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Summary

A series of studies is described in which specific and conventional insulin
immunoassays, the hyperinsulinaemic clamp technique and forearm venous

occlusion plethysmography with local intra-arterial infusions have been used to

investigate:
e the effect of insulin assay specificity on the relationships among serum insulin
concentrations, insulin sensitivity, and blood pressure in diabetic and non-

diabetic subjects with and without essential hypertension (Chapter 5)

e the effect of sustained physiological activation of the renin-angiotensin system

induced by moderate dietary sodium restriction on insulin sensitivity in

patients with non-insulin-dependent diabetes mellitus (Chapter 6)
e the relationship between endothelial function and insulin sensitivity in healthy

subjects (Chapter 7)

Prior to these investigations, preliminary studies (Chapters 3 and 4) were

performed 1n order to validate aspects of the clinical physiological techniques

required for the measurement of blood flow and insulin sensitivity.
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(i) The reproducibility of bilateral forearm venous occlusion plethysmography
Studies using this technique to measure changes in forearm blood flow (FBF)
during intra-arterial infusions of vasoactive substances often report changes in
blood flow ratio (expressing responses in the intervention arm as a ratio of
responses in the control arm) rather than absolute values for flow. However,
unilateral measurements are reported by other investigators, and the possibility
was considered that the method used for expressing responses might influence the
conclusions reached. A reproducibility study was performed (Chapter 3) which
demonstrated that the between-day intra-subject variability of bilateral forearm

venous occlusion plethysmography (FBF ratios) was less than that of unilateral

FBF measurements. The bilateral technique was used thereafter where possible.

(ii) The effect of hand-warming on insulin sensitivity and forearm blood flow
Given that investigation of haemodynamic influences on insulin-mediated glucose

uptake were a major theme of these studies, validation studies were performed

(Chapter 4) to investigate whether arterialisation of venous blood by the

18



commonly-used technique of hand-warming during the hyperinsulinaemic
euglycaemic clamp had systemic haemodynamic effects or eftects on the

measurement of insulin sensitivity. The results of these studies in healthy subjects
showed that hand-warming (by the heated-air hand box technique) has the
potential to confound the results of studies using the euglycaemic clamp

technique, particularly those with a case-control design and those assessing the

haemodynamic effects of insulin.

(i) The effect of insulin assay specificity on the relationships among serum

insulin concentrations, insulin sensitivity, and blood pressure
Serum insulin concentrations have been used as markers of insulin resistance in

population studies examining the relationship between insulin resistance and

blood pressure. It was hypothesised that differences in cross-reactivity of the
antibodies used in conventional insulin immunoassays with proinsulin and
proinsulin-like molecules might account for vanations in the reported
relationship between insulin and blood pressure. The relationships were therefore

examined among fasting and post-glucose load serum insulin concentrations

19



(determined by both specific and conventional assays), insulin sensitivity
(measured by the euglycaemic clamp technique), and blood pressure, in a group of

56 diabetic (NIDDM) and non-diabetic subjects (Chapter 5). The results

demonstrated that the relationships among serum insulin concentrations, insulin

sensitivity and blood pressure were independent of insulin assay specificCity.

(ii) The effect of dietary sodium restriction on insulin sensitivity in non-

insulin-dependent diabetes mellitus

Previous studies conducted 1n the CIRU had demonstrated an insulin-sensitising
effect of acute infusion of the potent vasoconstrictor hormone angiotensin II
(ANG 1I) 1n patients with NIDDM. The effect on insulin sensitivity of sustained
phystological activation of the renin-angiotensin system was therefore examined
in patients with NIDDM using sodium restriction (40 mmol/day) in a randomised,
double-blind, placebo-controlled crossover protocol (Chapter 6). The results

demonstrated a 12% reduction in insulin sensitivity associated with moderate

dietary sodium restriction in these patients, providing further insights into the

20



effects of the renin-angiotensin system on glucose metabolism in patients with

NIDDM.

(iii) The relationship between insulin sensitivity and endothelial function

There i1s evidence that insulin-mediated vasodilatation 1s reduced in states of
insulin resistance. Observation of the co-existence of endothelial dysfunction and
insulin resistance in a number of cardiovascular disease states generated the
hypothesis of the existence of a physiological link between endothelial nitric
oxide production and insulin-mediated glucose uptake. Forearm vascular

endothelial function was therefore measured 1n healthy subjects across a range of
insulin sensitivity (Chapter 7). The results demonstrated, for the first time, a

positive relationship between basal endothelial nitric oxide production and
insulin sensitivity in  healthy young males. The hypothesis is discussed that

physiological insulin sensitivity may in part be determined by an endothelium-

dependent etfect of insulin to promote glucose uptake by increasing blood flow

(and hence delivery of insulin and glucose) to insulin-sensitive tissues.

21



Chapter 1.

Introduction and background

1.0 Introduction

Hormone resistance can be defined as a subnormal biologic response to a given
concentration of that hormone. Insulin resistance is thought to be the most
prevalent form of hormone resistance, and diabetes mellitus was differentiated
into insulin-sensitive and insulin-insensitive types nearly 60 years ago (Himsworth
1936). As insulin has important and diverse effects on carbohydrate, lipid, and
protein metabolism (Table 1.1), mediated by a complex receptor and second
messenger system (Section 1.6), it i1s not surprising that insulin resistance has been
implicated in the pathogenesis of a broad spectrum of disorders with metabolic
features including obesity, diabetes mellitus, ovarian hyperandrogenism, and,
possibly, essential hypertension (Moller and Flier 1991). By convention, the term
"insulin resistance” usually refers to decreased sensitivity of tissues to the actions
of insulin on glucose homeostasis, 1.e. resistance to insulin-mediated glucose
uptake. Conversely, “insulin sensitivity” refers to sensitivity of tissues to insulin-

dependent, as opposed to insulin-independent, glucose disposal.

1.1 Insulin resistance and disease

The most 1mportant recognised physiologic determinants of insulin sensitivity,

which varies up to three-fold in non-obese individuals with normal glucose
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Table 1.1 Physiological actions of insulin

Action Tissue

Carbohydrate metabolism
Glucose transport (uptake)

pancreas
Glucose phosphorylation (initial Liver, muscle
step for entry of glucose into
giycolysis)
Glucose oxidation enhanced Liver, muscle
Glycogen synthesis enhanced Liver, muscle
Pentose phosphate shunt stimulated Adipose tissue
Glycogenolysis inhibited Liver
Gluconeogenesis inhibited Liver
Protein metabolism
Amino acid transport enhanced Liver, muscle
Protein synthesis enhanced Liver, muscle
Protein degradation inhibited Liver, muscle
Lipid metabolism
Fatty acid synthesis Liver

Triglyceride synthesis Liver, adipose tisse

Lipolysis inhibited Adipose tissue
Uptake of very-low-density Adipose tissue
lipoproteins (VLDL) and free
fatty acids enhanced

Mechanism

All tissues except brain,
enhanced enterocytes, hepatocytes,
renal tubular cells,

Recruitment of glucose

transport proteins from

intracellular pool to

plasma membrane
Induction of glucokinase

Pyruvate dehydrogenase
activated

Induction of glycogen
synthase

Inhibition of phosphorylase

Indirect via decreased
availability of acetyl COA
(decreased allosteric
stimulation of pyruvate
carboxylase)

Direct
Direct

Reverse cholesterol transport by Adipose tissue
high-density lipoproteins (HDL)
promoted
Ketone body synthesis inhibited Liver
Electrolytes

Cellular potassium uptake enhanced

Induction of acetyl CoA
carboxylase, fatty acid
synthetase

Increased availability of (-
glycero-phosphate from
glycolysis promotes
esterification of fatty acids

Hormone-sensitive lipase

Lipoprotein lipase

Hepatic triglyceride lipase

Increased malonyl CoA
inhibits carnitine acyl
transferase I

Na*-K* ATPase
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tolerance, are age, body mass index, gender, regional fat distribution, and physical
fitness (Hollenbeck and Reaven 1987; Yki-Jarvinen 1995). In addition, there are a
number of pathophysiological states which are associated with an impaired

sensitivity to insulin-mediated glucose uptake.

1.1.1 Insulin resistance in non-insulin dependent diabetes mellitus

A small subset of patients with non-insulin dependent diabetes mellitus (NIDDM)

have clearly defined molecular defects resulting in insulin resistance. These are
inherited, often in an autosomal dominant manner (Kadowaki et al 1988, Maasen
and Kadowaki 1996, Bell 1996). However, it is fairly clear that resistance to
insulin-mediated glucose uptake (both peripheral and hepatic) also plays a major
role in the pathogenesis of common forms of NIDDM (DeFronzo et al 1992), and
that the relationship is independent of obesity (Ludvik et al 1995). Considerable

controversy remains regarding the mechanism of hormone resistance in NIDDM

(Section 1.6), and its relative importance with respect to abnormalities of insulin

secretion (Hales 1994).

The controversy reflects in part a philosophical difficulty in disentangling the
complex and mutually-perpetuating relationship between the two metabolic
processes: peripheral insulin resistance may lead initially to a compensatory
insulin secretory response and eventually to B -cell "exhaustion™ (Del Prato et al

1994); conversely, hypoinsulinaecmia and consequent hyperglycacmia lead to
secondary insulin resistance (Hales 1994). In addition, perturbations of either

process may aftect hepatic glucose production. The debate also retlects a lack of
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longitudinal studies, and methodological problems with measurement of both

circulating serum insulin concentrations (Section 1.3.1; Robbins et al 1996) and of

insulin sensitivity (Section 1.5).
1.1.2 Insulin resistance in essential hypertension

In an early study conducted in a small group of patients with essential
hypertension, the presence of hormone resistance was inferred from normal or
elevated blood glucose profiles in the presence of high serum insulin
concentrations (Welbom et al 1966). Nineteen years later an association between
serum 1nsulin concentrations and blood pressure was reported in a large Israeli
population (Modan et al 1985), supporting the notion that essential hypertension
was an 1nsulin resistant state. Since then, using more direct metabolic
measurements of hormone resistance (see Section 1.4), American and Italian
groups have reported decreased insulin-mediated glucose uptake insulin in non-
obese essential hypertensive patients (Ferrannini et al 1987; Shen et al 1988).
Such data have led to speculation that hyperinsulinaecmia and/or insulin resistance
might play a role in mediating the atherosclerotic complications of hypertension

(Modan et al 1985, Reaven 1988). Furthermore, as the abnormality did not appear

to be present in secondary hypertension (Shamiss et al 1992), it was proposed that

It might be important in the pathogenesis of essential hypertension. This is

discussed in detail in Section 1.2

Much recent scientific attention has focused on the clustering of

hyperinsulinaemia, insulin resistance, hypertension, glucose intolerance and
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abnormal lipid metabolism within individuals of a population. Data from the
Framingham Heart Study indicate that up to 50% of patients with diabetes have
elevated blood pressure, and the incidences of both diabetes and hypertension
increase progressively with the degree of obesity (Kannel and McGhee 1979).
The constellation of subclinical cardiovascular risk factors in an individual patient
has been termed "syndrome X" (Reaven 1988), "the insulin resistance syndrome”
(Haffner et al 1992), and "the deadly quartet" (Kaplan 1989). However, the
existence, mechanism and pathophysiological significance of

hyperinsulinaecmia/insulin  resistance in  essential  hypertension remain

controversial.

1.1.3 Insulin resistance, hyperlipidaemia and atherosclerosis

There 1s considerable evidence that insulin resistance plays a role in the promotion
of atherosclerosis, the principal macrovascular complication of both hypertension
and NIDDM. Lipoproteins are central to atherogenesis (Ross 1993), and insulin
has a complex interaction with their metabolism (Reaven and Chen 1988,
Ginsberg 1991). Under physiological circumstances, insulin suppresses free fatty
acid (FFA) release from adipose tissue and promotes peripheral uptake of very-
low-density lipoproteins (VLDL) and FFAs by activating lipoprotein lipase (LPL).
Reduced availability of FFAs favours a decline in hepatic VLDL synthesis, and
insulin-mediated activation of hepatic triglyceride lipase promotes reverse
cholesterol transport by high-density lipoproteins (HDL). In obesity and NIDDM,

there i1s a shift in the net balance of lipolysis and re-esterification of FFAs,

producing a rise in their circulating concentration (Groop et al 1991); this results
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from subnormal adipose tissue LPL activity (Taskinen et al 1982). FFAs in tumn
aggravate resistance to insulin-mediated glucose disposal in skeletal muscle, by
competing for oxidation with glucose in mitochondria (Randle et al 1963), shifting
hepatic glucose metabolism in favour of gluconeogenesis (via allosteric activation
by acetyl CoA of pyruvate carboxylase), promoting hepatic VLDL production,

raising serum triglyceride concentrations (Frayn et al 1996), and enhancing

oxidative stress (Paolisso et al 1996).

There 1S evidence that both serum insulin concentrations (Stalder et al 1981,

Orchard et al 1983, Laakso et al 1987), and directly-measured resistance to
insulin-mediated glucose uptake (Laakso et al 1990b) are correlated with serum
triglyceride concentrations in population studies. Reaven included dyslipidaemia,
(low concentrations of plasma HDL cholesterol and high concentrations of LDL
cholesterol) in his definition of “Syndrome X" (Reaven 1988). Interestingly,

however, 1t has been reported that isolated hypercholesterolaecmia (familial or

otherwise) 1s not associated with insulin resistance (Karhapaa et al 1993, Sheu et

al 1993).

Several prospective epidemiological studies have examined the relationship
between serum insulin concentrations, as a marker of insulin resistance, and
coronary events. The 5 year analysis of data from 1059 policemen in Helsinki
revealed that the combined incidence of fatal and non-fatal myocardial infarction

was greater in those who had the highest fasting insulin and post-glucose load

insulin concentrations (Pyorala 1979). Similarly, in the Paris Prospective study of

7500 male civil servants, fasting serum insulin concentrations were related to the
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incidence of coronary artery disease at 11 years follow-up independent of glucose
tolerance and blood pressure, and was greater in obese rather than non-obese
subjects (Ducimetiere et al 1980). A recent Canadian case-control study based on
a population of 2103 men in whom 114 ischaemic events occurred over 15 years
also reported an independent association between baseline fasting serum insulin
concentrations and subsequent coronary events (Despres et al 1996). Similar

results were reported in males, but not in females, in a large Western Australian

population (Welborn and Weame 1979).

However, in a large Welsh population (2512 men), the initial cross-sectional
association between fasting serum insulin concentrations and ischaemic heart

disease (Lichtenstein et al 1987) was not sustained in the longitudinal phase of the

study: a univariate association was wholly accounted for by serum triglyceride
concentrations and body mass (Yarnell et al 1994). Similar results have been

reported 1n follow-up studies of smaller populations in Gothenburg (Welin et al
1992; n=644), California (Ferrara et al 1994; n= 1244), and in a subgroup
analysis of cases and controls in the Multiple Risk Factor Intervention Trial
(Orchard et al 1994). However, the epidemiological evidence in favour of a role
for insulin in the pathogenesis of coronary artery disease is supported by numerous
experimental studies showing that insulin accelerates atherosclerosis in vitro
(Stout 1980; Stout 1989), and clinical data from the Bypass Angioplasty

Revascularisation Investigation implicating direct deleterious effects of insulin on

balloon-injured vessels after percutaneous transluminal angioplasty (Sobel 1996).
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1.1.4 Genetic determinants of insulin resistance

A number of studies have demonstrated insulin resistance in offspring (Gulli et al
1992; Haffner et al 1988) or first degree relatives (Vaag et al 1992) of patients
with NIDDM, as well as in identical twins discordant for NIDDM (Vaag et al
1995). Insulin resistance has also been reported in the normotensive offspring of
hypertensive parents (Ferran et al 1991). However, such studies have included

only small numbers of subjects, and may be confounded by inadequate assessment
of vanables such as physical fitness (Yki-Jarvinen 1995); in addition, twin studies

are potentially confounded by effects of the shared intra-uterine environment

(Barker et al 1993a, Barker et al 1993b).

Insulin resistance is clearly modifiable by environmental factors, and the extent to
which it 1s genetically determined remains controversial. In the case of NIDDM.

genetic investigations are hampered by: a) the heterogeneity of the phenotype (a

problem shared with essential hypertension); b) confusion over the relative
primacy of insulin resistance and B-cell dysfunction (Section 1.1.1); ¢) the
arbitrary diagnostic thresholds of NIDDM and IGT, which are based on risk of

diabetic complications in populations amongst whom glucose levels are

continuously rather than categorically distributed.

In the case of Maturity Onset Diabetes of the Young (MODY), a specific

phenotype of NIDDM characterised by early age of onset, autosomal dominant
inheritance, and B-cell dysfunction, it has been possible to establish linkage with

genes on chromosomes 12q, 20q, and 7p - the latter gene codes for glucokinase, a

29



key regulatory enzyme in determining insulin secretion by the pancreatic §-cell
(Froguel et al 1992, Vionnet et al 1992, Froguel 1996). In addition, despite the
difficulties of phenotypic heterogeneity in the common variant of NIDDM, a
genome-wide search in affected sib-pairs from an isolated Finnish population has
identified a major susceptibility locus (D25125) on chromosome 2, although the

mechanism by which it predisposes to the phenotype i1s unknown at present

(Mahtani et al 1996).

1.1.5 Insulin resistance and non-pharmacological interventions

Obesity is clearly associated with insulin resistance in both diabetic and non-
diabetic subjects (Bonadonna et al 1990, Cambien et al 1987, Ludvik et al 1995),
particularly when associated with an upper-body f{at distribution (Kissebah 1982;
Peiris et al 1988); weight reduction results in an improvement in insulin sensitivity
(Olefsky et al 1974) which is correlated with blood pressure reduction (Ikeda et al

1996). Physical exercise 1S associated with an increase in insulin sensitivity
(Rodnick et al 1987), even when training bouts are too brief to be associated with
weight reduction (Rogers et al 1988). The mechanisms of these effects remain

poorly defined, but may relate to skeletal muscle capillarisation (Section 1.6.3).

In addition, nsulin sensitivity can be impaired by both acute (Attvall et al 1993)

and chronic (Facchini et al 1992) cigarette smoking.
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1.1.6 Insulin resistance and drug treatment

As insulin resistance may be important in mediating the atherosclerotic
complications of essential hypertension, it has been claimed that the effects of
antihypertensive treatment on insulin sensitivity may be clinically important,

independently of their effects on blood pressure (Rett et al 1986, Pollare et al
1989a). In particular, it has been suggested that the "shortfall” in expected
cardiovascular mortality reduction resulting from antihypertensive treatment
(Collins et al 1990) may be attributed to deleterious effects of commonly-used
antihypertensive agents such as thiazide diuretics on cardiovascular risk factors,
including effects on insulin sensitivity. In this context it is noteworthy that in
NIDDM insulin sensitivity improves during treatment with any agent that
chronically decreases blood glucose (sulphonlyureas, biguanides, chronic insulin
therapy), but to date it has not been possible to demonstrate reductions in

cardiovascular mortality attributable to such treatments (University Group

Diabetes Program 1970).

The effects of antihypertensive drugs on insulin sensitivity have been widely
studied but many of the studies in the literature are compromised by poor design:
use of indirect measures of insulin sensitivity, before-and-after design, and lack of
placebo data (Donnelly 1992). The insulin-sensitising effect of the ACE-inhibitor
captopril reported by Pollare et al (1989a) remains widely-cited, but the study was
compromised by carry-over effects in its intended crossover comparison of

captopril and hydrochlorothiazide. In the consequent parallel-group analysis, the

treatment groups were poorly matched at baseline, and insulin sensitivity data may
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simply have regressed towards the mean. Several recent double-blind, placebo-
controlled studies have demonstrated that neither calcium antagonists nor ACE
inhibitors have significant effects on insulin sensitivity (Morris et al 1994b,
Heinemann et al 1995, Giordano et al 1995; Wiggam et al 1996), although studies
demonstrating an etfect continue to be reported (Vuorinen-Markkola and Yki-
Jarvinen 1993). In contrast, o-blockers may lead to small improvements in
insulin sensitivity in patients with NIDDM (Giorda et al 1995). B-blockers
primanly affect insulin secretion (Kendall et al 1988), but decreases in insulin
sensitivity have been reported in studies in which weight gain was not taken into
consideration (Pollare et al 1989b). Thiazide diuretics, although known to cause
deteriorations in glucose tolerance in high dose (Murphy et al 1982), have no
short-term effect on insulin sensitivity when administered in low dose (1.25 mg
daily) to non-diabetic subjects (Harper et al 1994) or patients with NIDDM
(Harper et al 1995). However, data from these short-term studies (three months)
must be taken in the context of data from longer term studies. In the MRC trial in

mild hypertension (bendrofluazide 10 mg daily), the risk of developing glucose
intolerance over 3 years was four times higher in the diuretic group than in the

placebo group (Medical Research Council 1985); a similar trend was observed in a

nine year follow-up study of 73 treated hypertensive patients and 65 normotensive

control subjects (Skarfors et al 1989).

Standard therapies for NIDDM, sulphonylureas and biguanides, have their primary

eftects on insulin secretion and hepatic insulin resistance respectively, rather than
on peripheral insulin sensitivity (DeFronzo et al 1991, Groop 1992). However,

Interesting observations have emerged from ecarly clinical use of “insulin-
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sensitising agents,” such as the thiazolidinedione derivatives, in the treatment of
NIDDM (Petrie and Donnelly 1994). These novel agents exert transcriptional
effects on fatty acid metabolism (see Section 1.6.3) by activating a specific
subclass of a recently-described nuclear receptor family of the steroid/thyroid
hormone superfamily, peroxisome proliferator-activated receptors (PPARS)
(Schoonjans et al 1996). Troglitazone, which increases peripheral insulin
sensitivity by 28% in obese subjects, has been reported to cause reductions in
blood pressure in man (Nolan et al 1994, Ogihara et al 1995). However, these

studies were parallel group in design; only the study by Nolan et al was placebo-

controlled, and baseline systolic blood pressure was poorly matched. In a larger
study examining combination treatment with troglitazone and sulphonylureas, no

difference in blood pressure was observed between placebo and control groups

(Iwamoto et al 1996).

Interestingly, the structure of the troglitazone molecule is similar to that of vitamin
E. A randomised, double-blind placebo-controlled trial conducted in healthy
elderly subjects examining the effect of a pharmacological dose of vitamin E on
insulin sensitivity demonstrated a 44% increase in i1nsulin sensitivity as measured
by the euglycaemic clamp technique (Paolisso et al 1994). It is not clear whether

this action of vitamin E 1s related to its antioxidant properties (Section 1.6), or to

PPAR-mediated effects on fatty acid metabolism.

Although hypercholesterolaemia in itself is not thought on the basis of the
available information to be associated with insulin sensitivity (Section 1.1.3),

standard therapies for hypercholesterolaemia (Shepherd et al 1995) such as
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pravastatin appear to lower insulin levels in patients with hypercholesterolaemia
and hypertension (Chan et al 1996). Fish oil, which is reported to have beneficial

ettects on lipid profiles (Goh et al 1997), appears to have a neutral or adverse

effect on insulin sensitivity (Rivellese et al 1996).

In summary, the effects of standard antihypertensive drugs on insulin sensitivity,
appear to be small and of little clinical significance. The effects of traditional oral
hypoglycaecmic agents on peripheral insulin sensitivity in NIDDM are largely
indirect. Newer agents and antioxidant vitamins appear to have more profound

effects on peripheral insulin sensitivity, and there are interesting parallels with

their effects on endothelial function (Section 1.7.3).

1.2 Mechanisms by which hyperinsulinaemia/ insulin resistance might raise

blood pressure

Central to the biological plausibility of any theory implicating insulin resistance in

hypertension is knowledge of the mechanism by which a rise in blood pressure
might be produced. The candidate mechanisms most frequently postulated are
etfects of pancreatic B-cell compensatory hyperinsulinaemia on tissues that
remain sensitive to insulin. Chronic hyperinsulinaemia in rats (Brands et al 1991b)
results in hypertension; however, this is not the case in dogs (two weeks) (Hall et

al 1990; Brands et al 1991a) or in patients with insulinoma (Fujita et al 1992). If

such a mechanism does exists, it is clearly not a simple one.
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1) Insulin induced antinatriuresis: Urinary sodium excretion falls by as much as
50% during euglycaecmic hyperinsulinaemia (DeFronzo 1975; DeFronzo 19381a;
Baum 1987); there appears to be a direct effect of insulin on renal tubular sodium
reabsorption (Gupta et al 1992). However, although patients with NIDDM have
an increased total body sodium (O’Hare et al 1985, Weidmann et al 1993), this

abnormality is not present in young patients with essential hypertension (Beretta-

Piccoli et al 1982).

2) Activation of the sympathetic nervous system: Acute hyperinsulinacmia
activates the sympathetic nervous system in man, as evidenced by data from
microneurography (Anderson et al 1991; Vollenweider et al 1994) and
measurements of plasma catecholamines (Rowe et al 1981; Lembo et al 1992) and
noradrenaline spillover (Landsberg and Krieger 1989). However, the pressor
response is balanced by vasodilatation in healthy subjects, and there is no overall
increase in blood pressure (Anderson and Mark 1993). One might speculate,
however, that in subjects with essential hypertension there is attenuation of
insulin-mediated vasodilatation with preserved sympathetic activation during
hyperinsulinaecmia (Sections 1.7.1 and 1.7.3).

3) Altered vascular smooth muscle structure and function: In pharmacological
concentrations, insulin acts in vitro as a growth factor via insulin-like growth
factor receptors (Banskota et al 1989) and may potentiate the effects of
angiotensin II on DNA synthesis (Ko et al 1993). Consequent vascular
hypertrophy, 1f produced ir vivo, could act to promote and maintain high blood

pressure (Folkow 1979), but effects on growth have not been demonstrated at

physiological or pathophysiological concentrations of insulin.
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4) Ion transport: Na'-H'/Na'-Li'countertransport is one of several

transmembrane exchange systems (Section 1.6.3) modulated by insulin (Moore

1983). Increased activity of maximal Na'-H'/Na*-Li" countertransport is a feature
of essential hypertension (Canessa et al 1980) and is associated with tnsulin
resistance (Doria et al 1991). Such abnormalities of transmembrane ion exchange
may have effects on intracellular Ca™ and thus resting vascular tone (Section
1.6.3). It has been proposed that both insulin resistance and increased maximal

Na'-H'/Na'-Li" countertransport may be caused by increased membrane fluidity,

via effects on enzyme activity and receptor binding (Tong et al 1995).

The arguments in favour of an important role for insulin in the pathogenesis of
essential hypertension are weakened by variations in the relationship between
serum insulin concentrations and blood pressure among studies (Section 1.3).
Furthermore, insulin sensitivity varies up to three-fold in healthy non-obese
individuals with normal glucose tolerance (Hollenbeck and Reaven 1987), while
insulin resistance is present in conditions such as polycystic ovarian disease which
are not associated with hypertension (Zimmerman et al 1992). Neither acute
insulin infusion in man (Anderson and Mark 1993), nor chronic insulin infusion in
animals (Hall et al 1990), leads to an elevation in blood pressure. Although the
three most common conditions in which insulin resistance has been dcscribed
(obesity, NIDDM, essential hypertension) frequently co-exist within the same

patient, all three exist separately in the absence of the other two in some

individuals.
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1.3 Relationship between serum insulin concentrations and blood pressure

Although the "insulin hypothesis” of hypertension was generated initially from a
small clinical study (Welbomn et al 1966), it has received considerable support
from cross-sectional epidemiological studies reporting corrclations between
radioimmunoassay measurements of serum insulin concentrations (fasting and
post-load) and blood pressure in a variety of populations; there have been few
longitudinal studies. In the presence of normal glucose concentrations, a high

serum insulin level may reflect insulin resistance (acting as a surrogate measure),

but this relationship breaks down when B-cell “exhaustion” supervenes. For this
reason, epidemiological studies examining the relationship between serum insulin
concentrations and blood pressure usually exclude subjects with frank diabetes, or
stratify for levels of glucose tolerance. The interpretation of correlations between
serum insulin concentrations and blood pressure is generally that

hyperinsulinaemia is a compensatory response to insulin resistance and that this

may (or may not) mediate a rise in blood pressure.

Modan studied over 2000 non-diabetic individuals (male and female) in an Israeli

population study, and reported higher "sum" insulin after a 100g glucose load (60
minute plus 120 minute serum insulin concentration) in hypertensive subjects than
in normotensive subjects, independent of body mass index (Modan et al 1985). In
a study of 247 healthy, non-obese, normotensive Italian factory workers, higher
blood pressurc was reported in a hyperinsulinaemic subgroup, matched with
controls for age, sex, and body-mass index (Zavaroni et al 1989). In the Bogalusa

Heart Study, conducted in Louisiana in over 3000 young adults, fasting serum
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insulin concentrations were related to blood pressure within tertiles of body mass
index in all four age groups (Jiang et al 1993a; Jiang et al 1993b). Cross-sectional
data from the San Antonio Heart Study, a biethnic population study (Mexican
Americans and non-Hispanic whites) of over 2000 individuals (male and female)
in Texas, demonstratcd that baseline insulin concentrations were higher in
hypertensive (treated and untreated) than in normotensive subjects, even after
adjustment for age, sex, ethmicity, body-mass index, and central adiposity
(Morales et al 1993). Similar results have been reported in 708 Finnish and

Dutch males in a recent cross-sectional analysis (Feskens et al 1995).

In longitudinal data from the San Antonio Heart study, non-diabetic subjects who
were hypertensive (and hyperinsulinaecmic) at baseline had a higher incidence of
impaired glucose tolerance and NIDDM at eight year follow-up (Morales et al
1993). In a further longitudinal study, subjects with impaired glucose tolerance at

baseline had an increased risk of hypertension at 20 years follow-up (Salomaa et al

1991).

However, a relationship between insulin and blood pressure has not been
replicated in all studies. In a small clinic-based study (n=36), Mbanya reported no
difference in serum mnsulin concentrations between hypertensive and normotensive
subjects; although patients with NIDDM were hyperinsulinaemic, there was no
correlation between blood pressure and serum insulin concentrations (Mbanya et
al 1988). In a study of similar design to that of Modan et al. (1985) conducted in a
Californian population, the significance of the association of post-load insulin

with blood pressure was lost after stratification for body mass index and glucose
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tolerance (Asch et al. 1991). Indeed, body fat distribution is the major determinant
of blood pressure in many population studies (Chiang et al 1969, Weinsier et al
1985). In a population study conducted in Mauritius (n=5080), where the
population comprises three main ethnic groups, only very weak associations
between insulin and blood pressure were reported after stratification for
confounding variables in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>