in large adipocytes, maximal rates 

of gluocse oxidation (at glucose concentrations >5mM) are decreased 

in the absence of inaulie (447). A diminished responsiveness of 

adipose tissue glucose oxidation to insulin has been demonstrated for 

old obese rats (438) and experimentally obese mice (437). The nature 

of adipose tissue insulin resistance in obesity and the mechanism by 

which enlarged fat cells become insulin resistant remains unknown. 

One possibility is that the insulin senstivity of adipose tissue is 

related to its cellular character. This was suggested by the 

observation that the diminished insulin responsiveness of human 

adipose tissue was associated with the presence of enlarged fat 

- gells, an abnormality reversible by weight loss and reduction of fat 

cell size (442). 

In man regional differences in insulin binding and insulin 

action have been demonstrated for adipose tissue (125 247) s The 

present study has shown that regional differences do exist in insulin 

receptor binding and insulin action in adipose tissue from obese 

hyperglycaemic mice. In the presence of low concentrations of 

insulin abdominal and femoral subcutaneous adipocytes from obese mice 

pound similar amount of insulin. But at high concentrations of 
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insulin (>100 ng/ml) there was an increased binding to femoral 

subcutaneous adipocytes. Femoral subcutaneous fat had a greater 

total concentration of insulin receptors but a lower insulin receptor 

affinity than abdominal fat and ia characteristics could not be 

attributed to differences in the percentage degradation of 1257. 

insulin. Although any differences in 1257_ingulin degradation were 

small compared to differences in insulin receptor binding, the 

percentage 1257-insulin degradation by fat segments was always 

significantly higher than that by isolated adipocytes and could be 

markedly reduced by the addition of a high concentration of 

unlabelled insulin. 

Femoral subcutaneous and abdominal fat segments from obese 

showed similar rates of basal and insulin stimulated glucose 

oxidation and this may have been due to the homogeneity of adipocyte 

size in the two adipose tissue regions (442). Whilst the basal rate 

of femoral fat glucose oxidation has been shown to be twice that of 

abdominal fat in obese women (125) differences between femoral 

subcutaneous and abdominal fat of obese mice appear to be restricted 

to the level of insulin receptor binding with little evidence of 

differences in postreceptor activity. 
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The present study has been concerned with aspectsof erythrocyte 

and adipocyte insulin receptor binding both in the normal situation 

and in disease, in particular mild hypertension and non-insulin 

dependent diabetes mellitus in man and spontaneous obesity with 

hyperglycaemia in mice. These studies have been facilitated by the 

introduction of techniques for the radio-iodination of porcine 

monocomponent insulin and the generation of monoiodinated ror 

insulin for use in radioreceptor assays and radio-immunoassays. The 

1257_insulin synthesised was characterised by a high specific 

activity and percentage incorporation and low percentage damage. The 

validity of insulin binding data depended upon the degree of purity 

and homogeneity of the tracer and the distribution of '°°I within the 

insulin molecule. Pure preparations of monoiodoinsulin labelled at 

residue 14 of the A chain were stable and had the same receptor 

binding capacity and biological potency as native insulin. A major 

question in clinically orientated insulin receptor binding studies is 

whether changes in insulin receptor binding in one type of cell 

reflect those in other insulin sensitive tissues? Few studies have 

compared variations in insulin receptor binding in several cell types 

from the same individual or group of individuals simultaneously 

(216,466). It is controversial as to whether correlations really 

exist between the insulin receptor binding status of different cell 

types in the same individual. However, insulin receptors would 

theoretically be expected to exhibit a differentiated tissue - 

specific, rather than a uniform, overall behaviour due to the great 

number of different functions of various insulin binding tissues. 

For example, since monocytes have a much shorter turnover time in the 

circulation than erythrocytes the two cell types might be affected 
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differently by circulating receptor regulating factors. In addition, 

since mature erythrocytes have no nuclei and are incapable of protein 

synthesis, any acute alterations in insulin binding that require 

protein synthesis will not be reflected in these cells. 

Consequently, generalisation of insulin tie binding data from 

one insulin sensitive type of cell to another may not always be 

justified. The physiological significance of insulin receptors on 

mature human erythrocytes remains unclear although experimental data 

suggests that insulin may have effects on allosteric properties of 

intracellular haemoglobin (467) the turnover of erythrocyte 

phosphorus (468) and the transmembrane oxidation-reduction potential 

of these cells (469). 

Since the majority of clinical studies are carried out on 12 

hour or overnight fasted patients. Preliminary studies in the 

present work set out to establish the effect of overnight fasting on 

erythrocyte insulin receptor binding in age and weight matched normal 

volunteers. Investigation confirmed that overnight fasting did not 

significantly influence either erythrocyte insulin receptor 

concentration or affinity, despite some evidence to the contrary 

(329). 

Perhaps the most common clinical condition which reflects some 

malady in insulin receptor binding and insulin action is that of non- 

insulin dependent diabetes mellitus and evidence of a reduced insulin 

receptor concentration in these patients and the hint of possible 

changes in insulin receptor affinity has been well docuemnted 

(107). However, a high proportion of these patients are either prone 

to or have a mild to severe hypertension that complicates their 

diabetes and are often prescribed thiazide treatment despite the 
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possibility of aggravated glucose intolerance. The treatment of 

mildly hypertensive patients with and without non-insulin dependent 

diabetes with the thiazide bendrofluazide revealed a marginal 

deterioration in glucose tolerance as evidenced by the rise in 

fasting blood glucose levels and the increased areas under the oral 

glucose tolerance curves. These effects were more noticeable in the 

diabetic patients. There was no evidence for a decreased tissue 

sensitivity to insulin, since the glucose/insulin ratio did not 

diminish. It has been suggested that this deficiency in insulin 

secretion might result from thiazide induced hypokalaemia (346). 

Potassium appears to be an essential cation for insulin release from 

pancreatic B-cells (375) and thiazides may increase the permeability 

of B-cell membrane to potassium (223). This might then inhibit the 

influx of calcium ions upon which insulin secretion is dependent 

(STT) There is great doubt that the administration of 

bendrofluazide decreased serum potassium. However, although this 

correlated with the glucose level, it did not relate to the insulin 

level. This may merely reflect the poor correlation of serum 

potassium with total body levels of the ion (79). Alternatively 

potassium may not be as important in determining insulin release as 

previously supposed. Thiazide diuretics are known to affect other 

cations involved in insulin release and these may be more important 

determinants of insulin secretion. In non-diabetic patients, the 

observed increase in insulin receptor concentration would help the 

maintenance of normal glucose tolerance. Diabetics did not show this 

rise and the insulin receptor/insulin ratio deteriorated. These 

effects could explain why the glucose tolerance in diabetic patients 

administered bendrofluazide deteriorated rapidiy, whereas in non- 
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diabetic patients, glucose intolerance might need some time to 

develop. Erythrocyte insulin receptor concentrations obtained in the 

present study correlated well with insulin receptor concentrations 

reported in the literature for monocytes, although these do not 

necessarily correlate well with receptor concentrations reported for 

other insulin target tissues. To date the effects of thiazides upon 

insulin receptor binding have only been reported for the drug 

diazoxide, a particularly diabetogenic thiazide vasodilator 

(256,370). Wigand and Blackard have shown an increase in insulin 

receptor concentration in obese men after 7 days treatment with 

diazoxide (370) while Olezak and colleagues were unable to 

demonstrate any change in insulin receptor binding with the drug in 

either normal or nominsulin dependent diabetic patients (256). 

In the present study treatment with bendrofluazide and potassium 

supplementation halted the fall in serum potassium, but did not 

restore the latter to pre-treatment values. Fasting blood glucose 

decreased significantly in diabetic patients during this period. It 

was evident, however, at this decrease was not due to a restoration 

of insulin levels which also contimed to decrease during this 

phase. This observation contrasts with previous studies in which 

potassium supplementation has been shown to correct the deficiency in 

insulin secretion (87). Since the insulin receptor concentration in 

the diabetic group remained unchanged, the effect of potassium was 

likely to be mediated via an action upon intracellular glucose 

metabolism. On the other hand, potassium might equally have affected 

other mechanisms involved in the maintenance of carbohydrate 

tolerance (421,476). 
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The present study also demonstrated changes in certain Dbio- 

chemical parameters as a result of bendrofluazide treatment. These 

included significantly increased levels of urea, urate and 

cholesterol. Potassium supplementation failed to correct these 

changes. Despite making attempts to administer large amounts of 

potassium in the present study, serum potassium was never restored to 

pretreatment values. This was largely the result of patient 

resistance. A better method of potassium supplementation might have 

been via potassium sparing diuretics. However, even these are 

suspected of inducing some glucose intolerance further substantiating 

the proposal that changes in glucose tolerance may not be a 

consequence of potassium depletion. One can speculate as to how 

pendrofluazide might influence insulin receptor concentration. The 

drug might induce conformational changes in insulin receptors, 

leading to increased cross-linking between hormone-receptor complexes 

and thus an increased biological activity of insulin. As the early 

effect of bendrofluazide was not mediated via a reduction in insulin 

concentration, the increased insulin receptor number observed after 

the administration of the drug to non-diabetic patients could not be 

explained by an effect on up-regulatory mechanisms. Bendrofluazide 

might affect insulin receptor turnover by slowing the internalisation 

process, possibly by sterically hindering the movement of insulin 

receptor complexes into coated pits. 

The cause of the reduced concentration of insulin receptor sites 

in nonminsulin dependent diabetics remains a controversial issue. Is 

the receptor defect a primary lesion, or is it secondary to the 

diabetic state? Not all individuals with a reduced concentration of 

insulin receptor sites become diabetic, as evidenced by the loss of 
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insulin receptor sites in non-diabetic obese patients. Hyper~ 

insulinaemia at least partly offsets the insulin receptor loss in 

nondiabetic obese subjects, although it has been argued that a 

raised od concentration is the cause of the insulin receptor 

loss (474). Down-regulation is likely to operate in non-insulin 

dependent diabetic patients with raised basal insulin 

concentrations. However, this mechanism does not explain the insulin 

receptor loss in patients with normal or reduced insulin 

concentrations. Ginsberg and Rayfield have described the effects of 

insulin treatment for 1 to 8 weeks in a group of insulin resistant 

hypoinsulinaemic non-obese non-insulin dependent diabetics (4°) In 

one third of these patients a normal biological action of insulin was 

re-established after insulin treatment. Gross changes in levels of 

insulin antagonists were not observed, suggesting that the one-third 

who benefited from the insulin treatment might well have corrected a 

previous insulin receptor or postreceptor defect. This observation 

suggested the possibility that insulin deficiency might adversely 

affect insulin receptor function in some non-insulin dependent 

diabetics and emphasised the heterogeneity of the condition. Non- 

insulin dependent diabetics who are unable to modulate insulin 

receptor number may be more likely to suffer further impairment OL 

glucose tolerance. The present studies with erythrocytes did not 

allow the investigation of meaningful postreceptor mechanisms. It 

might well have been of value to evaluate the effects of 

bendrofluazgide on a natural target cell for insulin such as the 

adipocyte. Then both insulin receptor binding and insulin action 

could have been evaluated in the same cell preparation. However, 

gluteal fat biopsies used currently by Taylor were considered too 

invasive for the present studies (486). 

- 281 -



  

  

Nifedipine, a new calcium antagonist, has recently been 

evaluated for the treatment of hypertensive patients with non-insulin 

dependent diabetes mellitus (470). Concern has been expressed 

regarding the possibility that nifedipine, acting as a calcium 

antagonist, might inhibit insulin release and precipitate glucose 

intolerance in hypertensive patients and further aggravate glucose 

intolerance in diabetic patients with coronary heart disease whose 

endogenous insulin secretory capacity may already be compromised. 

The present work indicated that any deleterious effects of nifedipine 

(40 mg/day) on glucose tolerance were minimal and diabetic patients 

showed a paradoxial thoMean arte plasma insulin levels with continued 

treatment. On this basis, nifedipine can be expeditiously used for 

the treatment of hypertension in both non-diabetic and non-insulin 

dependent diabetic patients without any significant adverse effect on 

glucose tolerance. 

A great deal of literature to date in the diabetes field has 

commented on the possible role viscous dietary fibre (guar gum) might 

play in the control of non-insulin dependent diabetes. There is 

evidence to suggest that guar gum may be capable of reducing post- 

prandial blood glucose and insulin levels and at the same time 

facilitating some reduction in body weight. Work presented in this 

thesis has largely confirmed these observations and extended our 

understanding of the way dietary fibre might influence insulin 

receptor binding using both human erythrocytes and obese mouse 

adipocytes. Guaren treatment, significantly reduced fasting blood 

glucose and insulin levels in noninsulin dependent diabetic 

patients. Although there was some evidence of an improvement in 

glucose tolerance it never achieved statistical signifance. When



  

  

obese mice were ie ental with high doses of guarem, body weight, 

fasting blood glucose and insulin levels were all significantly 

reduced. The treatment of obese mice with low doses of guaram was 

largely ineffective. The reduced plasma insulin levels seen in both 

man and obese mouse after guarem treatment may well have resulted 

from the lowered blood glucose levels but might also have resulted 

from a reduction in the release of gastric inhibitory polypeptide 

from the duodenum and jejunum (398). In non-insulin dependent 

diabetic patients guaran treatment did not significantly influence 

either erythrocyte insulin receptor concentration or affinity. 

However, the treatment of obese mice with a high concentration of 

guarem significantly increased both specific 1257 insulin binding to 

adipocytes and insulin receptor affinity without affecting insulin 

receptor concentration, Also, guarem treatment of obese mice was 

associated with a significant reduction in body weight and this 

observation may have contributed to the improvement in insulin 

receptor binding (330). The mechanism by which guarem lowers the 

blood glucose remains controversial, one hypothesis suggests that 

viscous polysaccharides like guarem act by delaying gastric emptying, 

hence slowing the delivery of carbohydrates to the small intestine 

(389). An alternative hypothesis suggests that viscous 

polysaccharides improve glucose tolerance by reducing the rate at 

which glucose is absorbed from the small intestine, probaly by 

increasing the resistance to diffusion of the intestinal unstirred 

water layer (395). 

The association of nominsulin dependent diabetes with obesity 

is a frequent observation both in man and animals (471,472). 

However, the factor(s) underlying the development of obesity and 
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diabetes remain unknown. In the present work the use of genetically 

obese diabetic mice (ob/ob) and their lean (+/+) littermates allowed 

investigation of the impact of obesity and non-insulin dependent 

diabetes on adipocyte insulin receptor bidiine and insulin action. 

Obese mice showed an increased body weight, plasma insulin and plasma 

glucose compared with age matched lean mice. In addition, specific 

1257_insulin binding to lean mouse adipocytes was significantly 

greater than the specific binding to obese mouse adipocytes in the 

presence of both low and high concentrations of insulin. This 

observation was reflected in the significantly higher insulin 

receptor concentration in lean mouse adipocytes compared to obese and 

confirmed the previous work of Soll and colleagues (339). 

Differences in insulin binding to adipocytes may be represented by 

changes at the level of the insulin receptor or at some insulin 

sensitive postreceptor site. In the present study the rate of D-(U- 

14¢)-g1lucose oxidation was used as a parameter of postreceptor 

insulin action. Lean mouse abdominal fat segements demonstrated a 

significantly higher basal rate of glucose oxidation than obese. 

This higher rate could be ascribed to the greater energy requirement 

of the large number of intrinsically small adipocytes in each lean 

mouse fat segement. Indeed abdominal and femoral subcutaneous obese 

mouse adipocytes were always significantly larger than lean mouse 

abdominal adipocytes. In addition, the rate of insulin stimulated 

glucose oxidation by lean mouse abdominal fat segments was markedly 

greater than that by obese. Maximal rates of insulin stimulated 

glucose oxidation were obtained at around 30 ng/ml for lean mouse 

abdominal fat segements whereas marginal increases in the rate of 

insulin stimulated glucose oxidation were only observed at insulin



  

  

concentrations of 60-300 ng/ml for obese mouse fat segments. In this 

regard, the rate of glucose oxidation by obese mouse adipose tissue 

showed a cenbetig reduced sensitivity to insulin. However, it has 

been shown that the maximum rate of insulin stimulated glucose 

oxidation occurs when about 10-15% of the available insulin receptors 

are occupied (201). Therefore, a decrease in the rate of glucose 

oxidation observed at insulin concentrations great enough to saturate 

this absolute number of receptors (maximally effective insulin 

concentration) cannot be solely due to a decrease in the number of 

insulin receptors. This line of reasoning suggests that the defect 

in glucose oxidation in large adipocytes from obese mice resides 

distal to the insulin receptor, perhaps at the level of glucose 

transport or at some enzymic step in the oxidation process. In fact, 

studies on large adipocytes from obese rats have demonstrated an 

enhanced glucose oxidation via the pentose phosphate pathway in the 

presence of insulin. At the same time the insulin stimulated 

oxidation of glucose via the tricarboxylic acid cycle appeared normal 

in these cells (473). The nature of the insulin resistance of obese 

mouse adipose tissue and the mechanism by which the enlarged 

adipocytes become insulin resistant is not understood. 

Whilst regional differences in adipose tissue insulin sensitivity 

have been documented for obese women (125) little information is 

available regarding possible regional differences in adipose tissue 

sensitivity in animal models of obesity. The present work is the 

first to demonstrate regional differences in insulin receptor binding 

in adipose tissue from obese mice. Obese mouse subcutaneous 

adipocytes had a significantly higher insulin receptor concentration 

but a significantly lower insulin receptor affinity than obese mouse 
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abdominal adipocytes. A similar phenomenon has been observed between 

abdominal subcutaneous and femoral subcutaneous fat from obese women 

(125)... An eroianatsen for such parallel but opposite changes in 

insulin receptor concentration and affinity has not previously been 

offered for animal studies. However, it seem plausible to suggest 

that an increase in receptor affinity might be the product of an 

immediate reduction in insulin receptor concentration brought about 

by a reduction in site-site interactions. On a physiological level, 

an increase in adipocyte insulin receptor affinity, occurring in 

parallel with a reduction in insulin receptor concentration might 

serve to maintain adipocyte sensitivity to insulin following insulin 

induced down regulation of its receptors. Such an hypothesis has 

peen strengthened by the observation that both subcutaneous and 

abdominal fat segements from obese mice showed similar basal and 

insulin stimulated rates of glucose oxidation. Hence, differences 

between subcutaneous and abdominal fat of obese mice appeared to be 

restricted to the level of insulin receptor binding with little 

evidence of differences in postreceptor activity. 

It should be emphasised that an increase in insulin receptor 

binding does not necessarily lead to an increase in the biological 

action of insulin (477). More importantly, it is thought to be those 

agents than can affect either insulin dimer aggregation, receptor 

clustering or the second messenger producing stages of the mechanism 

of insulin action, that can significantly alter insulin 

bioactivity. Our present understanding of insulin receptor function 

is governed by the work of Van Obberghen and colleagues who have 

suggested that the insulin receptor is an insulin-activated protein 

kinase (479). They have based this observation on the fact that the 
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receptor G-subunit isolated by immunoprecipitation is a substrate for 

insulin-stimulated phosphorylation, and that an ATP binding site can 

ove identified on this same receptor subunit. The insulin receptor is 

not only suggested to be a kinase capable of .self-phosphorylation,. 

but it is also thought capable of catalysing the phosphorylation of 

exogenous substrates. An insulin receptor kinase complex is 

envisaged with two separate protein kinases, a tyrosine and a serine 

specific kinase. The tyrosine would be a constituent of the insulin 

receptor and supported by the existence of an ATP binding site on the 

receptor G -subunit. This kinase would be contained in the receptor 

G-subunit itself. In contrast, the serine kinase would be associated 

with the insulin receptor in the cell membrane, but would not form an 

integral part of the receptor. The biological relevance of insulin 

receptor phosphorylation has yet to be established, but it may ota a 

role in biologically relevant phenomena such as receptor affinity 

modulation, hormone and receptor internalisation and signal 

transmission. Insulin-regulated covalent receptor modification may 

be an early step in insulin action and the insulin receptor may be 

envisaged as an integrated system for transmembrane hormone 

signalling. The increased kinase activity of the insulin receptor 

evoked by insulin binding could lead to the phosphorylation- 

dephosphorylation of other cellular proteins and through the 

generation of a cascade of reactions this would result in the final 

actions of insulin. The relationship between the two protein kinase 

activities of the insulin receptor, and their individual roles remain 

to be established. At least two situations are possible, one in 

which both kinases serve separate cellular functions and another 

which involves sequential activation of the kinases. itt-is an 
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appealing idea to conceive that tyrosine kinases may be involved in 

the generation of signals that might regulate the mitogenic action of 

insulin. While in contrast, the serine kinase might play a role in 

metabolic processes controlled by insulin. All the known kndoens 

that play a role in cellular intermediary metabolism and whose 

activities are modulated by insulin through phosphorylation- 

dephosphorylation reactions, are indeed modified at serine 

residues. Presently available data are consistent with the idea that 

the insulin receptor fulfills the requirements for a system 

regulating transmembrane hormone signalling. A major advance for the 

reality of this contention will be demonstration that receptor 

phosphorylation is necessary and sufficient for insulin to act. 

Changes in insulin receptor binding have been identified in an 

increasing number of metabolic and endocrine abnormalities either as 

an intrinsic characteristic of the condition (443,474) or the product 

of drug therapy for a condition (484). The’ treatment of non-insulin 

dependent diabetes in enlightened clinics now takesaccount of changes 

in insulin receptor binding and insulin action as part of diabetic 

control. However, since the mechanism of insulin action and the link 

between insulin receptor binding and postreceptor events is poorly 

understood, the interpretation of binding data needs to be flexible 

and form only part of the differential diagnosis. Certainly, 

information gained on the pathophysiology of insulin receptor binding 

and postreceptor processes may in the future influence the method of 

treatment of nominsulin dependent diabetes complicated ody 

hypertension. 
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APPENDIX 1 

The preparation of phosphate buffers: 

0.5 mol/l phosphate buffer, pH 7.4 
  

73g Nag HPO, combined with 14.04g of NaH» PO,-2H»0 and made up 

to 1 litre with 2 x distilled H,0, pH adjusted to 7.4 with 1 mol/1 

NaOH. 

0.05 mol/l phosphate buffer, pH 7.4 
  

7.3g NajgHPO4 combined with 1.404g of NaH 9P0,.2H 20 and made up to 

1 litre with 2 x distilled Hj0, pH adjusted to 7.4 with 1 mol/l NaOH. 

APPENDIX. 2 

Composition of buffer G 
  

Buffer G was used both for the isolation of erythrocyes and the 

erythrocyte insulin receptor binding assay (121). Buffer G was 

supplemented with 1% BSA to reduce the adhesion of insulin to the 

serabation vessel and reduce nonspecific binding. Bacitracin (0.08%) 

was added to reduce extracellular insulin degradation. 

  

  

Chemicals mmo 1/1 g/l 

Hepes 50 11.91 
Tris 50 6.05 
MgClo.6 H20 10 1.78 
EDTA 2 0.58 
Glucose 10 1.8 
NaCl 50 2.92 
KCl 5 0.37 
CaCly. 2H0 10 1.47 

  

The pH was adjusted to 8 with 1 mol/l NaOH at 23-25°C. 

ee 20



APPENDIX 3 

Buffers used for the isolation of adipocytes and insulin receptor 

binding assays using rat adipocytes. 

Buffer 1 

Composition of Krebs bicarbonate buffer, pH 7.4 used for the 

isolation of rat adipocytes (308). 

  

Stock solutions 

  

  

  

Directly 
prepared 

buffer Parts by 

Chemicals (g/1) vo lume* 

Percentage Molarity g/l ml 

(3%) 

NaCl 6.923 0.9 0.154 9.0 100 

KCl 0.354 Lal 0.154 11.48 4 

CaCl). 2,0 0.373 1.617 0.11 16.172 3 
KH PO, 0.162 Pit 0.154 20.96 1 

MgS0O,4. 7H20 0.2923 3.8 0.154 37.96 1 

NaHC03 2.1 1.3 0.155 13502 24   
  

* Gassed with 5% COo. 

Supplemented with collagenase (3 mg/ml) and 4% BSA (303). 

Buffer 2 

Composition of Tris buffer, pH 7.45 used for both the isolation of 

adipocytes and insulin receptor binding assays with rat adipocytes (309). 

  

  

Chemicals mmo 1/1 g/l 

Tis 35 “62355 

Nacl 120 72083 

MgS0,. 7H 50 Lig 0.296 

CaCly. 2H>0 2 0.294 
KCl 2 wi 0.187 

Glucose 10 sete! 

  

Supplemented with either 1% BSA or 5% BSA and 0.08% bacitracin. 

Seek = 

 



APPENDIX 4 

Composition of Hepes buffer, pH 7.4 used for both the isolation 

of adipocytes and insulin receptor binding assays using lean and 

obese mouse adipocytes (130). 

  

  

Chemicals mmo1/1 g/l 

NaCl 13D 7.889 

KCl 4.8 0.358 

MgSO,. 7H50 ee 0.419 
CaClo. 2H70 2.5 0.368 

NaH7 PO4. 2H20 120 0.156 

Hepes 10 2.38 

  

The buffer was supplemented with BSA (2.5%), glucose 

(5 mmol/l) and collagenase (0.5 mg/ml) for the digestion of fat 

segments. The buffer used for washing adipocytes was supplemented 

with 5% BSA but contained no glucose. The buffer used for the dilution   
of both !25]-insulin and cold insulin and mouse adipocyte insulin 

receptor binding assays was supplemented with 5% BSA and glucose 

(5 mmol/l). 
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APPENDIX 6 

Example calculation for erythrocyte and adipocyte insulin receptor 

binding assays 

To calculate the amount of !25I-insulin added to each tube: 

Total counts (T) are the accumulated counts for 100 ul of reaction 

volume over 5 minutes. 

1 pCi = 2.2 x 106 cpm and since the counting efficiency of the gamma 

counter = 57% and 1 pCi = 1.26 x 106 cpm 

The amount of 1251-insulin added ak tube in ng = 

T x 103 

1.26 x 109 x specific activity 

The 1251-insulin concentration in each tube in ng/ml = 

Tx 103 x 2 

1.26 x 109 x specific activity 

The ordinates, (B/F) x 1072 and (B) ng/ml x 1072 were derived 

as shown in table 1A. 

A graph was plotted of (B/F) x 1072 against Bng/ml x 1072 

(Seatchard plot). Straight tate cureen fitted by least squares for 

high cK.) and low (Ke) receptor affinity. (Rg),1, and R, were 

computed from the equation, y = a + bx 

Ke 

Bo
un
d/
fr
ee
 

in
su
li
n 

ra
ti
o 

  
  

  
Insulin bound 

- 294 -



 
 

du 
Tputq 

ut 
T
n
s
u
t
 

 
 

 
 

ITF 
T
o
o
d
s
u
o
u
 

peTteaqertun 
jo 

- 
aqnq 

s
j
u
n
o
d
 

[e}0], 
1OJ 

s
}
U
N
O
D
 

wUOoTIeAQqUaDUOD 
a 

a 
yora. 

10J 
OOL 

xX 
a9qnz 

— 
aqnj 

yore 
+ 

u
t
[
n
s
u
t
 

€ 
' 

(a) 
aqn} 

yore 
10j 

aqn} 
yora 

105 
y
o
e
o
 
U
T
 

3
u
T
p
u
t
q
 

uy 
s
q
u
n
o
o
 

-Ic¢zq 
3° 

Zz 
OOL 

xX 
/(a) 

(
a
)
-
o
o
t
 

* 
[Hu] 

q 
¥ 

= 
{Hl 

D
J
T
J
t
o
s
d
s
 

1zoF 
s
q
u
n
o
g
 

T
e
o
]
 

u
o
y
z
y
»
y
e
a
q
u
a
o
u
o
g
 

T 

z-Ol 
X 

z-Ol 
X 
T
w
/
S
u
g
_
O
T
 

X 
Tw/3u 

Sutpu 
tq 

Tu/su 
[Hu] 

(
1
/
€
)
 

o
f
}
e
1
 

(1) 
(a) 

ay 
DTjJ 

T
o
a
d
s
 

u
o
t
 
J
e
A
Q
U
Z
I
U
O
D
 

o
u
 

u
t
p
n
s
u
t
 

u
f
[
N
s
u
t
 

vaIj 
u}T[TNsuy 

punoqg 
AOJ 

sjyunoD 
uUf[NsuTt 

Teo], 
saqny, 

aa 
ay 

/
p
u
n
o
g
 

jo 
J
u
n
o
u
y
 

Jo 
J
u
n
o
u
y
 

*JoTd 
p
a
e
y
o
j
e
s
g
 

AOJ 
sayeuTpAoO 

Fo 
u
o
T
I
e
[
N
o
T
e
Q
 

“VI 
X
T
G
e
L
 

 
 

 



  

  

The value for each abscissa intercept (R,) was converted to 

moles/1. The number of receptor sites/cell was calculated from the 

following formula: 

= moles of insulin bound per litre x 6.022 x 1023% 

number of cells/litre 

where * is the Avagadro's number = number of molecules in one mole 

of insulin (220). 

The following formulas were used for calculation of the affinity 

constants: 

A a
 ul affinity constant of empty sites 

= Initial B/F value 

R, in moles am 

Ke = affinity constant of full sites 

= slope of total affinity plot nM 1 

Ky = Apparent affinity constant, calculated at 50% of the initial 

B/F value 

—1 
= B/F (at 50% of initial B/F value) nM 
  

Ro — B (at 50% of initial B/F value) 

OD
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APPENDIX 9 

Calculation of the area under the OGIT curve or OGIT insulin 

              

curve: 

240+ 4 8 
{ 

210+ 47 
| | a 
| 

— 180 1 : | 46 = 
a, | { { ves 

E io ed - & 
= 150 | | Soe 

ot | | | @ 
~— | | > 
@ 120 | | : | =] 4, a 

> | | | | aw | | wy 

Ss | ) ae 
”n 60F | | | | = 2 ee 

ss | | | | 
30k OR, ee ee | a 

| | ! \ | | 
I | | | | | 
i 1 | | le ! J 
  

a eer oO. Te 

Time (minutes) 

o
i
 

Area under the curve for either glucose or insulin was calculated 

using the following formula: 

= bx.0 + bx.15.x 15 + bxelS +. bx 30x. 15 +.b6%.30 + bx.45 x 15 

Z 2 2 

+ bx.45 + bx.60 x 15 + bx.60 + bx.90 x 30 + bx.90 + bx.120 x 30 

2 2 2 

which reduces to:- 

725 (bx..0 + 2bx.15 + 2bx.30 + 2bx.45 + bx.60) + 15 (bx.60°+ 2bx.90 

+ bx.120) 

Where bx. = the value for either insulin or glucose at each time point. 

29S 

 



APPENDIX 10 

Protocols for Clinical Studies 

Bendrofluazide and nifedipine trial protocol 

NAME : 
  

WEIGHT : 

HEIGHT: 

PAST DIAGNOSES: 

eg 

HOSP. NO. 

  

  

kg 

metres SEX 

  

2. 
  

  

    
  

DRUGS: 

Dose 
  

  

    

    

  

SMOKES: (per day) 

FAMILY HISTORY-DM: 

ADDRESS: 

  

  

ALCOHOL: (per week) gm alcohol 

FAMILY HISTORY - HYPERTENSION: 

= 300) —



  

Treat- Withdrawal Restora- 

  

Nifedipine ment lst 2nd ation of 
visit Visit treatment 

3rd visit 

| bee 2 | Vite se ete 4 out ote S54 
Bendrofluazide Visit 1 Placebo 1/12 S72 Thiazide 

Thiazide Thiazide +Kkt suppl. 

  

Hb 

WBC 

Platelets 

MCV 

Profile 

Urea 

Nat 
x 
HCO37— 

Cle 

Creat. 

BS 

Urate 

Total Prot. 

Alb. 
Cast 

Phos. 

Bil. 

Alk. Phos. 

Asp. T. 

GT 

T4 

Free T4 

Totad Chol. 

Tg. 

HDL /HDL2 

  

  

  

  

  

  

  

    
  

  

  

  GIT lSug. Ins.| Sug. Ins. |Sug. Ins. |Sug. Ins. |Sug. Ins. 

0 
15 mins 
30 mins 
45 mins 
lL. br 
145 hr 
2 hrs 

  

  

  

  

  

  

  

Fast. insulin 
Receptors 
  

Urinalysis 

  

POG. 

Sugar 

Haem. 

  

  

  

Urine 

Sugar 
  

  

Weight 

Pulse 

BP 

  

  

  

— oO 

 



Protocol for guarem trial 

  

Name: Number: Height: 

Date of Birth: / / Age: Duration of NIDDM: 

Address: 
Alcohol intake: 

Smoking habits: 
  

Drug treatment: 1) 
  

    

  

  

Trial Number: 2D 

Entry Date: faF 3) 

lst baseline 2nd baseline Treatment 

lst visit 2nd visit 3rd. visit 

| | 

Weight 
  

Blood pressure 
  

HbA, 

Glucose: Pre 
    30 mins 
  

60 mins 

90 mins 
  

120 mins 
  

Cholesterol 
  

Triglyceride 
  

Sodium 
  

Potassium 
  

Gamma G.T. 
  

Asp. A.T. 
  

Urea 
  

Unie. Acid 

  

  

Continued overleaf ..... 

302 =



  

lst baseline 2nd baseline Treatment 
lst visit 2nd visit 3rd visit 

Creatinine 

Calcium 

Phosphate 

Alk. Phos. 

Bilirubin 

24h urinary Nat 

24h urinary Kt 

24h urinary Gle 

  

APPENDIX 11   
Normal values for haematology and biochemistry in adult patients 

(North Birmingham Health District 1976, Clinical Chemistry Department). 

  

Parameter Value 

Haematology: 

MCV 80-96 fi 
Platelets 150-300 x109/1 

Biochemistry (in serum) 

Cholesterol 3-7 .3 mmol/1 
Triglycerides ies: mmo1/1 
Uric acid 0.16-0.4 mmol/1 
Urea 3-7 mmo 1/1 
Calcium 2.2-2.6 mmol/l 
Chloride 95-105 mmol1/1 
Potassium 3.8-5.0 mmol/l 
So di um 136-148 mmol/1 

Glycosylated haemoglobin 3-8 fo 

505. 
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Computer program in BASIC for the analysis of insulin RIA 

data using either human or mouse standards. 

APPENDIX 13 
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APPENDIX 14 

Computer program in BASIC for the area under the curve. 

1OGLSIERIN Ts PRINT: 
SORFRINT CHR#(141)3; "THIS FROGRAM WAS WRITTEN BY K.HUGHES" 

SOPRINT CHR:E(141)3 "THIS PROGRAM WAS WRITTEN BY K.HUGHES"” 

4OFRINT CHRE(141);TAB(1L2) “NOVEMBER 19685" 

SOPRINT CHRE(141);TAR( 1S) "NOVEMBER 1985" 
6QINFUT TAR (7,20) “FRESS RETURN WHEN READY ";As: IFAS=INKEYS(-74) THEN 70 ELSE 

10 
7ODIM AC1NO):DIM BX( 100) 

SOCLS:FROCstimulated: FROCbasal: FPROCtest:FROCprintl: : 

SOINFUT " DO YOU WANT TO FRINT OWT (OF, THESE RESULTS 0's 
$ 

LOOTF YF="VYES" OR YS="V"" THEN PROCSrint2. ELSE END 
LLOF RINT: PRINT: 

L2ZOINFUT"DO: YOU WANT TO ENTER MORE DATA “3DS: IF DS="YES" OR De=2"¥" > THEN SO ELS 
END 

LSO0FRINT: PRINT: END 

L40ODEF FRUCStimulated 

SOClS 
1LSO0FRINT:FRINT: 

L7OCNPUL INFOT NUMBER: OF STIMULUS EXPT 6. 0 3M 
LSQOPRINT:FRINT: 

190A=0; B=0 
SQOQFGR I=t TO N 

21 OAREA=0 

SZ2O0PRINT. “ TIME COMING). 93 TABK2O) eo aNSULIN Cute). 
2oURUR Tesi TO et: Steers 

240FRINT Ts 
SSOINFUT TARC( 20) "INFUT VALUE "3BX¢T) 

26QIF T=31 THEN NEXT T 

S7QAREA=AREA+ ( (BX (T-S) +BX(T))) *#2.5 
2S8ONEXT T 

S90CLS 
300 PRINT “DATA FOR EXFERIMENT “313;"" NOW BEING STORED! * 

SLOPRINT: PRINT: 

ZSBOLET ACL) =AREA 

SEGA=ATA CT) 

S4QOBS=R+A(I) SS 
SSONEXT 1 

S60C=A/N 
B7OV= (CH-(C#A) ) # CNL) 

SBOD=SER (Y) 

TIQOFORK=LTOLOOD 

4OQNEXT X 

41 0ENDFROC 
420DEF FROCbasal 

430CLS 
440FRINT:ERINT: 

4S0TNFUT"INFUT NUMBER OF BASALS "“;Ni 

450OFRINTSFRINT: 
470A=0; B=0 

4BOFOR T=! TO Ni 

S9Q0O0RER=0 . 

SQOPRINT ™ TIME (MINS) “3 TAB(20); "INSULIN (ull/min)” 

SiLGeurm veosl al) Sisters 

TROPA INT tis 
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SSOINPUT TAE(20)"INFUT VALUE ";EX{T) 
S40{F T=31 THEN NEXT T 
SSOAREA=AREA+ ( (BX (T-S) +8X(T))) #2.5 
SSONEXT T 
S70CLS 
S80 FRINT "DATA FOR EXPERIMENT ";1;" NOW BEING STORED!" 

SIOFRINT: PRINT: 

600LET ACI) =AREA 
610A=At+A CT) 

620B=8+A (I) SS 
623ONEXT TI 

640C1=A/N1t 
650Ve (B—(C1#A)) / (N11) 

46001=SQR (V) 
STOFORX=LTOLIOG 

SBONEXT X 

S90ENDFE ROC 

7JOODEF FROCtest 

71O0T2(C-C1)/SQR (D72/N4t01"S/N1) 

720ENDF ROC 
JSQDEF FROCprintl 

740CLS 

JSOFPRINT: PRINT: 

J6QFPRINT'MEAN FOR STIMULATED = “3C 

JT7GPRING . 
7SOPRINE’S.D. FOR. STIMULATED ° = "3D 

TIOFPRINT 

BOOFRINT"NO. OF STIMULATED = “3N 

8S1LOPRINT 

B20FPRINT"“MESN FOR BASAL may a(S 1 

B20PRINT 
B40FRINT"S.D. FOR BASAL se ee 11 

SOFRINT 

B60FRINT“SNO. OF BASAL mo ie NEL 

S7OFRINT 

B8GFRINT" RESULT OF T TEST mr IS eT 

SOF RINT 
9QO0PRINT" DEGREES OF FREEDOM 

9LOPRINT: PRINT: 

"s (NN) —2 

S20ENDPROC 
9Z0DEF FROCprintsS 

940CLS 
9SOPRINT: PRINT: 

  

960INFUT"ENTER EXPERIMENTAL TITLE “;EXx# 
970VDU2 
FB0xF XS 
99OVDU21 
LOOOPRINT: PRINT 
LOLOPRINT TAB(20) ;EXs 
LOZOPRINT:F RINT: 
LOZOPRINT TAB(1S); "MEAN FOR BASAL = "3C1 
LO4OPRINT TAB(15);"S.0. FOR BASAL = "301 
LOSOPRINT TAS(15); "NUMBER GF BASAL = "31 
LOSOPRINT: PRINT 
LO7OPRINT TAB(15); "MEAN FOR STIMULUS = ";C 
LOBORRINT TAB(1S);"S.0. FOR STIMULUS = "30 
LOQOPRINT TAB(1S); "NUMBER GF STIMULUS = "3N 
LLOOPRINT: PRINT 
LLIOPRINT TAB(1S); "RESULT UF T.TEST = = "31 
LLZOPRINT TAB( LS); "DEGREES OF FREEDOM = “; (N+N17-2 
Li ZovbUs 
Li4aovpus 
LISCENDFEROC 
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APPENDIX 15 

Publications arising from this thesis. 

Possible Role for Insulin Receptors in the Mechanism of 

Thiazide Induced Glucose Tolerance 

Jaswinder S. Gill, Nabeel Al-Hussary*, Terence W. Atkins”, 

Kenneth G. Taylort and D. Gareth Beevers 

The role of cailular insulin receotors in the mechanism of thiazide induced glucose 

intolerance was studied in 10 non-diabetics and six diet controlled type II diabetics with 

mild essential hypertension. Glucose tolerance tests (75 g) were performed at the start 

of the study, after one month of placebo and after one month on bendrofiuazide 5 mg 

daily. Erythrocyte insulin recepior status was measured on each occasion in the fasting 

siate. 

In non-diabetics, low affinity insulin receptor concentration increased ajfter 

bendrofiuazide but high affinity receotor concentration remained unchanged. In the 

  

  

diabetics, there was no change in aither high or low affinity insulin receptor 

concentration. No change in insulin receptor affinity occurred in either group. In the long 

term, non-diabetics may maintain normal giucose tolerance on thiazide diuretics by 

increasing insulin receptor numbers. This adjustment did not occur in diabetic patients 

which may explain the deterioration in glucose tolerance. 

Journal of Hypertension 2 (suppi 3): §73-576, 1984 

Keywords: Thiazide diuretics, giucose intolerance, Insulin receptors. 

Introduction 

Thiazide diuretics are cheap and effective antihyper- 

tensive drugs. They are, however, known (to precipicare 

and aggravate diabetes mellitus {14}. When these agents 

are used as antihypertensive treatment the benefits 

derived from correcting hypertension, may be offset by 

the occurrence of diaberes meilitus. Attempts to prevent 

the diabetogenic effect of thiazide diuretics must be 

based on an understanding of their effects on insulin 

secretion and peripheral insulin sensitivity. 

The actions of insulin upon intermediary metabolism 

are mediated through a specific insulin receptor present 

in the plasma membrane of target ceils (5]. This recepcor 

is also present in the membrane of circulating 

érythrocytes. Alterations in the cellular insulin receptor 

concentration have been reported in many conditions, 

including obesicy [6], diabetes melilicus {7}, steroid 

therapy (8], thyrotoxicosis {9] and after biguanide 

treatment [10]. The effect of thiazide diuretic treatment 

upon insulin receptor status was investigated in an 

atempt to understand the mechanism of thiazide- 

induced glucose-incolerance. 

Patients and methods 

Ten non-diabetic patients (four males) and six diet 

controlled type {1 diabetics (four males) with mild 

essential hypertension were recruited. The mean ages 

were 31.5 (sd. 6.5) years and 60.7 (sd. 6.4) years, 

respectively. All patients had blood pressures greater 

than 160/95 mmHg on.two separate clinic visits. Pressures 

were taken seated using a Hawksley random zero 

sphygmomanomerer, using phase V diastolic pressures. 

Secondary hypertension was excluded. 

Patients were prescribed placebo ablets for one 

month followed by bendrofluazide 5 mg daily for one 

month in a single-blind study. After a 12h overnight fast, 

a 75 g oral glucose tolerance test (OGTT) was performed 

at recruitment, after placebo and after active bendro- 

fluazide, Glucose was measured in venous blood. 

Routine haematology (haemoglobin, white cell count, 

platelets) and biochemistry (urea, electrolytes, creatin- 

ine, liver function cesis, fasting lipids and thyroid function 

tests) were performed before each OGTT. Fasting 

erythrocyte insulin cecepcor status was measured on each 

accasion using a modification of the insulin binding assay 
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(Ghambir er af.) (11], Analysis of binding was performed 

using Scatchard analysis (12] with computer assistance to 
determine the density of insulin binding sites on 
erythrocytes. The Scatchard plot for erythrocyte insulin 
binding is curvilinear. It is not established whether this 
represents two or more classes of receptor with different 
and fixed affinities or one class of receptors exhibiting 
negatively cooperative site-site- interactions [13]. The 
present data were analysed using a mode/ which assumes. 
two classes of receptors. Affinity constants for insulin 
binding to these sites-(Ke and Kf) were also calculated 
(14]. 

Statistical, analysis was by paired. tests: Ethical 
committee approval was obtained for the study. 

Results 

Baseline insulin receptor concentration was higher in the 
non-diabetic than diabetic patients. There were no 
changes in total, high or low affinity receptor 
concentration berween baseline and placebo measure- 
ments (Fig. 1). Total and low affinity receptor 
concentration increased in the non-diabetic group after 
bendrofluazide when compared with the baseline and 
placebo values. In diabetic patients there was no change 
in total and low affinity receptor concentration after 
bendrofluazide. High affinity receptor sites were not 
changed by bendrofluazide in either group. There were 
no significant change in receptor site affinities after 
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Bendolluazide 
5mqg daily 

Baseline Placebo 

Fig. 1. Changes in low affinity insulin receptor number and weight in 
the non-diabetic (®) and diabetic (©) groups n.s. = not 
significant. 

placebo or bendrofluazide treatment. 
No change in giucose tolerance was. observed in the 

non-diabetic or diabetic patients during placebo or 
bendrofluazide treatment. Blood counts and red ceil 
indices were unaltered during the study. There were no 
changes in biochemical variables following placebo but 
there were changes after bendrofluazide as shown in 
Table 1. There were no changes in the body weight or 
pulse rate during the study in either group. Blood 
pressure decreased from 164/98 to 147/94 mmHg in the 
non-diabetic group and from 170/95 to 153/85 mmfig in 
the diabetic group after bendrofluazide. 

Discussion 

The present study was conducted in a single-blind 
fashion so that the effect of placebo could be examined. A 
diurnai variation in insulin recepeor number has been 
reported {15] and we were careful to examine the insulin 
receptor status at the same time of the day on each 
occasion. Variations in insulin receptor number also 
occur in association with the menstrual cycle {16}. We 
recruited only men or post-menopausal females. In the 
one exception we performed the glucose tolerance test at’ 
the same stage of the cycle (luteal phase). 

Although some previous studies on giucose intoler- 
ance during thiazide administration have demonstrated a 
decrease In Insulin secretion (17), others suggest that 
thiazides may increase insulin secretion {18} Further- 
more some studies have indicated that glucose 
intolerance does not occur even with prolonged thiazide 
administration {19}. Decrease in insulin secretion may be 
retated to hypokalaemia and has been reported’ in many 
other conditions in which this occurs including Barters 
and Cushings syndromes, primary aldosteronism and 
oral administration of potassium binding resins {20}. 
During administration of thiazide diuretics, there is. a 
decrease in the total body potassium even when serum 
potassium {s maintained within normal limits [21]. 

Potassium seems to be involved in insulin release 
although magnesium and calcium may be more 
important. ° 

The increase in Insulin receptor number may be a 
response to decreased insulin secretion and might ailow 
the non-diabetic group to maintain glucose tolerance: 
Alterations in insulin receptor concentration in response 
to changes in insulin secretion lave been described {22}, 
although the relationship is not entirely clear. In the 
diabetic group insulin receptors did not Increase so that 
reduced Insulin secretion would result in a deterioration 
in glucose tolerance. Glucose tolerance deteriorates 
earlier in diabetic and latent diabetic patients [23] and 
this may be related to the inability to increase insulin 
receptor number. If insulin secretion is increased then 
insulin resistance is implied. There were no weight 
changes in either group indicating that this was not the 
factor in the change in insulin receptor number. None of 
the present patients exhibited hypokalaemia during this 
period of thiazide diuretic therapy. ‘ 

It is difficult to envisage the mechanism of the change 
in insulin ceceptor number in erythrocytes which have 
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Table 1. Changes in ouise, bicod pressure, nigh affinity receptors and biochemisiry after piacedo and pendrofluazide. NO = non-diadetics, 0 

= diabetics, Figures in parentneses are siandard errors ot 

placebo and baseline) is indicated by *P<0.05, “°°<0.01 

means. The level of statistical significance (on denaroiluazide compared with 

  

  

  

Baseline Placeoo Senarofluazice 

Systolic blood pressure (mmHg) NO 163.6 (6.0) 161.4 (4.6) 147.4 (4.4)* 

0 170.3 (12.4) 168.3 (11.8) 183.7 (9.1) 

Diastolic biood pressure (mmHg) NO 98.4 (4.2) 96.2 (2.3) 93.6 (4.4) 

0 95.3 (5.5) 91.3. (3.0) 85.3 (3.1) 

Puise rate (beats/min) NO 73.8 (3.5) 75.6 (2.7) 73.4 (3.2) 

0 76.0 (5.2) 70.0 (S.5) 78.0 (5.6) 

Hign aifinity receptor sites per erythrocyte NO 14.3 (1.5) 12.0 (1.3) 13.5 (0.9) 

0 13.5. (1.1) AZ (1.4) 19.2 3(410) 

Potassium (mmot/!) NO 4.6 (0.13) 4.6 (0.11) 4.3 (0.13) 

5 4.5 (0.3) 4.5 (0.2) 4.3 (0.7) 

Bicarbonate (mmov!) NO 24.6 (0) 26.9 (2.1) 28.3 (0.9) 

0 23.1 (1.4) 25.3 (1.4) 27.8 (0.7) 

Urate (mmov/!) NO 0.33 (0.04) 0.37 (0.04) 0.44 (0.04)*" 

0 0.38 (0.04) 0.39 (0.05) 0.39 (0.05) 

Cholesterol (mmat/|) NO 6.0 (0.3) 5.8 (0.3) 6.2 (0.2) 

0 §.9 (0.3) §.5 (0.3) 5.8 (0.3) 

Trigiyceride (mmoi/) NO 1.4 (0.19) 1.4 (0.19) 1.5 (0.2) 

0 1.4 (0.18) 1.3. (0.19) 1.8 (0.3)° 

Fasting blood sugar (mmoi/\) NO 4.2 (0.2) 4.4 (0.3) 4.4 (0.2) 

0 8.0 (1.0) 7.4: (AY 3.3 (1.0) 

2h OGGT biced sugar (mmoi/!) NO 5.6 (0.6) 5.3 (0.6) §.8 (0.7) 

o 14.7 (1.3) 13.0 (1.7) 14.1 (1.4) 

little capacity for protein biosynthesis. Three mechanisms 

are proposed for the change in insulin receptor number. References 

First, new ceils may be recruited into the circulating pool 

and these may differ in their insulin ceceptor number 

from those already in the circulation, This mechanism 

dlone is unlikely to account for the degree of change in 

insulin receptor status observed. Second, receptors may 

be internalized by endocytosis and then recycied to the 

external plasma membrane by the lysosome [24]. Third, 

thiazides may cause a conformational change in the 

insulin receptor rendering it unable to bind insulin. This 

effect may be mediated by the thiazide diuretic itself or 

through change in insulin secretion. There is evidence to 

suggest that changes in receptor affinicy may occur 

following changes in insulin concentration {25}. 

Furthermore, the number of available insulin ceceptor 

sites meusured by Scatchard analysis is determined by the 

prevailing insulin levels, although the number of 

receptors which can be extracted by detergent remain 

unchanged (26]. Thus, it is probable that erythrocytes can 

modulate insulin receptor number and Dons ef aé have 

been able to correlare changes in erythrocyte insulin 

receptor number with those in the other wrget tissues for 

insulin (27). [In conclusion changes in insulin recepcor 

number were observed in patients receiving thiazide 

diuretics. These may compensate for changes in insulin 

secretion or may be a direct effect of the thiazide diuretic. 

Patients unable to modulate insulin ceceptor number 

may be more likely to suffer impairment of glucose 

tolerance. 
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Zi, Insulin raceptor status of bendrofiuazide treated mild hypertensive patients with 

and without type [I diabetes. 

J.S. Gill, N. Al-Hussary, T.W. Atkins, K.G. Taylor and 0.G. Beevers. 
Department of Medicine and Diabetes and Endocrinology, Dudley Road Hospital and 
Department of Biological Sciences, University of Aston, Birmingham, UK. 

The role of cellular insulin receptors in the mechanism of thiazide induced glucose 
intolerance was studied in 10 non-diabetic and 6 diet controlled type [1 diabetics 
with mild essential hypertension. A 75 g glucose tolerance test was performed at 

recruitment, after one month on placebo and after one month on bendrofluazide 5 mg 
daily. Fasting red blood cell insulin receptor status was measured on each occasion 
by an insulin binding assay and a computer assisted Scatchard plot. In non- 

diabetics no change in glucose tolerance or insulin secretion occurred on placebo or 
bendrofluazide. Low affinity insulin receptor number did not alter from baseline 
(123+4) to placebo (121.4+6.3) but increased after bendrofluazide (140+4.5, 

p<0.01). High affinity receptors were unchanged. In the diabetics glucose 
tolerance exhibited a small non-significant deterioration but insulin secretion was 
unaltered. There was no change in high affinity or low affinity insulin 
receptors. No change in insulin binding affinity occurred in either group. 
Therefore. in non-diabetics nonnal glucose tolerance on thiazide diuretics may be 
maintained by increasing insulin receptor numbers whereas diabetics unable to do 

this suffer a deterioration in glucose tolerance, 
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POSSIBLE ROLE FOR INSULIN RECEPTORS IN THE MECHANISM Of THIAZIDE 

INDUCED GLUCOSE INTOLERANCE 
JS Gill, N Al-dussary, T W Atkins, *G Taylor, 0 G Beevers 
University Department of Medicine and Department of Diabetes and Endocrinology, 

Dudley Road Hospital, Department of Biological Sciences, University of Aston in 

Birmingham, UK ; 

Deterioration in glucose tolerance in satients receiving thiazide diuretics has 

been shown by many studies and there is evidence that this operates through imoaired 
insulin release. We have studied the role of cellular insulin receptors in the 
mechanism of thiazide induced glucose intolerance. 

Zleven patients with mild essential hypertension were studied, 6 were non- 

diabetic and 5 diet controlled type II diabetics. A 75 g oral glucose tolerance 

test was performed at recruitment, after one month on olacebo and after one month on 

bendrofluazide 5 mg daily, in a single blind trial. Fasting insulin receptor status 

was measured on each occasion by an insulin binding assay (modification of the 
methed of Ghambir) and a computer assisted Scatchard olot. Analysis was oy oaired 

t-tests. 

No significant change in glucose tolerance was observed on placebo or 

bendrofluazide. There was no significant change in total, high affinity or low 

affinity teceotors between the caseline and olacebo measurements in the diabetic and 

non-diabetic groups. In the non-diabetic group there was a significant increase in 

ted cell insulin receptors setween olacebo and thiazide onases (total receptors: 

131.4+7.5 to 154.9+7.82, high affinity recegtors: 11.4+1.89 to 15,642.45, low 

affinity receptors: 129+8.35 to 139.5+2.8 respectively, 9<d.d1). No significant 

change was found in the diabetics. There was-no alteration in insulin binding 

affinity in either group. [In non-diabetics therefore an increase in insulin 

receptor numbers may maintain normal glucose tolerance in the face of reduced 

insulin release, whereas diabetics are unable to do this resulting in imeairad 

glucose tolerance. 
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Insulin receptor binding and insulin action in subcutaneous and abdominal fat of obese mica. 
  

Regional dizferences in adipose tissue insulin sensitivity have been documented for obese human 

subjects but not for animal nodels of obesity. Insulin receptor binding, insulin stimulated 

glucose oxidation and 125 casulin degradation have been determined in fsolated adipocytes and 

fat segments from the lower abdominal (Ab) and upper femor2l region (Se) ‘of obese mice. ies 

glucose oxidation was continuously monitored with an electrometer and ionisation chamber. The 

total insulin receptor concentration was significantly higher in Se adipocytes than Ab (25.7 = 

2.04 and 18.7 £1.07 per um? respectively, ? <0.01). The apparent insulin receptor afiiaity was 

significantly higher in Ab adipocytes than Se (0.0712 0.005 and 0.044 + 0.004 a+ respectively, 

P<Q.91). There was no significant dif#erence fa either the rate of insulin stimulated glucose 

oxidation or cell diameter between Sc and Ab adipocytes and no significant difference ia oat 

insulin degradation between Sc and Ab sites whether using tsolated adipocytes or fat segments. 

int fterences between subcutaneous and abdominal fat of obese aice appear to be restricted to the 

level of insulin receptor binding with little evidence of differences in postreceptor activity.     
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Fallure of potassium supplementation to prevent the effects of 

tendrofluazide on glucose tolerance, insulin and insulin receptors 

Nine non-diabetic (ND) patients (4 males mean age 51.7+7.0 years) 

and? diet-controlled diabetic (NM) patients (8 males mean age 64.9+4.6 

years) with mild hypertension were studied. A 75 g of oral glucese 

tolerance test (OGTT) was performed at recruitment, after 1 month 

placebo treatment, after 1 month bendrofluazide (BF) S$ mg daily, a 

further 3 months BF and 1 month after potassium supplementation (20 mmol 

thrice daily). 

Comparing placebo values to those after 4 months treatment with BF 

glucose tolerance deteriorated (area under OGTT curve ND 781+186 to 

842+192; D l44o+l18 to 151+143 mmol/1l/min) and insulin secretion 

decreased. (area under CGTT curve ND25975+17963 to 24272+13963; D 

1431612950 to 13337+13967 ulJ/mL/min). 

Fasting erythrocyte insulin receptors increased in the ND group 

(135+19 to 154+25 sites/cell) but were unchanged in the D group (107+18 

to 96+20 sites/cell). Serum potassium decreased from 4.544 to 4,340.4 

mrol/). 

Following potassium supplementation, serum insulin fell further (h 

18291410361; D 953441101 uU/m1/min) but there were no other significant 

changes. 

We conclude that thiazide induced glucose tolerance is consequent 

to decreased insulin secretion. Oral sotassium supplementation does net 

prevent detericration cf these chances. 
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