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Preface 

Previously a sub-speciality interest among diabetologists, 
insulin resistance has become relevant to clinicians in many 
specialties-cardiology and reproductive medicine being 
two prominent examples. This book aims to provide an 
introduction to insulin resistance for clinicians who do not 
have an extensive knowledge of metabolic medicine. 

From my perspective as a clinical investigator I have 
sought to emphasize the clinical implications of current 
knowledge. I have also pointed out continuing uncer- 
tainties, of which there is no shortage! The complex inter- 
actions between genes and environment, for example, 
caution against optimism for an early resolution of some 
hndamental issues. 

I have tried to produce a balanced overview that sets the 
scene for h ture  developments. Early in this new millen- 
nium it seems reasonable to express cautious optimism 
about hture therapeutic prospects. However, alarming 
rates ofobesity, type 2 diabetes and the metabolic syndrome 
emphasize the need for more effective interventions. 

Comments are welcome at a.j.krentz@soton.ac.uk. 

A. J. Krentz 
Southampton, Spring 2002 

... 
Vlll  
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Insulin resistatice 
denotes ii reduced 
biological effect of 
insulin 

Insulin resistancc 
is a transient 
feature of some 
physiological states 

Pathophysiology of insulin 
resistance 

1.1 Introduction 

Insulin resistance, a reduced biological effect of endogen- 
ous or exogenous insulin, is a common biochemical entity 
that is associated, either directly or indirectly, with a range 
of non-communicable human diseases. Insulin resistance 
may be entirely genetically determined (as in rare syn- 
dromes of severe insulin resistance) or acquired, either 
during intrauterine development or during adolescence 
and adult life. Relative insulin resistance is also a transient 
feature of a number of physiological states in humans. 

The clinical impact of insulin resistance ranges from 
subclinical hyperinsulinaeniia to major life-limiting distur- 
bances of carbohydrate and lipid metabolism. The main 
clinical concern derives from the association between 
impaired insulin action and the development of vascular 
disease. Microvascular disease is a complication of type 2 
diabetes mellitus, in which insulin resistance is a promin- 
ent feature. Atherosclerotic macrovascular disease, on  the 
other hand, has a more complex association with insulin 
resistance that extends beyond hyperglycaemia. 

Insulin resistance and human disease 

Decades of experimental research have established insulin 
resistance as a major component in the aetiology of type 
2 diabetes, by far the most common form of diabetes 
worldwide. In type 2 diabetes, insulin resistance is regarded 
as either the primary metabolic defect or as an important 
modifier of glycaemia. 

Type 2 diabetes carries a well-recognized risk of organ 
failure resulting from damage to the microvasculature of 
the retina, kidney and peripheral nerves. However, it is the 
two- to fivefold increased risk of atherosclerotic disease of 
the coronary, cerebrovascular and peripheral circulations 
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CHAPTER 1 

Iiisuliri resistance is 
implicated in the 
aetiology of 
coronary heart 
disease 

Iiisiiliii resistance is 
a feature of many 
hutnan disorders 

The global 
prevalence o f  
insulin resistance is 
increasing rapidly 

that is responsible for the deaths of 70% or more of pati- 
ents. Lesser degrees of glucose intolerance share some of the 
increased risk of atheroma associated with type 2 diabetes. 
Such individuals can generally be shown to have evidence 
of insulin resistance. Insulin resistance has also come to be 
regarded as a risk factor for atherosclerotic cardiovascular 
disease in the non-diabetic population. This recognition 
derives, in large part, from Gerald Reaven’s (1988) Bant- 
ing Lecture to the American Diabetes Association. In his 
presentation, Reaven drew strands of epidemiological and 
experimental research together to postulate that resistance 
to insulin-stimulated glucose disposal is the hndamental 
defect responsible for the clustering of a number of risk 
factors for atheromatous cardiovascular disease (Syndrome 

XI. 
Intense research activity has expanded the role for insulin 

resistance in human disease. Today the notion of insulin 
resistance as a pathological entity pervades many areas 
of clinical medicine from diabetes through gynaecology to 
cardiology, touching on other specialties such as neuro- 
logy, nephrology and hepatology. Insulin resistance is also 
of relevance to clinicians treating obesity, lipid disorders, 
hypertension, trauma, burn injury or the acquired immuno 
deficiency syndrome (AIDS). In addition, maternal and 
fetal under-nutrition has emerged as a public health 
concern with the formulation of the Barker hypothesis of 
intrauterine metabolic programming. The range of disor- 
ders in which insulin resistance is recognized is extensive 
and is still growing. 

The global incidence and prevalence of insulin resist- 
ance are increasing rapidly, reflecting alterations in diet and 
physical activity which are implicated in the increasing bur- 
den of obesity and diabetes. Fortunately, greater under- 
standing of the aetiology and pathophysiology of insulin 
resistance has led to important recent advances in drug 
therapy. There has also been a resurgence in interest in 
well-established drugs-notably the biguanides. Thus, at 
the start of the new millennium, the scene is set for more 
effective therapeutic intervention. 
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PATHOPHYSIOLOGY O F  I N S U L I N  RESISTANCE 

Insulin resistance-a pathophysiological en igma 

Despite considerable progress, hndamental questions 
concerning the causes and clinical impact of  insulin resis- 
tance remain. What, for example, is the molecular basis 
of the most commonly encountered forms of insulin resis- 
tance? How d o  we define and measure insulin action in 
vzvo? Exactly what role does insulin resistance have in 
the aetiology and progression of common disorders such 
as type 2 diabetes? How can insulin resistance be avoided 
or effectively countered? Does insulin resistance directly 
result in atherosclerosis or  might it be a permissive factor 
or epiphenomenon? Are the molecular defects respoii- 
sible for insulin resistance a consequence of genetic, 
environmental or intrauterine factors? Although hyperin- 
sulinaemia and other features of the insulin resistance 
syndrome can be identified in a proportion of apparently 
healthy individuals, the prevalence of insulin resistance 
in the general population is unknown. In part, this uncer- 
tainty reflects: 

Difficulties in defining insulin resistance. 
The practical problems of quantifying insulin action. 

These difficulties continue t o  impede therapeutic 
intervention. 

1.2 Normal physiology 

In healthy individuals, plasma glucose concentrations are 
tightly contolled by a complex and integrated system, the 
principal hormonal regulator of which is insulin. Disturb- 
ances of this system may lead either to hypoglycaemia or, 
more commonly, chronic hyperglycaemia, i.e. glucose intol- 
erance or diabetes. Multiple interrelated homeostatic mech- 
anisms exist to  maintain glucose concentrations within the 
physiological range. 

1.2.1 Hormonal regulation of metabolism 

Metabolic effects of insulin 

Insulin (Fig. 1.1) is the principal anabolic hormone of the 
body, exerting actions on  intermediary metabolism, ion 

3 



CHAPTER 1 

Achain 

1 

B chain 

' 21 

/5 
1 

Fig. 1.1 Primary structure (amino acid sequence) of human insulin. Insulin has a complex 
tertiary structure with a hydrophobic core and a liydrophilic surface. 

Table 1.1 Main physiological actions ofinsulin. 

transport and gene expression. The main actions of insulin 
are presented in Table 1.1. These include: 

Acute metabolic actions. 
Longer-term effects on growth and development. 

Replation of insulin secretion 

Insulin is synthesized and secreted by the p-cells of the 
pancreatic islets in response to glucose and other secret- 
agogues, such as amino acids. The secretion of insulin is 
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PATHOPHYSIOLOGY OF I N S U L I N  RESISTANCE 

very tightly matched to circulating glucose concentrations. 
Insulin is secreted at  a low background (or basal) level 
throughout the day; this accounts for approximately 50% of 
insulin secretion. The remainder is secreted in close tem- 
poral association to the rise in portal plasma glucose fol- 
lowing meals. Insulin secretion is inhibited by some other 
hormones, notably adrenaline (epinephrine) and somato- 
statin. By contrast, insulin secretion is enhanced by some 
other hormones (e.g. glucagon). Insulin may also exert 
autocrine effects, inhibiting its own secretion. 

Counter-regulatory hormones 

The metabolic actions ofinsulin are antagonized by the so- 
called counter-regulatory hormones: 

Glucagon. 
Catecholamines. 
Cortisol. 
Growth hormone. 
These hormones enter their anti-insulin actions through 

direct tissue effects and, in the case of the catecholamines, 
indirectly by inhibition of insulin secretion. 

Insulin biosynthesis 

The preproinsulin gene is located on the short arm ofchro- 
mosome 11. Transcription produces the precursor pre- 
proinsulin which is cleaved by a peptidase to proinsulin. 
Within the Golgi, proinsulin is converted via intermediates 
to the final secretory products insulin and C (connecting) 
peptide (Fig. 1.2). Insulin and C peptide are released i n  
equimolar quantities when insulin secretory granules fuse 
with the cell membrane, releasing their contents. Within 
the P-cell insulin, molecules associate as hexameric crystals 
around two zinc ions. 

1.2.2 The insulin receptor 

Structure of the insulin receptor 

The actions of insulin are mediated via binding of the hor- 
mone to receptors located in the membrane of almost all 

5 



C H A P T E R  1 

Pro i nw l in 

Prohormone 
conwertase 2 

Fig. 1.2 Steps in insulin biosynthesis and processing. C-peptide 
is released in equimolar amounts with insulin. The plasma 
concentrations of less active precursors (proinsulin and split 
proinsulin molecules) is normally < 10% than that of insulin. 
(Redrawn with permission from S. Howell. In: Pickup, J.C. & 
Williams, G. 1997. Textbook ofDiabetes, 2nd edn, Blackwell 
Science, Oxford.) 

mammalian cells (Fig. 1.3); the receptor binds insulin with 
high affinity and specificity. The insulin receptor consists 
of two 135 kDa a-subunits and two 95 kDa P-subunits 
covalently linked by disulphide bonds to form a tetrameric 
glycoprotein complex (p-a-a-p). The insulin receptor 
gene is located on the short arm of chromosome 19, close 
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Insulin receptor 

Insulin-receptor 

PI3-kinase activation 
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,"Gene transcription 

Nucleus 

/ Phosphatidylinositol 

Fig. 1.3 Cellular binding ofinsulin to its receptor and key post-binding events. Following 
insulin binding, the P-subunit of the insulin receptor is autophosphorylated on tyrosine 
residues. Insulin receptor substrates (IRS- 1-4) are the primary targets for phosphorylation 
by the activated receptor. In turn this permits propagation ofthe insulin signal via 
interactions with other proteins. Insulin-stimulated glucose entry into cells is facilitated by 
GLUT-4 glucose transporters, via activation of PIS-kinase. Phosphorylation of Shc leads to  
formation of an Shc-GRE-2 complex which activates the ras pathway; this results ultimately 
in glycogen synthesis via dephosphorylation and activation of glycogen synthase. (Redrawn 
with permission from Krentz, A.J. 2000. Churchill's Pocketbook of Diabetes. Churchill 
Livingstone, Edinburgh.) 
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CHAPTER 1 

to the low-density lipoprotein receptor gene. The insulin 
receptor gene spans > 150 kb, comprising 22 exons separ- 
ated by long introns. Differential splicing of exon 11 yields 
two distinct mRNA species which encode a-subunits with 
different C- terminal tails. Tissue-specific expression of these 
isoforms have been identified which differ in insulin-binding 
affinity. The absence of exon 11 also confers an increased 
ability ofinsulin-like growth factor-1 to bind to the receptor. 
Insulin receptor biosynthesis is completed within 3 h. 

Tissue insulin receptor expression 

The number of insulin receptors vanes between tissues, 
being as low as < 50 per erythrocyte to > 20 000 on hep- 
atocytes. Certain tissues are regarded as classical targets for 
insulin: 

Hepatocytes. 
Skeletal myocytes. 
Adipocytes. 
The number of insulin receptors expressed on cells is 

modulated by various factors, including ambient insulin 
concentrations. Insulin receptors are internalized and de- 
graded by endocytosis; these processes are accelerated by 
insulin. 

1.2.3 Post-binding events 

Binding of insulin to the a-subunit induces a conforma- 
tional change which has two important effects: 

The inhibitory effect of the a-subunit on the P-subunit 
autophosphorylation is released. 

The affinity for hrther binding of insulin molecules is 
reduced. 

Autophosphorylation at multiple tyrosine sites within 
the transmembrane P-subunit of the receptor is a key ele- 
ment in insulin signalling (Fig. 1.3). In turn, this leads to 

a cascade of post-receptor signalling events which remain 
only partially elucidated. Insulin-receptor substrate- 1, which 
together with insulin-receptor substrate-2 is expressed in 
skeletal muscle, is phosphorylated on tyrosine residues by 
the activated insulin receptor. The insulin-receptor sub- 
strates function as docking proteins to which many diverse 

8 



PATH 0 P H Y S I 0 LOGY 0 F INS U L I N RE S I S TAN C E 

proteins bind noii-covalently through specific (src homo- 
logy 2) domains. The latter include phosphatidylinositol3- 
kinase (essential for insulin-stimulated glucose transport; see 
below). Subsequent phosphorylation/dephosphorylation 
cascades lead ultimately to the activation of key enzymes, 
such as glycogen synthase and pyruvate dehydrogenase. 
Impaired actions of insulin may result from two main 
mechanisms. 
1 Receptor defects: a reduced number of insulin receptors 
or a reduction in their affinity for insulin. This may occur in 
response to chronic hyperinsulinaemia (so-called down- 
regulation). Lesser degrees of obesity and glucose intoler- 
ance (see Section 2.5.4) are associated with receptor defects 
which may be largely reversible with treatment. Inherited 
severe receptor defects are rare (see Section 2.4). 
2 Post-binding defects: defects in intracellular events distal 
to the binding of insulin account for insulin resistance in 
most patients with type 2 diabetes. The maximal response 
to insulin is impaired and is usually only partially reversible, 
even with the insulin-sensitizing thiazolidinediones (see 
Section 3). The precise nature of these defects has not yet 
been identified. 

1.2.4 Glucose metabolism 

In healthy individuals, plasma glucose concentrations are 
strictly maintained in the range of approximately 4-7 
mmol/L (70-125 mg/dL). At any time point, the plasma 
glucose concentration reflects the net balance between: 

Rate of appearance of glucose in the circulation. 
Rate of disappearance from the circulation. 
The glucose-lowering effects of insulin (Fig. 1.4) result 

primarily from two actions. 
1 Suppression of endogenousglucose production ( ix .  reduc- 
ing the rate of glucose release into the blood). 
2 Stimulation of glucose disposal, principally by skeletal 
muscle and, to a lesser degree, adipose tissue (i.e. increasing 
clearance from the circulation). 

Endogenousglucose production 

In the post-absorptive state (i.e. after an overnight fast) the 

9 



C H A P T E R  1 

Insulin 4% 

I 

?Glucose transport 
?Glycolysis 
?Glycogen synthesis 

I 

?G I ucose d isposa I JHepatic glucose 

Fig. 1.4 Regulation of glucose metabolism by principal direct 
effects ofinsulin. (Redrawn with permission from Krentz, A.J. 
2000. Churchill’s Pocketbook of Diabetes. Churchill Livingstone, 
Edinburgh.) 

rate at which glucose enters the circulation from the liver is 
the main determinant of plasma glucose concentrations. 
This glucose is derived from breakdown of stored glycogen 
and synthesis of de novo glucose molecules from 3-carbon 
precursors (gluconeogenesis). As glycogen stores become 
depleted, gluconeogenesis assumes a quantitatively greater 
role. Suppression of hepatic glucose production is a major 
regulatory action of insulin. Glucagon is the main hormone 
accelerating hepatic glucose production. Renal gluconeo- 
genesis also contributes to endogenous glucose produc- 
tion, accounting for approximately 25% of the total. 

Hepatic glucose 
production is 
the principal 
determinant 
of fasting 
blood glucose 
concentration 

Glucose disposal 

Stimulation of glucose uptake (and subsequent metabol- 
ism or storage as glycogen) requires higher plasma insulin 

10 



PATHOPHYSIOLOGY OF INSULIN R E S I S T A N C E  

Fig. 1.5 Predicted structure of a glucose transporter protein. (Redrawn with permission 
from Kruzynska, Y. 1997. In: Pickup, J.C. & Williams, G. Textbook OfDzabetes, 2nd edn. 
Blackwell Science, Oxford.) 

Table 1.2 The glucose transporter protein family 

K,,,, Michaelis-Menten constant; GLUT-5 is a fructose transporter 

concentrations than are necessary for suppression of hepatic 
glucose production. A major action of insulin is to stimulate 
translocation of facilitative glucose transporters (GLUT-4) 
from intracellular pools to the cell membrane (Fig. 1.5). 
Other isoforrns ofglucose transporters ( e g  GLUT-1 at the 
blood-brain and blood-retinal barriers, GLUT-2 in islet p- 
cells) do not require insulin to transfer glucose into cells 
(Table 1.2). In the basal state, i t .  after an overnight fast, 

11 



CHAPTER 1 

the majority of glucose (approximately 80%) is utilized 
via insulin-independent pathways by tissues with obligatory 
glucose requirements. These include the central and per- 
ipheral nervous systems, erythrocytes, leucocytes and renal 
medulla (Fig. 1.5). 

Defects in GLUT-4 function are thought to be crucial 
to the insulin resistance that characterizes obesity, type 2 
diabetes and the insulin resistance (metabolic) syndrome. 
Translocation of GLUT-4 can be stimulated by insulin 
or directly through non-insulin-dependent mechanisms 
including: 

Physical exercise. 
Insulin-like growth factor-1. 
Thyroid hormones. 

Indirect pathways may also result in enhanced GLUT-4 
translocation, including sulphonylurea therapy (sec Section 
3.2.3) and possibly leptin (see Section 1.6.2). 

The Cori cycle 

Lactate and hydrogen ions (H+) are the products ofanaerobic 
glycolysis, the reaction of which can be summarized as: 

glucose + 2 lactate- + 2 H+ 

The principal lactic acid-producing organs are: 
Skeletal muscle. 
Brain. 
Erythrocytes. 
Renal medulla. 

The liver, kidneys and heart normally extract lactate but 
may become net producers of lactic acid under conditions 
of severe ischaemia. Lactate produced by glycolysis may be 
completely oxidized to CO, and water in the tricarboxylic 
acid cycle, thereby consuming an equimolar amount of 
hydrogen ions: 

lactate- + 3 0, + H+ 4 3 CO, + 3 H,O. 

Alternatively, lactate may enter the gluconeogenesis path- 
way in the liver and kidney to reform glucose; this step 
completes the Cori cycle: 

2 lactate- + 2 H+ + glucose. 

12 
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Liver 

Lipogenesis 

Adipocyte 

Lipolysis 

tissue 
+ve = Increased by insulin 
-ve = Decreased by insulin 

Fig. 1.6 Regulation of lipolysis and ketone body metabolism by insulin. (Adapted with 
permission from Krentz, A.J. 2000. Churchill’s Pocketbook ofDzabetes. Churchill 
Livingstone, Edinburgh.) 

Adipocyte lipolysis 
is noriiially very 
sensitive to 
suppression by 
insulin 

1.2.5 Lipid metabolism 

Insulin plays a crucial role in inhibiting the hydrolysis of 
adipose tissue stores of triglyceride to non-esterified fatty 
acids (plus the gluconeogenic precursor, glycerol). In addi- 
tion to reducing lipolysis via effects on the enzyme hor- 
mone-sensitive lipase (Fig. 1.6), insulin promotes glucose 
uptake by adipocytes, thereby promoting re-esterification 
via increased availability of glycerol-3-phosphate. Inhibition 
of lipolysis occurs at low-physiological insulin concentra- 
tions. Thus, increments of60-90 pmol/L (10-15 mU/L) 
above fasting plasma insulin levels are normally sufficient 
to prevent hydrolysis oftriglycerides (Fig. 1.7). 

Fatty acids are the principal substrate for ketogene- 
sis within the liver. Within the hepatocyte, the balance 
between insulin and glucagon concentrations regulates the 
fate of fatty acids. A high insulin : glucagon ratio favours 
re-esterification; a low ratio (typically found in patients 
with diabetic ketoacidosis) diverts fatty acids into the 

13 



C H A P T E R  1 

- Inhibition of lipolysis - Inhibition of hepatic glucose output 
..... Stimulation of glucose uptake 

0 10 100 1000 
Plasma insulin (mU/L) 

Fig. 1.7 Dose-response effects for the major metabolic actions 
of insulin. Note that for endogenous insulin portal blood 
concentrations are approximately twofold higher reflecting 
hepatic clearance ofinsulin. (Redrawn with permission from 
Kruzynska, Y. 1997. In: Pickup, J.C. &Williams, G. Textbook of 
Diabetes, 2nd edn. Blackwell Science, Oxford.) 

intramitochondrial P-oxidation pathway leading to  ketone 
body formation. Thus, via control of  plasma fatty acid 
levels and other effects, insulin is a major regulator of keto- 
genesis (Fig. 1 h). Both fatty acids and ketones can be used 
as alternative fuels, e.g. during starvation and prolonged 
exercise. Insulin also increases the disposal of  ketone bodies 
in extra-hepatic tissues. 

Insulin has anti- 
ketogcuic actions 

1.2.6 Protein metabolism 

Insulin regulates protein metabolism, stimulating tissue 
uptake of insulin-sensitive amino acids and transcription 
and translation of cellular proteins. Insulin also inhibits the 
breakdown of structural proteins. 

The tissue wasting characteristic of uncontrolled type 1 
diabetes testifies to the importance of the anabolic effects of 
insulin on  protein metabolism. Quantitatively, alanine is 
the most important gluconeogenic amino acid. 

Itisulin has anabolic 
effects On Protein 
metabolism 

14 



PATHOPHYSIOLOGY OF INSULIN RESISTANCE 

1.2.7 Ion transport 

Hyperinsulinaemia acutely stimulates renal sodium reten- 
tion. This mechanism has been invoked in insulin resistance- 
associated hypertension (see Section 2.5.7), although its 
relevance remains uncertain. 

Potassium transport into cells is stimulated by insulin, Insulin regulates 
sodium and 
potassium 
transport 

the maximal effect occurring a t  pharmacological plasma 
insulin concentrations. 

1.3 The concept of insulin resistance 

Reduced sensitivity of target tissues to the actions ofinsulin 
(effectively the reciprocal of insulin resistance) was origin- 
ally postulated over 60 years ago before the advent of 
insulin immunoassays. 

1.3.1 Early studies of insulin action 

The pioneering studies of Himsworth a t  London Univer- 
sity during the 1930s laid the foundations for our present 
views of insulin action. In a series of studies, Himsworth 
introduced the first standardized approach to quantifjring 
insulin sensitivity in vivo. Two oral glucose tolerance tests, 
one with and one without a dose of exogenous insulin, 
were performed in diabetic subjects. Examination of the 
plasma glucose responses allowed the identification of two 
subtypes: insulin-sensitive and insulin-insensitive, the latter 
predominating. The clinical characteristics of the insulin- 
insensitive subjects suggest that they would be classified 
today as having type 2 diabetes. A deficiency of an unidenti- 
fied insulin-sensitizing factor was postulated. Incidentally, 
Himsworth argued against use of the term ‘insulin resis- 
tance’. The concept of decreased sensitivity to exogenous 
insulin was to be expanded and refined by later investiga- 
tors. This required the development of methods allowing 
the measurement of insulin concentrations in plasma. 

1.3.2 Radioimmunoassays for insulin 

More direct evidence of insulin insensitivity was 
obtained in the 1960s following the development of a 
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Fig. 1.8 Venous blood glucose and plasma immunoreactive 
insulin responses to a 75-g oral glucose tolerance test in patients 
with myotonic dystrophy and healthy control subjects matched 
for age, sex and body mass index. F-values indicate overall 
differences between the groups by two-way analysis of variance. 
(Redrawn with permission from Krentz, A. J. e t  al. 1990. 
Metabolism 39,938-942.) To convert to  pmol/L, multiply by 6. 
To convert t o  mg/dL, multiply by 18. 

radioimmunoassay for insulin. Yalow and Berson demon- 
strated an exaggerated and delayed response to an oral 
glucose challenge in diabetic subjects. As concomitant 
hyperglycaemia was observed it was concluded that these 
subjects were relatively insensitive to insulin. Similar observa- 
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tions have been made in many subsequent studies involving 
different groups of insulin-resistant subjects with or with- 
out diabetes (Fig. 1.8). Yalow and Berson also reported 
a hyperinsulinaemic response in obese non-diabetic sub- 
jects. However, the oral glucose tolerance test is an imper- 
fect and indirect method for assessing the degree of insulin 
resistance. 

Limitations of conventional radioimmunoassays have led 
to refinements in insulin assays (see section 1.5.1). 

1.4 Definitions of insulin resistance 

Building on Himsworth’s original concept, Berson and 
Yalow later defined insulin resistance as: 

‘A state in which greater than normal amounts of 
insulin are required to elicit a quantitatively normal 
response.’ 

This definition presupposes that a normal response can 
ultimately be attained if sufficient insulin is present. The 
introduction of more sophisticated techniques for the 
assessment of insulin action led to Ronald Kahn’s (1978) 
proposal that insulin resistance could be regarded in a more 
generic sense, existing whenever: 

‘Normal concentrations of insulin produce a less 
than normal biological response.’ 

This definition has two particular attractions: 
It implies the importance of performing studies at phys- 

iologically relevant insulin concentrations. 
I t  does not restrict consideration of insulin resistance to 

a single facet ofmetabolism. 
Thus, impaired insulin action can be considered in relation 
to glucose and lipid metabolism, ion transport, protein syn- 
thesis, endothelial function, gene transcription, etc. (Table 
1.1). However, the main focus ofinterest has remained the 
effects of insulin as the principal hormonal regulator of glu- 
cose metabolism. 

Insulin sensitivity and insulin responsiveness 

Kahn went on to subdivide insulin resistance into two 
components, based on observations that maximal effects 
of insulin on glucose metabolism requires occupation 
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Fig. 1.9 Insulin resistance-theoretical effects of insulin receptor and post-binding defects 
The receptor defect shows a rightward displacement from the normal sigmoidal dose- 
response curve. However, a 100% maximal response is still obtained. By contrast, a post- 
receptor defect limits the maximal effect that can be attained. Combined defects result in 
further impairment ofinsulin action. (Redrawn with permission from Kahn, C.R. 1978. 
Metabolism27 (suppl2), 1893-1902.) 

of only a fraction of available cellular insulin receptors 
(Fig. 1.9). 

Insulin responsiveness: the maximal effect that can be 
achieved ( V , , ,  according to Michaelis-Menten kinetics). 

Insulin sensitivity: the dose-response that exists between 
an absence of effect and the maximal effect quantified as the 
concentration of insulin which produces a half-maximal 
response (ED,,). 

Kahn argued that reduced sensitivity-i.e. a right-shift in 
the dose-response curve-would result from defects at the 
level of the interaction of insulin with its specific receptor 
(Fig. 1.9). Conversely, decreased responsiveness would 
reflect a rate-limiting defect(s) beyond the receptor, i.e. 
post-receptor (or post-binding). Mixed defects could also 
occur. This framework has provided insights into defective 
insulin action in obesity, glucose intolerance and type 2 
diabetes (see Section 2). 

18 



PATHOPHYSIOLOGY OF INSULIN RESISTANCE 

1.5 Assessment of insulin action in vivo 

Metabolic investigations are usually performed in the 
post-absorptive state, i.e. after an overnight fast (8-12h). 
To minimize acute metabolic perturbations preparation of 
subject should include: 

Abstinence from alcohol and tobacco for the preceding 
24 h. 

Minimal physical exercise (including the morning of 
the study-subjects should not cycle and should arrive by 
transport). 

Avoidance of caffeine on morning of study-caffeine 
causes release of catecholamines and may acutely impair 
insulin action. 

Minimization of discomfort-consider use local anaes- 
thetic for intravenous cannulation. Avoid excessive noise 
and distraction during studies. 

Avoidance of mental stress during study.e.g. puzzle solv- 
ing, mental arithmetic. 

Health control subjects should have no impairment of 
liver or kidney function, no history of hypertension 
or dyslipidaemia and should not be taking drugs with 
metabolic actions. Avoid studies for 6-8 weeks following 
acute servere illness or surgery. 

1.5.1 Fasting insulin concentration 

If islet 0-cell function is unimpaired, insulin resistance in 
target tissues is normally compensated for by increased 
endogenous insulin secretion. Thus, normoglycaemia (or 
hyperglycaemia) in the presence of hyperinsulinaemia pro- 
vides prima-facie evidence of insulin resistance; Fig. 1.10 
illustrates this principle. 

Measurement of fasting plasma glucose and insulin 
concentrations following an overnight fast minimizes the 
confounding effect of changes in blood glucose that occur 
after meals. Although this approach provides at best only an 
estimate of insulin sensitivity the simplicity of sampling lends 

Normoglycaeiiiia or itself to epidemiological studies. Interpretation of fasting 
IIYPerglYcaeliiia with hyperinsulinaemia is hampered by the following limitations. 
liyperinsulinaemia Overlap between normal and elevated insulin concen- denotes insulin 
resistance trations between insulin-sensitive and insulin-resistant 
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Fig. 1.10 Fasting blood glucose and plasma immunoreactive 
insulin concentrations (mean k SE) in three groups ofsubjects 
( n =  10 for each). The CsA and FK506 groups were liver 
transplant recipients randomized to immunosuppressive 
treatment with cyclosporin A and FK506 (tacrolimus), 
respectively. N C  = normal controls. The three groups were 
matched for age, sex and body mass index. The P-values denote 
differences between the three groups by one-way analysis of 
variance. Plasma immunoreactive insulin concentrations were 
significantly higher in the CsA- (P< 0.01) and FK506-treated 
patients ( P <  0.02) than the controls. (Data with permission from 
Krentz, A.J. etal. 1993. Diabeter42,1753-1759.) To convert to 
prnol/L, multiply by 6 .  To convert to mg/dL, multiply by 18. 
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individuals. This extends to more direct measures of insulin 
resistance (see Section 2.2.1). Reaven has shown that some 
otherwise healthy individuals have degrees of insulin resis- 
tance similar to those typical of patients with glucose intol- 
erance or type 2 diabetes. 

Cross-reactivity of proinsulin and partially processed 
proinsulin molecules in many standard radioimmunoas- 
says. The proportion ofthese molecules secreted in relation 
to insulin is increased in some states of insulin resistance, 
including impaired glucose tolerance and type 2 diabetes 
(see Fig. 1.2). Proinsulin-like molecules have approxim- 
ately 10% of the activity of insulin. Thus the true level of 
hyperinsulinaemia may be somewhat overestimated unless 
more specific two-site immunoradiometric assays are em- 
ployed (Fig. 1.11). 

Absence of a standardized insulin assay permitting reli- 
able comparisons between laboratories. 

Assumptions about insulin clearance are integral to 
this approach. Measurement of plasma C-peptide-which 
is secreted on an equimolar basis with insulin but is not 
subject to hepatic clearance-is an attractive alternative 
(Fig. 1.11). However, there is much less data available on 
C-peptide as a marker ofendogenous insulin secretion. 

Clinical SiBnifcance of hyperinsulinaemia 

Hyperinsulinaemia has been identified in epidemiological 
studies as a risk marker for: 

Type 2 diabetes. Elevated plasma insulin concentrations, 
whether fasting or following a glucose challenge, are a 
powerfd predictor of type 2 diabetes, independently of 
obesity. The risk is particularly marked for individuals with 
a first-degree relative with diabetes. 

Cardiovascztlar disease. Hyperinsulinaemia has also been 
identified as a risk marker for atherosclerotic disease in sev- 
eral prospective studies. However, the nature and strength 
of the association has been inconsistent between studies. 
Because of these caveats, measurement of fasting plasma 
insulin concentration is not currently recommended in the 
assessment of cardiovascular risk in clinical practice. 

Some of the most convincing evidence comes from the 
Quebec study in 2103 non-diabetic men (Fig. 1.12) which 
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Fig. 1.1 1 Fasting plasma insulin, proinsulin and 32-33 split proinsulin concentrations 
(mean f SE) in non-obese men with recently diagnosed impaired glucose tolerance (IGT) 
and healthy controls ( n  = 8 for each) matched for age and body mass index. Plasma 
immunoreactive insulin concentrations were significantly higher in the subjects with 
IGT (7.4 k 1.0 vs. 2.9 f 0.3, P< 0.05) whereas C-peptide concentrations were similar 
(0.70 f 0.09 vs. 0.52 f 0.05, P> 0.1). The two-site immunoradiometric assays indicate 
that the degree of hyperinsulinaemia was overestimated by cross-reactivity between 
proinsulin-like molecules in the irnmunoassay. (Data with permission from Krentz, A. J. 
e t  al. 1991. Diabetic Medicines, 848-854 and Krentz, A.J. etal. 1993. Clinical Science 
85,97-100.) To convert to mU/L, divide by 6.0. 
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Fig. 1.12 Ratios for coronary lieart disease according to  baseline 
fasting insulin, triglycerides, total : HDL-cholesterol ratio and 
apolipoprotcin B concentrations in non-diabetic men followed for 
5 years. (Redrawn with pcrniission from Dcspris, J:P. etaf.  1996. 
New England Journal ofMedicine 334,952-957.) 

employed an insulin assay with no significant cross-reactivity 
with proinsulin. This study also included detailed assess- 
ment of plasma lipids (a  potential confounding influence 
not always accounted for in other studies). Concomitant 
elevation of apoprotein B in men with the greatest hyperin- 
sulinaemia increased the risk of  coronary heart disease syn- 
ergistically (Fig. 1.12). 

As P-cell dysfunction frequently coexists with impaired 
insulin action, more rigorous evaluation of insulin action is 
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required, particularly if there is any degree of hypergly- 
caemia. Under these circumstances, hyperinsulinaemia will 
underestimate the magnitude of insulin resistance because. 

Hpperglycaemia in 
concert with " 

by definition, there is inevitably also some impairment of p- hyperinsulinaemia 
implics a defect in 
insulin secretion cell timction. 

A number of investigative techniques have been devised, 
each ofwhich has particular limitations; none is suitable for 
routine clinical use (Table 1.3). 

1.5.2 Dynamic techniques-endogenous insulin 

In these techniques, glucose metabolism is perturbed, by 
design, through stimulation of endogenous insulin secretion. 

Oralglucose tolerance test 

This is subject to some of the limitations of  the aforemen- 
tioned closed-loop feedback that exists between the islet 
P-cell and target tissues. The higher the glucose : insulin 
ratio, the greater the degree of insulin resistance. Other 
drawbacks include: 

The potential d u e n c e  ofvariable rates ofgastric emptymg. 
The incretin effect of gastrointestinal glucose delivery 

(which results in greater insulin response than intravenous 
glucose). See also section 1.5.4. 
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Intravenousglucose tolerance test 

This is discussed in Section 1.5.3 (the minimal model of 
Bergman). This technique is also used to  assess insulin 
secretion. 

1.5.3 Dynamic techniques-exogenous insulin 

Insulin tolerance test 

In the insulin tolerance test, which risks inducing unpleas- 
ant hypoglycaemia, the fall in blood glucose to an intra- 
venous bolus of insulin reflects the net effects on the liver 
and peripheral tissues. Plasma glucose concentration is 
measured every 5 niin allowing a log-linear decline to  
be plotted, the slope of which (&) may be calculated. 
However: 

Localization ofdefective insulin action, i.e. liver vs. muscle, 
is not possible using this approach. 

Glucagon, catecholamines, cortisol and growth hor- 
mone, secreted in response t o  hypoglycaemia, antagonize 
the actions of insulin at cellular level. Catecholamines also 
inhibit endogenous insulin secretion. 

A shortened version of the technique has been developed 
which avoids both the uiiphysiological peak of insulin 
following injection and the confounding effects of counter- 
regulatory hormone response to  hypoglycaemia. 

Low-dose incremental insulin infusion 

In this technique, insulin is infused intravenously in 
hourly increments at doses of  0 (basal), 0.005, 0.01 and 
0.05 U/kg/h. Blood glucose, fatty acids and other insulin- 
sensitive metabolites are permitted to decline in response 
to the graded hyperinsuliiiaeniia. Blood samples are with- 
drawn at 10 tnin intervals during the final 30 min of each 
period. Dose-response relationships between insulin and 
the InKtabolitK of interest are examined and the displace- 
ment betweell mean regression lines is examined using 
statistical methods (Fig. 1.13). The technique can be com- 
bined with isotopic glucose turnover using the non-steady 
state equations of Steele et al. As plasma insulin concentra- 
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Fig. 1.13, Dose-response relationships between plasma 
in,munoreactive insulin vs. blood glucose and plasma non- 
esterified fatty acids in non-obese men ( n =  8)  with impaired 
glucose tolerance and matched healthy controls derived from 
low-dose incremental insulin infusions. Data points represent 
group mean values at  each sampling time point. Significant 
rightward displacements (P< 0.001) were observed for each 
metabolite for the subjects with impaired glucose tolerance. 
(Redrawn with permission from Krentz, A.J. 1991. Diabetic 
Medicine 8,848-854.) 

tions are confined to the low-physiological range the incre- 
mental infusion technique is appropriate for assessing lipol- 
ysis in insulin-resistant states. The decline in blood glucose 
primarily reflets suppression of hepatic glucose production 
rather than stimulation of glucose uptake. Limitations include: 
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Hypoglycaemia may be induced in normal subjects dur- 
ing the highest infusion rate (see above, intravenous gluose 
tolerance test). This can be avoided by curtailing the study 
at the end of the 0.01 U/kg h infusion. 

1.5.4 Mathematical modelling techniques 

These techniques also utilize the closed-loop relationship 
between insulin secretion and insulin action. 

Homeostasismodelassessment 

The Oxford group have applied mathematical modelling to  
basal concentrations of glucose and insulin (homeostasis 
model assessment). This approach provides an index ofrela- 
tive insulin sensitivity (R). The latter is derived from a single 
pair of values for each variable. The method is straightfor- 
ward technically but has the following disadvantages. 

As insulin levels are confined to  fasting levels, insulin- 
stimulated glucose disposal, which occurs at higher insulin 
concentrations (Fig. 1.7), cannot be reliably assessed. 

The technique is highly dependent on  the assumptions 
of the model and precision of the insulin assay. 

Continuous infusion ofgLucose with model assessment 

Similar limitations apply to the technique of continuous infu- 
sion of glucose with model assessment. Endogenous insulin 
secretion is stimulated using a 60-niin infusion of glucose 
(5  mg/kg/min). Comparability with the glucose clamp 
technique (see Section 1.5.6) has been reported; however: 

The site of insulin resistance (hepatic vs. muscle) cannot 
be identified. 

The between-day coefficient of variation is reported to 

be approximately 20%. 

The minimal model (of Bergman) 

The frequently sampled intravenous glucose tolerance test 
utilizes a rapid intravenous injection of glucose from which 
the glucose disappearance curve may be derived using two 
differential equations as devised by Bergman et al. The so- 
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called minimal model is based on assumptions about glucose 
distribution and the mechanisms of glucose disposal. 

One equation represents glucose kinetics (assuming a 
single compartment model for glucose distribution) whereas 
the other describes the effects of insulin (which is assumed 
to occur in a remote compartment). The model predicts 
plasma glucose concentrations at various time points from 
the measured insulin levels according to preset parameters 
of glucose metabolism and kinetics and action of insulin. 
The predicted values are compared with the measured 
plasma glucose concentrations and the parameters arc 
altered until the error between estimated and measured 
plasma glucose values is minimized. In non-diabetic sub- 
jects, the index of insulin sensitivity (S,) reportedly corre- 
lates well with the M-value (reflecting insulin-mediated 
glucose disposal) clerired from the glucose clamp technique. 
The niininial model also permits an assessment of the ability 
of glucose to promote its own clearance independently of 
insulin; this is known as glucose effectiveness (SJ. However: 

Because the intravenous glucose tolerance test relies on 
adequate endogenous insulin secretion, the coadniinistra- 
tion of a sulphonylurea (tolbutamide) is sometimes neces- 
sary in patients with type 2 diabetes. 

It has been argued that S, must reflect basal insulin- 
mediated glucose clearance (see Section 1.2.4) in addition 
to insLilin-iiidepeiideiit glucose uptake. 

Although certain biases are inherent, which place some 
limitations on the validity of  the minimal model, the relat- 
ive simplicity of the technique has helped to  ensure its 
widespread application, 

The minimal model 
a simplified 

representation of 
glucose kinetics to 
provide an insulin 
sensitivity index 

Oralglucose tolerance test 

Mari e t  nl. have described a model bascd on  the 75 g oral 
glucose tolerance test. Preliminary studies suggest reason- 
able correlations with other techniques. Further evaluation 
is required. 

1.5.5 Insulin suppression test 

Pharmacological interruption of the aforementioned phys- 
iological feedback loop allows insulin-stimulated glucose 
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disposal to be isolated and quantified under steady-state 
conditions. In the original quadruple infusion version, 
devised by Reaven et al. at Stanford University, the insulin 
suppression test involved suppression of endogenous 
insulin secretion using adrenaline (epinephrine). A non- 
selective 0-adrenergic blocker (propranolol) was coinfused 
to counter other metabolic effects of the adrenaline. 
However: 

Complete P-blockade could not be guaranteed. 
Cardiac dysrhythmias presented a potential hazard and 

so this approach was abandoned. 
Later modifications of the technique used a constant 

infusion of somatostatin to suppress insulin (and glucagon) 
secretion. The other infusions are glucose and exogenous 
insulin which are infused at constant rates, producing 
plasma insulin concentrations of approximately 100 mU/L. 
Under these circumstances it is assumed that hepatic 
glucose production will be completely inhibited. Thus, 
the resulting mean steady-state plasma glucose concentra- 
tion will reflect the sensitivity of extra-hepatic tissues to 

insulin; the higher the plasma glucose, the lower the insulin 
sensitivity. This technique provides data similar to that 
obtained using the glucose clamp at similar plasma insulin 
concentrations. Glucose clearance may be calculated by 
dividing the exogenous infusion rate by the steady-state 
plasma glucose concentration. 

Glycosuria may occur if the renal threshold for glucose is 
exceeded; renal losses must be subtracted from the glucose 
infusion rate. 

1 S.6 Hyperinsulinaemie euglycaemic 
clamp technique 

The hyperinsulinaemic euglycaeinic clamp, which involves 
simultaneous intravenous infusions of insulin and hyper- 
tonic glucose, is widely regarded as the reference method 
for determining insulin action. Developed originally by 
Andres et al., the technique has been extensively employed The ghcose clalllp 

technique is widely in human studies, 
Briefly, if endogenous hepatic glucose production is regarded as the 

reference method 
for w~lole.  completely inhibited by a continuous intravenous infusion 
body iiisulin action ofinsulin (40 mU/mz/min or higher) then the quantity of 
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Fig. 1.14 (a) Mean (k SE) plasma imrnunoreactivc insulin concentrations and ( b )  tissue 
glucose uptake for subjects with normal glucose tolerance and patients with impaired 
glucose tolerance and type 2 diabetes, respectively, as determined during euglycaemic 
hyperiiisulinaemic clamps. Despite similar steady-state hyperinsuhnaeniia, glucose disposal 
rates were decreased by 24% in patients with impaircd glucose tolerance and by 58% in the 
patients with type 2 diabetes. (Redrawn with permission from Kolterman, O.G. 1981. 
Journal of Clinical Investthation 68,957-969.) To convert to pniol/L, multiply by 6. 

exogenous glucose required to maintain euglycaemia (the 
M-value) is a reflection of the net sensitivity of target tissues 
(mainly skeletal muscle; Fig. 1.3)  to insulin. The M-value is 
determined when near steady-state has been attained; this 
requires several hours. In order to suppress hepatic glucose 
production, plasma insulin concentrations are typically raised 
from basal to approximately 600 pmol/L (100 mU/L) 
(Fig. 1.14). This is achieved by a primed-continuous infu- 
sion of soluble insulin. Plasma glucose is measured every 
5 min and hypoglycaemia is avoided by concomitant inhsion 
of variable rate hypertonic glucose. Usually, euglycaemia is 
the aim but the basic technique can also be used to ‘clamp’ 
the plasma glucose concentration at any desired level. 
Euglycaemia avoids confounding effects of  either hypogly- 
caemia (causing counter-regulatory hormone secretion) or  
hyperglycaemia (which may result in urinary glucose losses). 

Multiple studies, carried out on  separate days and con- 
ducted at difkrent plasma insulin concentrations, allow 
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construction of whole-body dose-response curves ana- 
logous to  the Kahn model (see Fig. 1.9). This permits 
evaluation of binding vs. post-binding defects. However, 
the glucose clamp technique has tended to  diminish the 
concept of insulin resistance to a reduced M-value. Indeed, 
a reduced rate of insulin-mediated glucose disposal has 
come to be regarded as virtually synonymous with insulin 
resistance. The limitations of the clamp technique require 
acknowledgement: 

Not  only is the sustained hyperinsulinaemia attained in 
most clamp studies unphysiological but it is also inappro- 
priate for the assessment of other key aspects of intermediary 
metabolism. Examination ofFig. 1.7 demonstrates that the 
glucose clamp technique is ideal for identifying impaired The glucose clainp 

technique assesses 
whole-body 
iiisuliti-inedintcd 
rrlucosc dismsnl 

steady-state insulin-stimulated glucose disposal. However, 
because adipocyte lipolysis is regulated at plasma insulin 
levels in the low-physiological range (Fig. 1.7), this aspect 
of metabolism will be maximally suppressed in the early 
stages of a clamp. Performing glucose clamps at lower 
plasma insulin concentrations allows lipolysis to be assessed 
(Fig. 1.15). 

A similar caveat pertains to the assessment of hepatic 
glucose production, defects in the suppression of which 
will tend to  be overlooked by standard clamp protocols. 
In fact, isotopic tracer studies suggest that suppression of 
hepatic glucose production is less efrective in subjects with 
impaired glucose tolerance or  type 2 diabetes, i.e. there is 
hepatic insulin resistance. 

Saturation of interstitial fluid with insulin may lead to 
higher rates of  glucose disposal per increment in plasma 
insulin concentration. 

The technique is labour-intensive and operator-dependent. 

1.5.7 Complementary techniques 

The glucose clamp technique may be usefully combined 
with a number of complementary investigative techniques. 

Insulin receptor binding studies 

In vitro studies of the binding of insulin to  purified recep- 
tors have provided additional insights into defective insulin 
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Fig. 1.15 Relationship between increases in plasma insulin 
concentration and non-csterified fatty acids during 70-min 
sequential infusion studies. The  numbers above the bars represent 
the mean insulin concentration at the end ofeach infusion. 
Subjects are normal controls and patients with type 2 diabetes 
having either lesser (stippled bars) o r  greater degrees of 
hyperglycacniia. (Redrawn with permission from Swislocki, 
A.L.M. etnl.  1987. DiabetoloHia 30,622-626.) 

action in human disease. However, the physiological rele- 
vance of insulin receptor binding studies in non-classical 
target cells, such as erythrocytes, is questionable. A 
decrease in insulin receptor numbers has been reported in 
insulin-resistant states such as obesity (see Section 2.5.2) 
and impaired glucose tolerance (see Section 2.5.4). Defects 
of receptor autophosphorylation have been identified in 
patients with type 2 diabetes. 

Indirect calorimetry 

Indirect calorimetry comprises measurement of whole- 
body oxygen consumption and carbon dioxide generation 
to estimate: 

Energy metabolism. 
Substrate oxidation rates. 
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The technique can provide insights into the effects of 
insulin resistance on  intracellular metabolism, e.g. the par- 
tition between glucose oxidation and glycogen synthesis 
in skeletal muscle. However, there are limitations inherent 
in the technique. First, the degree of hyperinsulinaemia 
generated in clamp studies may favour identification of  
defects in glucose storage rather than impaired glucose 
oxidation. Secondly, indirect calorimetry calculations 
rely on assumptions about the interrelationships between 
aspects of substrate utilization. Thus, while an inverse 
relationship exists between glucose and lipid oxidation it 
does not necessarily follow that oxidation of one substrate 
directly regulates the other. Finally, indirect calorimetry 
provides only an estimate of  net changes in substrate 
oxidation. 

Substrate balance studies 

These were pioneered in the 1960s by Zierler and 
Rabinowitz who noted differences in insulin sensitivity 
between suppression oflipolysis and glucose uptake in the 
human forearm. By quantifying substrate utilization across 
a specific tissue bed, this relatively invasive technique pro- 
vides more detailed information about the site of impaired 
insulin action, e.g. liver vs. skeletal muscle vs. adipose 
tissue. However, complete isolation of a particular organ 
or tissue is rarely possible and extrapolations t o  distant 
anatomical sites may have limited validity. 

Biopsy techniques 

These invasive techniques permit direct measurement 
of insulin-stimulated enzyme activity or mRNA levels in 
muscle or adipose tissue biopsies. Subcutaneous adipocytes 
are readily obtained under local anaesthetic from the lower 
abdominal wall. Visceral adipocytes may be obtained 
during surgical procedures. Vastus lateralis is the most 
commonly studied muscle (the potential for metabolic 
differences between anatomical sites must be considered). 
The samples can be used to study insulin binding, post- 
binding events, enzyme activities or glucose transporter 
function. 
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Adipose tissue microdialysis technipes 

These are used to directly measure interstitial fluid concen- 
trations of  insulin and metabolites in subcutaneous adipose 
tissue and the responses to perturbations, such as a glucose 
clamp. It is noteworthy that in clamp studies the kinetics 
for changes in interstitial insulin concentrations are delayed 
by approximately 20 min compared with plasma levels. 

Nuclear magnetic spectroscopy 

This has been pioneered by Shulman et al. at Yale to measure 
insulin-stimulated glycogen synthesis in skeletal muscle. 
Intramuscular glucose and glucose-6-phosphate levels may 
be determined non-invasively, permitting identification of 
defects in glucose transport and metabolism. 

Positron emission tomography 

This imaging technique utilizes radiopharmaceuticals lab- 
elled with positron emitters. Appropriately labelled glucose, 
which is transported and phosphorylated but not meta- 
bolized further, has been used to investigate differences in 
substrate metabolism between skeletal and cardiac muscle. 
The scanners are presently available in only a few centres. 

1.6 Mechanisms of insulin resistance 

1.6.1 Genetic defects 

It is widely accepted that insulin resistance often has a 
genetic component. In Pima Indians it has been estimated 
that approximately 30% of the variance in insulin sensitivity, 
as determined in glucose clamp studies, can be accounted 
for by familial clustering. However, many individual can- 
didate gene loci for insulin resistance associated with type 
2 diabetes have been excluded by linkage studies. These 
include those coding for insulin, glycogen synthase, 
GLUT-1, GLUT-4 and fatty-acid-binding protein 2. It is 
thought that a multiplicity of genes, the effects of which 
may be modulated by environmental factors, contribute to 
insulin resisrance in its most commonly encountered forms, 
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i.e. inheritance is polygenic. However, additional genetic 
or acquired defects of P-cell hnct ion are necessary for glu- 
cose intolerance to become manifest (see Section 2.5.5). 
Research has also been directed towards the regulatory 
sequences of  candidate genes, e.g. studies of polymor- 
phisms with variable-number tandem repeats near the 
insulin gene and its promoter. To date, studies in type 2 
diabetes have been inconclusive, providing no clear evid- 
ence that this region is a major susceptibility locus. As 
insulin resistance and type 2 diabetes are closely associated 
with obesity, the recent identification of leptin and resistin 
(see Section 1.6.2) and the cloning of genes for uncoupling 
proteins are also attracting interest. 

Insulin rcsistance is 
a cornPlex aet1etic 
condition 

Insulin receptor mutations 

Rare mutations of the insulin receptor gene are the best 
characterized causes of intrinsic insulin resistance (see Sec- 
tion 2.4). Many different mutations have been described 
which may be classified functionally into the following 
classes. 

Class I-Decreased receptor biosynthesis 
Class 11-Impaired post-translational processing 
Class 111-Defects in insulin binding 
Class W-Impaired tyrosine kinase activity 

Impairment of insulin receptor intrinsic tyrosine kinase 
activity has been reported not only in subjects with type 2 
diabetes but also in non-obese normoglycaemic individuals 
with insulin resistance. Type A extreme insulin resistance, 
some cases of  which are caused by insulin receptor muta- 
tions, shares some metabolic and clinical features with the 
far more prevalent polycystic ovary syndrome (see Section 
2.5.12). 

Post-binding signalling mutations 

Type C severe insulin resistance and many other uncommon 
or rare inherited insulin-resistance syndromes (see Section 
2.4) result from post-binding defects in insulin signalling. 
In most, the precise sites of the defects remain undeter- 
mined. This is also the case for the common form oftype 2 
diabetes (see Section 2.5.5). 
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Insulin receptor substrate-1. Mutations of the gene 
(mapped to chromosome 2q36) coding for insulin receptor 
substrate-1 have been sought in subjects with type 2 
diabetes. A variant has been identified (a glycine-arginine 
substitution at codon 972), expression of  which results 
in defective insulin signalling. However, the frequency of  
the variant has been found to be similar in patients with 
type 2 diabetes and non-diabetic controls. 
9 Phosphatidylinositol-3 kinase. Mutational analysis has 
shown that homozygous carriers of a mutation in the gene 
coding for phosphatidylinositol-3 kinase (affecting approx- 
imately 2% of white people) is impaired glucose tolerance 
and glucose effectiveness. The -20% of white people who 
are heterozygous for the polymorphism are also relatively 
insulin resistant. 

Genetic knockout animal models 

‘Knockout’ mouse models with selective tissue deficiency 
of insulin receptors, insulin receptor substrate- 1 or GLUT- 
4 have provided interesting insights into the aetiology of 
insulin resistance and type 2 diabetes. For example, selective 
deletion ofislet P-cell insulin receptor substrate- 1 causes loss 
of glucose sensing and progressive glucose intolerance. By 
contrast, mice deficient in GLUT-4 in all tissues show car- 
diac and adipose tissue abnormalities yet are not diabetic. 

-Adrenergic receptor mutations 

In humans, P3-adrenergic receptors are expressed mainly in 
visceral adipose tissue where they may contribute to the meta- 
bolic abnormalities associated with this form of obesity. In 
lower mammals the receptor is expressed in thermogenic 
brown adipose tissue. A mutation of the P3-adrenergic re- 
ceptor has been reported which is associated, albeit not 
strongly, with features ofthe insulin resistance syndrome and 
early onset of  type 2 diabetes in Pima Indians. P3-agonists 
have been developed as anti-obesity agents (see Section 3.3.4). 

The import.incc 
of mutations in 
the atypical p3- 
adrenoceptor for 
defecti\,e ~ n s u ~ ~ n  
action in htuiian is 
uncertain 

Calpain- 10 

Calpain-10, or cysteine protease, has been linked with type 
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2 diabetes in Mexican Americans. Identified by positional 
cloning the nature of the association is unclear and requires 
confirmation. Insulin resistance is a theoretical explanation 
for the association, but defective insulin secretion also 
appears possible. 

1.6.2 Acquired forms of insulin resistance 

Counter-regulatory hormones 

Elevated levels of circulating hormones which antagonize 
the metabolic actions of insulin (see Section 1.2.1) are 
associated with impaired insulin action. These hormones, 
acting mainly at post-binding sites of insulin signalling, 
contribute to the acute insulin resistance associated with 
diabetic ketoacidosis, severe sepsis or major trauma (see 
Section 2.6.1). Specific hypersecretory endocrinopathies 
(see Section 2.6.2) are frequently associated with glucose 
intolerance or, less commonly, diabetes. 

Drug therapy 

Various drugs can influence insulin resistance: cortico- 
steroids (dose-dependent effect); P-adrenergic blockers 
(especially agents without intrinsic P,-agonist activity); and 
thiazide diuretics at higher doses. These are considered in 
more detail in Sections 2.7 and 3.5,  respectively. 

Glucose toxicity 

Overactivity of the intracellular hexosaniine pathway has 
been implicated in the detrimental effects ofhypcrglycaemia 

Endogenous insulin secretion. 
Glucose disposal. 
These effects have been ternicd ‘glucose toxicity’. The 

enzyme glutamiiie : fructose- 6-phosphate amidotransferase 
diverts glucose away from glycolysis at the level offructose- 
6-phosphate resulting in the formation of glucosaminc- 
6-phosphate and other hexosainine products. The latter 
reduce GLUT-4 translocation in skeletal muscle. Trans- 
genic mice overexpressing the enzyme are resistant to thc 
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Reducing 
h ypergl ycacmia 
nlay lead to 
secondary 
illl~,rovell,ellts in  
insulin secrction 
and insulin action 

actions of insulin on muscle glucose disposal. The clinical 
implication is that reducing the level of hyperglycaemia 
(whether by non-pharmacological measures, oral agents or 
insulin; see Section 3)  may produce secondary improve- 
ments in insulin secretion and insulin action. 

Glucose transporter defects 

The role of defective insulin-sensitive glucose transporter 
protein (GLUT-4) function in type 2 diabetes has been 
clarified recently. The expression of GLUT-4 is reduced in 
adipocytes in subjects with obesity or  type 2 diabetes. 
However, GLUT-4 expression is normal in skeletal muscle, 
the principal site for insulin-mediated glucose disposal. 
Defective translocation of GLUT-4 to the cell membrane 
has emerged as the most likely explanation for insulin resis- 
tance in muscle. 

Lipotoxicity 

Disturbed fatty acid metabolism has been documented in 
patients with type 2 diabetes and lesser degrees of glucose 
intolerance. Experimental data indicate that elevated fatty 
acid concentrations may: 

Impair insulin-mediated glucose disposal and oxidation. 
Accelerate hepatic glucose production. 
Inhibit endogenous insulin secretion. 
Contribute to  hypertriglyceridaemia. 
The glucose-fatty acid (or  Randle) cycle was identified 

in isolated rat heart and diaphragm by Sir Philip Randle 
et al. in Cambridge, UK, in the early 1960s (Fig. 1.16). 
It was postulated that increased fat oxidation might 
cause the insulin resistance associated with diabetes and 
obesity. 

Increased fatty acids in muscle lead to a higher mito- 
chondrial acetyl CoA : CoA ratio. This, in turn, inhibits 

Much evidence 
supports the 

pyruvate dehydrogenase activity with diversion ofpyruvate 
to lactate or  alanine rather than t o  acetyl CoA. Increased 

existence o f d  
glucose-fatty x i d  
rvrlr _._._ 

citrate levels inhibit phosphofmctokinase activity leading t o  
increased glucose-6-phosphate concentrations. Hexokinase 
is allosterically inhibited by the increased levels of glucose- 
6-phosphate and so reduced GLUT-4-mediated glucose 
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Hexokinase 

4 

4 

F-6-P 

Triglyceride Acetyl CoA 

Krebs cycle 

Fig. 1.16 The glucose-fatty acid (Randle) cycle. Potential 
enzymatic steps that n ight  be influenced by free fatty acid (FFA) 
oxidation, NAD, nicotinamide adenine dinucleotide; PDH, 
pyruvate dehydrogenase; PFK, phosphofructokinase; G-6-P, 
glucose-6-phosphate; F-6-P, fructose-6-phosphate; F- 1,6-P, 
Fructose-I ,6-bisphosphdte. Modified with permission from 
Alzaid, A. & IZlzza, R.A. (199 3) In: Insulin Resbtance (ed. 
D.E. Moller) John Wiley, Chichester. 

transport/phosphorylation. Decreased glycogen synthase 
activity has also been reported. Thus: 

Skeletal glucose uptake is reduced. 
Glycolysis and glycogen synthesis is inhibited. 
Recent observations in rats using magnetic resonance 

spectroscopy (see Section 1.5.7) suggest that reduced glu- 
cose transport is the main defect which leads to decreased 
glycogen synthesis and glucose oxidation. Fatty acid activa- 
tion of protein kinase C6, a serine kinase, may also induce 
insulin resistance via reduced insulin receptor substrate- 1. 
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Evidence for insulin resistance in the suppression of 
lipolysis with increased plasma fatty acid concentrations 
has attracted considerable attention. Reaven e t  al. have 
argued that failure of regulation of plasma fatty acid levels 
is a crucial determinant of hyperglycaemia in type 2 dia- 
betes (see Section 2.5.5). Fatty acids normally stimulate 
glucose-mediated insulin secretion, thereby offsetting the 
adverse effects of elevated fatty acid concentrations on  hep- 
atic and peripheral glucose metabolism. However, if fatty 
acids fail to stimulate insulin secretion, hepatic glucose pro- 
duction will accelerate. This, in concert with a fatty-acid- 
induced reduction in glucose utilization, would result in 
hyperglycaemia. These effects may be regarded as evidence 
for a toxicity of fatty acids. Indeed, recent data suggest that 
under experimental conditions fatty acids may induce 
apoptosis (programmed cell death) in islet p-cells. In addi- 
tion, elevated circulation fatty acid concentrations have also 
been implicated in the pathogenesis of some forms of 
hypertension via direct vascular effects and indirect mecha- 
nisms (see Section 2.5.7). 

Fatty acids may 
induce ~ l P ~ V o S i s  in 
islet p-cells 

Tumour necrosis factor-a 

The cytokine tumour necrosis factor-a, which is produced 
by adipocytes and immune cells, has been implicated in the 
production of insulin resistance via inhibitory effects on 
tyrosine kinase-mediated insulin signalling in skeletal mus- 
cle and adipose tissue (see section 2.5.2). Tumour necrosis 
factor-a signals through at least two known cell surface 
receptors. Expression of tumour necrosis-a, which exerts 
its effects through a paracrine mechanism, is high in 
obesity and type 2 diabetes. Circulating levels are low. 
Neutralization of tumour necrosis factor-a using mono- 
clonal antibodies improves insulin resistance in the Zucker 
(fa&) rat. However, this effect has not been replicated in 
humans with type 2 diabetes. 

Tunlour necrosis 
factor-a levels ‘we 
iiicrenscd in ohesity 

Interleukins 

Other cytokines, i.e. interleukins 1 and 6, in concert with 
other factors, control the centrally mediated stress response 
ofsevere sepsis or inflammation. The resulting activation of 
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Leotin receDtors 

Fig. 1.17 Leptin feedback loop. (Modified with permission 
from Scarensen, T.I.A. et al. 1996. .British Medical Journal 313, 
953-954.) 

the hypothalamo-pituitaq-adrenal axis could contribute to 
whole-body insulin resistance (see Section 2.6.1). Elevated 
interleukin-6 levels have been identified as a risk factor for 
type 2 diabetes in women. C-reactive protein, an acute phase 
reactant, has also been shown to predict type 2 diabetes. 

The cloning ofthe ob-gene and identification ofits product, 
leptin in 1994 opened a new era of research into obesity. 
Leptin is a 167 amino acid protein synthesized and secreted 
by adipocytes which provides a feedback signal from adip- 
ose tissue to receptors in the hypothalamus (Fig. 1.17). 
Visceral adipocytes, which are considered in more detail in 
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Leptin signals 
inforination about 
adipose tissue 
stores to thc 
hypothalamus 

Elevntcd 
plasnia Icptin 
con cen trations 
are implicated in 
the aetiology of 
obesitv-associated 
insulin resistance 

Section 2, appear to produce less leptin than their subcuta- 
neous counterparts. 

Leptin traverses the blood-brain barrier to inhibit the 
synthesis of neuropeptide Y, a tyrosine-containing pep- 
tide with powerhl stimulatory effects on appetite. High 
leptin levels, indicative of an excessive adipose tissue mass, 
also lead to increased thermogenesis (neuropeptide Y also 
inhibits the activity of thermogenic brown adipose tissue in 
the rat). These effects serve to limit further weight gain. 
Mutant animal models in which leptin (ob/ob mouse) or  its 
hypothalamic receptor (db/db mouse, fa/fa rat) are absent 
are associated with obesity and insulin resistance. However, 
circulating leptin concentrations are elevated in most obese 
humans implying defective signalling, i.e. cellular resistance 
to leptin, rather than deficiency of the protein. 

Plasma leptin concentrations correlate with hyperinsulin- 
aemia independently of body mass index. Hyperleptinaemia 
has been implicated in causing obesity-associated insulin 
resistance via effects on insulin signalling. Conversely, animal 
studies indicate tha t  insulin may directly affect leptin con- 
centrations. Leptin is also produced by the placenta and a 
role for leptin in female reproductive hnct ion is emerging. 

Resistin 

A novel adipocyte-derived hormone-resistin-was 
described in 2001 by Steppan etal. The peptide was discov- 
ered during a search for genes that are activated during 
adipocyte differentiation. Circulating levels of resistin are 
elevated in diet-induced and genetic murine models of 
obesity and type 2 diabetes. Immunoneutralization of 
resistin lowers blood glucose and improves insulin action 
whereas administration of the hormone impairs glucose 
tolerance and insulin action in normal mice. Data in 
humans is scanty but suggests that oniental expression of 
resistin mRNA is higher than in subcutaneous adipocytes 
from other sites. The physiological role of human resistin 
(which has -50% homology with murine resistin) remains 
to be elucidated. The discovery of adipocytokines such as 
resistin has helped to dispel the traditional view of fat as 
being a passive depot for triglycerides. Adipose tissue is 
now regarded as a metabolically active endocrine organ. 
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Defectivc insulin 
pulsatility is an 
early defect in 
glucose intolerancc 

Imp.iircd 
exprcssioii and 
activity of eiizynies 
involved in 
carbohydrate 
iiietabolisiii ‘ire 
of uncertain 
significance 

Glucocorticoid 
exposure irr u t c w  
may lead to altered 
metabolic pathways 
in adult life 

Adiponectin 

Adiponectin is another recently identified adipocyte- 
derived hormone belonging to the collectin family Levels 
of adiponectin are reduced in human obesity and can be 
increased by treatment with thiazolidinediones (see 
Section 3.2.2.). Adiponectin promotes fatty acid oxidation 
in muscle thereby providing a potential link between obe- 
sity and impaired insulin action in myocytes. Adiponectin is 
also credited with anti-atherogenic properties. 

Defective insulin pulsatility 

Insulin is normally secreted by the p-cells in regular -1 3-min 
pulses. Defective pulsatility has been identified as an early 
abnormality in studies in glucose-intolerant subjects and 
first-degree relatives of patients with type 2 diabetes. 
Experimental data demonstrate that some of the metabolic 
effects of insulin are enhanced when the hormone is deliv- 
ered in pulses rather than as a continuous infusion. These 
observations raise the possibility that insulin action in tar- 
get tissues might be impaired as a consequence of impaired 
endogenous pulsatility. 

Tissue enzyme activities 

Impaired activities of key enzymes involved in tissue glu- 
cose metabolism have been identified in patients with obes- 
ity and type 2 diabetes. However, determining whether 
these are primary defects or  consequences of the metabolic 
derangements has been problematic. Recent evidence fav- 
ours the latter explanation, a t  least for glycogen synthesis in 
type 2 diabetes. However, animal studies show that the 
expression of  key enzymes in carbohydrate metabolism 
may be modulated by exposure to glucocorticoids in utero. 
A key regulatory enzyme in the gluconeogenesis pathway 
(the formation of glucose from 3-carbon intermediates) 
-phosphoenolpyruvate carboxykinase-can be permanently 
increased in rats by dexamethasone treatment during the 
last trimester of pregnancy. Thus, excessive fetal glucocor- 
ticoid exposure in utero may lead to altered metabolic 
pathways in adult life. This also holds for low-protein diets 
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during gestation, which alter the tissue ratio of phospho- 
enolpyruvate carboxykinase : glucokinase. These are exam- 
ples of the concept of ‘metabolic programming’ which is 
currently attracting considerable attention. 

1.6.3 Fetal origins hypothesis 

Metabolic programming is central to the fetal origins 
hypothesis advanced by Professor David Barker in 
Southampton, UK. This hypothesis links intrauterine 
growth retardation with insulin resistance and other major 
risk factors for cardiovascular disease in adults. According 
to the hypothesis: 

‘Coronary heart disease is associated with specific 
patterns of disproportionate fetal growth that results 
from fetal undernutrition in middle to later gestation.’ 

Barker developed his hypothesis to explain observations 
in a cohort from an English population that low birth 
weight during the early decades of the 20th century was 
associated with increased risk of coronary heart disease in 
adulthood. From this and other studies Barker et al. hypo- 
thesized that fetal undernutrition led to the following risk 
factors for coronary heart disease in adults. 

Insulin resistance. 
Islet P-cell dysfunction. 
Impaired glucose tolerance. 
Type 2 diabetes. 
Hypertension. 
Dyslipidaemia. 
Hyperfibrinogenemia. 

Barker found that the risk of glucose intolerance or type 2 
diabetes in middle-aged men (59-70 years) in the English 
cohort was inversely associated with birth weight. The odds 
ratio (adjusted for body mass index) for glucose intolerance 
ranged from 1.0 for birth weight > 4.3 kg to 6.6 for birth 
weight < 2.5 kg (Table 1.4). 

These observations have been replicated in other popu- 
lations from the USA and Sweden. Furthermorq a high 
placental weight and low body weight at age 12 months 
are also associated with hypertension and risk of coronary 
death, respectively. Recent data have countered the sugges- 
tion that confounding factors may have been responsible 
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Table 1.4 Odds ratios (adjusted for body mass index) for glucose intolerance (120 min 
glucose > 7.8 mmol/L) and type 2 diabetes in men aged 59-70 years. (From Hales, C.N. 
et al. 1991. British Medical Journal 303, 1019-1022.) 

P< 0.001. 

for observations that adult hypertension is more common 
in the lower birth-weight sibling in twin studies. 

The fetal origins 
hypothesis 
proposes that 
intrauterinc 
undcrnutrition niay 
lcad to perillanent 
structural and 
metabolic 
alterations 

Postulated mechanisms of fetal programwain8 

Barker proposes that intrauterine undernutrition at critical 
periods of fetal growth may lead to permanent structural 
and metabolic alterations which predispose to coronary 
heart disease. These result from compensatory mechanisms 
which serve to divert nutrients preferentially to the devel- 
oping central nervous system. In turn, these lead to skeletal 
underdevelopment, a reduced P-cell mass and tissue vascu- 
lar abnormalities. Animal studies of fetal undernutrition 
provide support for the fetal origins hypothesis which has 
provided a challenge to the genetic explanation for the 
well-recognized familial risk of type 2 diabetes. 

Additional observations from Barker’s UK studies include 
the following. 

Effect ofobesity. The development of obesity in subjects 
with the lowest birth weights was associated with the highest 
risk of glucose intolerance. A subsequent twin study showed 
that the lower birth-weight twin was more likely to develop 
type 2 diabetes as an adult. Islet P-cell dyshnction- 
increased circulating concentrations of proinsulin-like 
molecules-in middle-aged subjects of low birth weight has 
also been found. 
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A thrifty phenotype 
may confer a 
survival advantage 
in periods of famine 

Activation of thc 

pituitary-adrcnal 
axis is associated 
with low birth 
weight 

hypothda111o- 

Insulin resistance. An association between decreased 
insulin sensitivity in adulthood, determined by the insulin 
tolerance test, and low ponderal index (a measure of thin- 
ness at birth) was observed in an English cohort for whom 
detailed birth records were available. 

Decreased muscle jlycolysis. In another study of this 
cohort, 31P magnetic spectroscopy showed a relationship 
between low ponderal index and lower lactate and adenos- 
ine triphosphate generation in skeletal muscle. Thus, there 
is evidence linking impaired fetal growth with alterations in 
insulin sensitivity and muscle metabolism in adults. 

T h r i h  phenotype hypothesis 

This term was coined by Barker and Hales to distinguish 
metabolically programmed from inherited tissue structure 
and Function which is encompassed in Neel’s original 
‘thrifty genotype’ hypothesis (see Section 2.5.5). Other 
investigators, notably Reaven, have suggested that insulin 
resistance may have a protective role in times offood depri- 
vation by reducing the rate of muscle glucose utilization. 
This, in turn, would conserve glucose for obligate central 
nervous system requirements. Ultimately, skeletal muscle 
proteolysis, which would otherwise provide an alternative 
source of gluconeogenic precursors, would also be reduced 
and structural protein would thereby be conserved. 

Hypothalamo-pituitav-adrenal axis overactivity 

Abnormalities in the hypothalamo-pituitary-adrenal axis 
have emerged as a potential cause or  contributor to insulin 
resistance related to  low birth weight. Cross-sectional 
studies in adults have shown an inverse relation between 
plasma cortisol concentrations and birth weight. Activation 
of the hypothalamo-pituitary-adrenal axis has also been 
observed in stimulation studies. 

Fetal insulin hypothesis 

Other investigators have offered alternative genetic explana- 
tions that appear to be consistent with Barker’s observa- 
tions. Hattersley e t  al. in Exeter, UK, have produced 
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evidence supporting an effect of monogenic defects in 
maternal and fetal insulin secretion (i.e. uncommon muta- 
tions in the glucose-sensing p-cell enzyme glucokinase, see 
Section 2.5.5)  which can also produce a low birth weight 
phenotype. Other rare congenital conditions associated 
with decreased or absent fetal insulin secretion and low 
birth weight include: 

Pancreatic agenesis. 
Transient neonatal diabetes. 

Conversely, nesidioblastosis-a rare condition resulting 
from homozygous mutations causing constitutive activa- 
tion ofthe P-cell sulphonylurea receptor-is associated with 
birth weights which are usually > 90th percentile. This 
appears to be consistent with the anabolic actions of insulin 
(see Section 1.2.1). Much more common is the well- 
recognized association between maternal third trimester 
hyperglycaemia and macrosomia. This is held to be a conse- 
quence of the growth-promoting consequences of fetal 
hyperinsulinaemia which in turn results from P-cell stimu- 
lation by increased transfer of nutrients across the placenta. 
In the Pima Indians of Arizona, who have the highest 
recorded prevalence of type 2 diabetes, the risk of adult dia- 
betes is related both to low and high birth weight in a 
bimodal relationship. The latter observation provides sup- 
port for an adverse effect of intrauterine overnutrition with 
diabetes. However, the exceptionally high frequencies of 
obesity and diabetes in this population may confound 
the relationship between genes and intrauterine environ- 
ment. In addition, in a white population a variation in the 
regulatory minisatellite 5’ to the insulin gene, which is a 
polymorphism associated with type 2 diabetes, has also 
been shown to influence fetal growth. Theoretically, 
impaired insulin secretion, insulin resistance, fetal growth 
and metabolism in adult life might be united through this 
or other mechanisms. 

Genetically 
determined defects 
in fetal insulin 
secretion can also 
result ill reduced 
birth weight 
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The clinical 
relevance of insulin 
resistance is 
uncertain in inany 
conditions 

Insulin resistance 
per se is 
asymptomatic 

Insulin resistance in 
cl in ica I medicine 

2.1 Clinical features 

Common inherited or ncqztired disorders 

Many common inherited or acquired disorders in humans 
are associated with insulin resistance. In some, e.g. impaired 
glucose tolerance or type 2 diabetes, the insulin resistance is 
almost universal and is regarded as a major factor in the 
aetiology of the disorder. In others, e.g. polycystic ovary 
disease, insulin resistance is emerging as an important tar- 
get for therapeutic intervention. However, for many of the 
conditions in which impaired insulin action has been docu- 
mented the relevance of the metabolic defect to aetiology 
and ultimately to treatment remains far less clear. 

The latter group includes essential hypertension, heart 
failure and chronic renal failure. Failure to control for fac- 
tors such as decreased physical activity and fitness in meta- 
bolic studies of these debilitating conditions may in part 
explain some of this uncertainty. Importantly, insulin resis- 
tance is asymptomatic in the absence of metabolic de- 
compensation, i.e. diabetes mellitus, or other features, e.g. 
hyperandrogenism in women. 

As direct measurement of insulin sensitivity is problem- 
atic (see Section 1 .5 ) ,  insulin resistance is usually inferred 
in clinical practice from associated clinical or biochemical 
features, such as obesity or type 2 diabetes. A number of 
uncommon or rare inherited syndromes with specific and 
readily identifiable phenotypes are associated with insulin 
resistance, e.g. myotonic dystrophy. Hyper-secretory 
endocrinopathies (see Section 2.6.2) ,  such as Cushing’s 
syndrome and acromegaly, will often be accompanied by 
significant insulin resistance in addition to characteristic 
features of the particular syndrome. More specific physical 
signs suggestive of pathological degrees of insulin resis- 
tance include the following: 
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Acanthoszs n&ricans. This hyperkeratotic papillomatous 
condition is recognized by pigmented plaques, usually 
most evident on the axillae, antecubital fossae, the nape of 
the neck and other skin folds. Multiple skin tags (acrochor- 
dons) may also be present in affected individuals. 
Acanthosis is almost universal in patients with congenital 
syndromes of severe insulin resistance (see Section 2.4). It 
may also be found in patients with less severe acquired 
forms of insulin resistance, such as that associated with 
obesity, endocrinopathies and polycystic ovary syndrome 
(see Section 2.5.12). Racial differences in the prevalence of 
acanthosis nigricans are recognised; in a US study approxi- 
mately 10% of black or hispanic school children were found 
to have evidence of this marker. The molecular mechanisms 
responsible for acanthosis remain undetermined. Since 
insulin can cross-react with mitogenic insulin-like growth 
factor-1 receptor, stimulation by the latter by hyper- 
insulinaeminia has been proposed. However, the evidence 
does not provide convincing support for this theory. 
For disfiguring acanthosis, 5% salicylic acid cream is 
recommended. 

Hyperandrogenism. Cutaneous stigmata of ovarian hyper- 
androgenism include hirsutism and acne vulgaris, both of 
which are prominent symptoms in women with polycystic 
ovary syndrome. Chronic anovulation with menstrual irreg- 
ularity or secondary amenorrhoea is common (see Section 
2.5.12). HAIR-AN syndrome refers to the constellation 
of hyperandrogenism, insulin resistance and acanthosis 
nigricans. 

Acromegaloid features. Acral hypertrophy (with muscle 
cramps) and other acromegaloid features (enlargement of 
pinnae, macroglossia) are occasionally encountered in pati- 
ents with severe insulin resistance and very high plasma 
insulin levels. Circulating growth hormone and insulin-like 
growth factor-1 concentrations are normal. As for acan- 
thosis, the mechanism is unexplained. It has been suggested 
that insulin resistance in glucose disposal may not always be 
reflected in insulin resistance in other metabolic pathways. 
Thus, other anabolic and mitogenic pathways of insulin 
(Table 1 . l) might be stimulated by compensatory hyper- 
insulinaemia. This hypothesis is frequently referred to as 
tissue selective insulin resistance. However, rather than 
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implying an all-or-nothing effect, differences in dose- 
response relationships between metabolic and mitogenic 
pathways could, a t  least in theory, result in divergent tissue 
actions. 

Precocious pseudo-puberty. In conjunction with phallic 
enlargement, these are variable features of some congenital 
severe insulin-resistance syndromes. 

Growth retardation. Intrauterine growth retardation with 

low birth weight is another variable feature of syndromes 
associated with severe insulin resistance. Profound impair- 
ment of insulin action within the developing fetus is con- 
sistent with the fetal insulin hypothesis (see Section 1.6.3), 
albeit an extreme manifestation. 

Lipodystropby. Congenital and acquired lipodystrophic 
syndromes are discussed in Section 2.4. 

2.2 Factors influencing insulin sensitivity 

The many factors influencing insulin sensitivity must be 
taken into consideration when studies of  human insulin 
action are carried out. Ofthese, body mass index and envir- 
onmental factors are thought to  account for approxim- 
ately 30% of variance in insulin action. Other potential 
confounding variables, some of which may not be readily 
apparent in otherwise healthy subjects, have not always 
been excluded or matched for in case-control studies, 

2.2.1 Normal  variation i n  insulin action 

Even when efforts are expended to  minimize the impact of 
such factors, insulin sensitivity in the normal population 
still varies considerably between individuals at any specified 
body mass index (Fig. 2.1). 

Data abound demonstrating the wide variability in 
insulin action in healthy individuals. For example, Reaven 
found there was a threefold variation in clamp-derived M- 
values (see Section 1.5.6) in subjects with normal glucose 
tolerance. The principal determinant of  fasting plasma glu- 
cose concentrations under these circumstances is the degree 
of P-cell function. Accordingly, there is n o  clear relation- 
ship between fasting glucose concentrations and M-values 
among patients with glucose tolerance or  type 2 diabetes. 

There is a wide 
range of insulin 
sensitivity within 
otherwise l,ealtl,y 
populations 
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Fig. 2.1 Variation in insulin sensitivity (measured during 
euglycaemic clamps as a hnction of body mass index in 177 
normoglycaemic Finnish subjects. (Redrawn with permission 
from Yki-Jawinen, H. 1995. Diabetologia; 38,1378-1388.) 

Using a different technique-the intravenous glucose toler- 
ance test (see Section 1.5.2)-Clausen etal. found a 10-fold 
variation in insulin sensitivity in a sample of healthy young 
adults (Fig. 2.2). 

Figure 2.3 demonstrates that there is considerable over- 
lap between insulin-mediated glucose disposal in patients 
with type 2 diabetes and matched non-diabetic control 
subjects when studied at  physiological or pharmacolog- 
ical plasma insulin concentrations. Taken together, these 
studies demonstrate that insulin sensitivity is a continuous 

Although there is no consensus on a threshold for the 
definition ofinsulin resistance, when individuals in the lowest 
quantile of insulin sensitivity of Clausen’s cohort were 
compared with the remainder of the sample, the former 
were found to be more obese and less glucose-tolerant. 
Moreover, the following cardiovascular risk factors were 
evident in the most insulin-resistant subgroup: 

Insulin sensitivity 
is a continuous 

in healthy 
populations variable. 

53 



C H A P T E R  2 

0.25 0’30 r 
2 
c 
aJ 
0- 
aJ 

0.20 

0.15 

0.10 
L 

0 5 10 15 20 25 30 35 40 45 50 55 

Insulin sensitivity index 
(1 0-5/rnin/prnol/L) 

Fig. 2.2 Distribution of insulin sensitivity as estimated using a tolbutamide-enhanced 
intravenous glucose tolerance test in a population-based sample of 380 healthy white 
subjects aged 18-32 years. (Redrawn with permission from Clausen, J.O. etal. 1996. 
Jouvnal of Clinical Investtkation 98, 1195-1209.) 

Higher fasting lipid concentrations. 
Higher blood pressure. 
Impaired fibrinolysis. 

Normal weight 
individuals with 
features of  the 
insulin-resistance 
syndrome map be 
a t  increased risk o f  
type 2 diabetes and 
cardiovascular 
disease 

Similar associations in otherwise healthy subjects have 
been demonstrated in other studies of different popula- 
tions (see Section 2.5.1). I t  has been proposed that non- 
obese subjects with metabolic features of the insulin 
resistance syndrome (see Section 2.5.1) may be at higher 
risk of type 2 diabetes and atherosclerotic disease in later 
life. Preventative measures might be appropriately targeted 
at such ‘metabolically obese, normal weight’ individuals. 
Other variables which require careful evaluation when per- 
forming metabolic studies include the following. 
1 Modifiable factors: 

Body mass index. 
Regional distribution of adipose tissue. 
Aerobic fitness. 
Personal history of glucose intolerance. 
History of gestational diabetes. 
Phase of menstrual cycle. 
Hepatic and renal function. 
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Fig. 2.3 Integrated glucose disposal over 5 h in patients with 
type 2 diabetes and healthy control subjects matched for age and 
sex. Divide by 6.0 to convert plasma insulin concentrations to 
mU/L. (Data with permission from Butler, P.C. e t  al. 1990. 
Diabetes39,1373-1380.) 

Relevant medication, e.g. P-adrenergic blockers. 
Smoking habits. 
Habitual alcohol consumption. 
Plasma lipids, e.g. inherited dyslipidaemias. 
Chronic disorders, e.g. inflammatory disease, neoplasia. 
Recent acute illness. 

2 Non-modifiable factors: 
Sex. 
Age. 
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The effect of 
ageing on insulin 
sensitivity is 
disputed 

Physical exercise 
improves insulin 
action 
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Family history of type 2 diabetes. 
Congenital syndromes associated with insulin resistance. 

The impact of lifestyle factors merits further investiga- 
tion. For example, an intriguing recent study in a small 
group of healthy young adults suggested that even minimal 
sleep deprivation could impair glucose tolerance (via de- 
creased glucose effectiveness; Section 1.5.4) and increase 
plasma levels of insulin-antagonistic hormones. 

2.2.2 Sex 

Men and women normally have approximately equal 
insulin sensitivity, if factors such as differences in body 
composition (in general, women have approximately 10% 
more subcutaneous adipose tissue) and aerobic capacity 
(lower in women) are taken into account. However, dur- 
ing puberty girls are more insulin-resistant than boys. 
Lipolysis is less well suppressed in women with an android 
pattern of obesity (see Section 2.5.3) than in those with 
lower-body adiposity. 

2.2.3 Age 

The effect of ageing, per se, on insulin sensitivity is dis- 
puted. However, glucose tolerance tends to deteriorate 
with advancing age and increasing insulin resistance has 
been implicated in some cross-sectional studies. The pro- 
portion of fat in central depots tends to increase in middle 
age (see Section 2.5.3). Declining P-cell function is also 
likely to be important. A recent analysis of pooled glucose 
clamp data from several European centres did not provide 
support for decreasing insulin sensitivity with age. 

2.2.4 Physical exercise 

Key points: 
6 Regular physical exercise improves insulin sensitivity. 
6 Insulin sensitivity rapidly declines with immobilization. 
These well-established effects have frequently been ignored 
or under-appreciated in studies of insulin action in humans. 
Maximal oxygen uptake ( VoZmax)-a measure of exercise 
capacity-may be partially under genetic control. Insulin- 
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A sedentxy lifestyle 
is a m+r risk 
factor f o r  coronary 
heart discdse 

Regular brisk 
walking can protect 
against type 2 
diabetes 

resistant relatives with type 2 diabetes and subjects with 
central obesity have low Ilg2n,ax levels. These are accom- 
panied by vascular changes in skeletal muscle: 

Lower capillary density. 
Greater white : red fibre ratio, i.e. fewer insulin-sensitive 

fibres. 
However, whether these changes, which indicate decreased 

aerobic capacity, reflect genetics or difkrences in physical 
activity status is unclear. Nonetheless, physical training 
appears to be beneficial particularly in countering the meta- 
bolic defects associated with visceral adiposity (see Section 
2.5.3). 

Physical inactivity 

The potential health benefits of regular physical activity 
remain rather neglected. Inactive adults have approxim- 
ately twice the risk of premature death and serious medical 
illness as active individuals; the relative risk associated with 
a sedentaiy lifestyle being similar to that associated with 
hypertension or hypercholcsterolaemia. Such observations 
are ofparticular relevance to  patients with established type 2 
diabetes (see Section 2.5.5). Data from the Nurses' Health 
Study suggest an independent protective role against the 
development oftype 2 diabetes from regular exercise; even 
habitual brisk walking is effective in reducing the risk. 

The beneficial efkcts of physical exercise and its role in 
the maiiagement of obesity and type 2 diabetes are dis- 
cussed in more detail in Section 3. Recent data suggests 
that physical fitness may be protective even in obese 
subjects. 

Physiology of acute exercise 

The breakdown of glycogen provides the initial energy for 
exercising skeletal muscle. Glycogen is rapidly depleted and 
the demand for glucose is matched by an increase in hepatic 
glucose production. During prolonged exercise mobiliza- 
tion of fatty acids from adipose tissue increases substantially. 
This provides the major source of energy for continuing 
muscular contraction and may contribute to  the acute 
insulin resistance which follows a marathon run. 
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Prolonged exercise 
is associated with 

These metabolic actions result primarily from rapid 
changes in circulating levels of insulin and counter-regulatory 
hormones, notably catecholamines. The decline in plasma 
insulin levels allows mobilization of glucose from the liver. 

an increase in 
insulin resistance 

Lowered endogenous insulin secretion also permits lipo- 
lysis to accelerate; this is augmented by the lipolytic action 
of the sympatho-adrenal system. Thus, there is a close 
match of substrate provision to consumption by myocytes. 

Exercise in diabetic patients 

For diabetic patients treated with exogenous insulin, and to 
a lesser extent those treated with sulphonylureas, the inabil- 
ity to acutely lower plasma insulin levels requires strategies 
to enable exercise to continue without the rapid develop- 
ment of hypoglycaemia. These include reducing insulin 
doses before exercise and increasing oral carbohydrate in- 
take. Late hypoglycaemia, occurring many hours after acute 
exercise, is a recognized hazard. 

Exercise-induced 
hypoglycaemia is a 

for insulin. 
treated diabetics 

2.2.5 Tobacco 

Insulin sensitivity 

Tobacco use is increasing in many developing countries in 
which the incidence of obesity and type 2 diabetes is also 
rising. Several studies have suggested that habitual cigarette 
smoking is associated with hyperinsulinaemia, glucose in- 
tolerance and reduced insulin sensitivity as measured with 
quantitative techniques. Impaired insulin-mediated sup- 
pression oflipolysis has also been demonstrated. However, 
some epidemiological data does not support an association 
between smoking and hyperinsulinaemia. 

Smoking acutely stimulates the sympatho-adrenal 
system and increases the circulating levels of counter- 
regulatory hormones (see Section 2.6.1). Abnormalities in 
plasma lipoproteins are also well recognized in habitual 
smokers. However, controlling for potential confounding 
factors, such as differences in aerobic capacity, body 
composition (smokers tend to have more abdominal fat), 
dietary digerences, etc., presents difficulties in clinical 
studies. 

Cigarette smoking 
is associated with 
reduced insulin 
sensitivity 
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Effect of smoking cessation 

Smoking cessation is associated with improved insulin sens- 
itivity. This effect appears to exceed the converse effect of 
any weight gain. Limited data suggest that nicotine 
replacement may also cause insulin resistance. The deleteri- 
ous effects of tobacco are considered in more detail in 
Section 3.1.4. 

2.2.6 Alcohol 

Moderate habitual consumption of alcohol is associated 
with reduced plasma insulin concentrations in a dose- 
dependent fashion. However, excessive alcohol leads to 
elevated blood pressure and may aggravate hypertriglyceri- 
daemia. Alcohol and the insubresistance syndrome are 
discussed in more detail in Section 3.1.3. 

2.3 Physiological states of insulin 
resistance 

Reduced insulin sensitivity is observed in certain physiolo- 
gical situations, notably in women during: 

Puberty. 
The second and third trimesters of pregnancy. 
The menopause. 
Compensatory insulin secretion usually ensures that the 

insulin resistance associated with puberty o r  pregnancy Pll17ert?;, pregl1aW' 

remains subclinical. However, this physiological insulin 
resistance may have important implications for patients 

and phase of 
menstrual cycle may 
i I l ~ ~ u e r l c e  ~ n s l l ~ ~ n  
sensitivity with diabetes or limited P-cell reserves. 

2.3.1 Puberty 

Puberty is associated with transient insulin resistance. 
Changes in body composition may contribute but the main 
cause of the decrease in insulin sensitivity is thought to be 

Insulin resistance in adolescents correlates with circulat- 
ing insulin-like growth factor- 1 concentrations. In children 
with pre-existing diabetes, increased insulin requirements 
necessitate larger doses of insulin. Thus, the daily insulin 
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Insulin 
requirements 
increase 
substantially 
during adolescence 
in patients with 
type 1 diabetes 

1 2 3 4 5 
Tanner stage 

I 

Fig. 2.4 InsLilin resistance ( M - \ ~ L I K )  by Tanner stage and sex, 
adjusted for body mass indcs. The cohort of 159 girls was more 
insulin resistant than the cohort of198 boys ( P <  0.0001). Girls 
appeared to be more insulin resistant than boys at each Tanner 
stage. (Rcdrawn with permission from Moran, A. etal. 1999. 
Diabetes48,2039-2044.) 

dose required by children with type 1 diabetes increases 
from approximately 0.5 to > 1.0 U/kg with the onset of 
puberty. In a recently published study of euglycaemic 
clamp studies performed in US children aged 10-14 years 
the following observations were presented (Fig. 2.4): 

Insulin resistance (M-value) increased at the onset of 
puberty. 

Peak insulin resistance occurred at Tanner stage 3. 
Girls were more insulin-resistant than boys. 
Insulin resistance was strongly related to measures of 

overall and regional adiposity. 
Differences in adiposity did not, however, entirely 

explain the insulin resistance ofpuberty. 
White boys were more insulin resistant than black boys, 

there being no differences between girls. 

2.3.2 Pregnancy 

Pregnancy is associated with alterations in the regulation of 
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Pregiiancy is ;i 
physiological state 
of insulin resistance 

Insulin 
requirements in 
diabetic women 
rapidly retimi to 
prepregiiaiicy levels 
postpartulll 

glucose metabolism caused by the actions of human pla- 
cental lactogen and progesterone; these hormones antag- 
onize the actions of insulin, leading to  a state of relative 
insulin resistance as pregnancy progresses. Lipolysis is also 
accelerated, despite hyperinsulinaeniia. Accordingly, preg- 
nancy is regarded as a state of accelerated ketosis. 

In women with normal P-cell function, the insulin resis- 
tance associated with pregnancy is compensated for by 
increased insulin secretion. However, the additional insulin 
resistance means that women'with pre-existing type 1 dia- 
betes need higher doses of insulin as pregnancy progresses. 
Women with type 2 diabetes treated with diet or tablets 
often require insulin treatment during pregnancy. Glucose 
intolerance o r  diabetes may be precipitated in predisposed 
women who previously had normal glucose tolerance. 
Although glucose tolerance usually normalizes post- 
partum, women who develop gestational diabetes are at 
considerably increased risk of  developing permanent type 2 
diabetes in the longer term. The risk varies according to 

ethnicity, amongst other factors. The metabolic changes 
associated with pregnancy include the following. 

First trimester. Fasting glucose concentrations decline 
modestly in non-diabetic women reaching a nadir at ap- 
proximately 12 weeks. The renal clearance of glucose is 
increased, reflecting an increase in glomerular filtration 
rate (in the absence of any change in maximal reabsorpti 
on via the renal tubules). Post-prandial glucose levels, by 
contrast, tend to rise whereas plasma insulin concentra- 
tions are unchanged. Effects on insulin requirements map 
also be influenced by pregnancy-associated nausea and 
vomiting. 

Second and third trimesters. The regulatory efkcts of 
insulin on  carbohydrate and fat metabolism become im- 
paired, i.e. a state of relative insulin resistance develops. 
It has been hypothesized that these metabolic changes 
facilitate transfer of maternal nutrients to the fetus. In 
insulin-treated women, insulin requirements may increase 
markedly between weeks 28 and 32 of gestation; insulin 
requirements may decline to some extent after 35 weeks. 

Parturition. During delivery, with separation of the pla- 
centa, insulin requirements fall very rapidly to  prepreg- 
nancy levels. 
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Use of P-adrenergic agonists, such as ritodrine in 
conjunction with high-dose corticosteroids (to suppress 
premature labour and accelerate fetal lung maturity, res- 
pectively), may induce acute severe insulin resistance. In 
diabetic mothers this combination mav necessitate hiah 

Use ofritodriiie 
and d e m m t h a ~ o n e  

" 
for preiiiature 
labour induces 
Severe acute iilsu~i,, 

doses of intravenous insulin to avert metabolic decompen- 
sation. The metabolic effects of hormonal contraceptive 

resistance preparations are considered in Section 2.8. 

The iiiipact of the 
menstrual cycle on 
iiisulin sensitivity is 
unclear 

2.3.3 Menstrual cycle 

A high proportion of insulin-treated diabetic females of 
reproductive age report fluctuating insulin requirements in 
relation to their menstrual cycle. In some, insulin require- 
ments appear to be lowest between days 7 and 21 of the 
cycle, rising gradually until the onset of menstruation. The 
cause of this variability in insulin requirements, which is 
rarely marked, is uncertain. Glucose clamp studies have 
produced inconsistent results, those in non-diabetic women 
generally showing n o  difference between the follicular and 
luteal phases of the cycle. 

By contrast, at least one study demonstrated impaired 
glucose uptake in a small group of women with type 1 
diabetes whose insulin requirements were higher in the 
luteal phase. Of more relevance clinically is the chronic 
anovulation and oligo- or amenorrhoea associated with 
polycystic ovary syndrome (see Section 2.5.12). 

2.3.4 The menopause 

Animal studies indicate that loss of oestrogen secretion 
induces a state of insulin resistance which can be reversed 
by replacement therapy. Oestrogen deficiency is accom- 
panied by changes in body composition, including a shift 
towards a more androgenic (central) distribution of adi- 
pose tissue. Studies in postmenopausal women suggest a 
progressive decline in tissue insulin sensitivity (Fig. 2.5) 
which is accompanied by increased endogenous insulin 
secretion. Impaired endogenous insulin responses have 
also been linked to oestrogen deficiency. 

It not known whether decreasing insulin sensitivity 
contributes directly to the increased risk of cardiovascular 

Oestrogen 
deficiency is 
associated with 
relative insulin 
resistance 
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Fig. 2.5 Etfect ofage on  insulin sensitivity in non-obese 
postmcnopausal woiiieii. (Adapted with permission from Walton, 
C .  e t  nl. 199 3 .  Ezrrupeavi Juurvznl qfClinical Ivzvestz&ation 23, 
466-473.) 

disease that accompanies the menopause. However, adverse 
efkcts on circulating lipoproteins are well documented. 
These effects may be particularly important in women with 
type 2 diabetes who tend to have hypertriglycaeridaemia 
and low high density lipoprotein (HL3L)-cholesterol con- 
centrations. The metabolic effects ofoestrogen replacement 
therapy arc discussed in Section 2.8. 

2.4 Severe insulin-resistance syndromes 

Kare genetic or acquired syndromes of severe insulin resist- 
ance offer insights into the importance of impaired insulin 
action to human disease. These syndromes are usually 
manifested as dramatic disturbances of carbohydrate 
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and low high density lipoprotein (HL3L)-cholesterol con- 
centrations. The metabolic effects ofoestrogen replacement 
therapy arc discussed in Section 2.8. 

2.4 Severe insulin-resistance syndromes 

Kare genetic or acquired syndromes of severe insulin resist- 
ance offer insights into the importance of impaired insulin 
action to human disease. These syndromes are usually 
manifested as dramatic disturbances of carbohydrate 
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Rabson-Mendenhall yndrorne 
Specific phenotypic features of this syndrome include 
abnormal dentition, nail dystrophy, pineal hyperplasia and 
precocious pseudopuberty. Partial responses to insulin-like 
growth factor-1 have been described. Survival into the sec- 
ond or third decade has been reported. Ketoacidosis has 
occasionally been described. 

Other inherited and acquired syndromes of severe 
insulin resistance 

Lipodystrophic diabetes 
These may be either congenital or acquired (Table 2 . 2 ) .  
The acquired syndromes generally have their onset in early 
childhood. The principal phenotypic characteristic is partial 
or total absence of subcutaneous fat, variable degrees of 
insulin resistance and severe hyperlipidaemia (with risk of 
hypertriglyceridaemia-associated pancreatitis and acceler- 
ated atherosclerosis). Magnetic resonance imaging has 
identified minor adipose tissue in some sites, e.g. orbits, 
plantar surfaces of hands and feet. The paucity of adipose 
tissue leads to striking clinical appearances and ketosis- 
resistant diabetes. Intramuscular and hepatic triglyceride 
levels are increased. Cirrhosis is a feature of some forms. 
Complement activation and mesangioproliferative glomem- 
lonephritis are features of cephalothoracic lipodystrophy 

Table 2.2 The lipodystrophic syndromes. 
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Tliinzolidiiiediotirs 
be effective 

some syndromes of 
severe insulin 
resistance 

Insulin-sensitizivg drugs. These include metformin and 
thiazolidinedioiies (see Section 3.2.2). The L I S ~  of such 
drugs appears logical and has met with some success; 
however, experience is limited. Moreover, these drugs are 
contraindicated in patients with lipodystrophy who have 
chronic liver disease (Table 2.2). 

Sulpbonylureas. These drugs, which stimulate endogenous 
insulin secretion (see Section 3.2.3) ,  should be usedwith CALI- 

tion in patients with syndromes such as Rabson-Mcndenhall 
syndrome; catastrophic hypoglycaeniia has been reported. 

Exogenous insulin. The development of overt diabetes 
poses therapeutic difficulties. Exogenous insulin rcquire- 
ments in excess of 1.5 U/kg daily may raise suspicion of 
one of these syndromes. However, in the absence ofreadily 
recognizable phenotypes, such as lipodystrophy, further 
metabolic assessineiit is indicated. Such investigations are 
most appropriately performed by specialist units. For 
insulin-treated patients, detailed testing may be required to  
exclude physical or psychological causes of apparent insulin 
resistance. Schade et al. developed a systematic approach to 

investigation and were able to exclude a putative ‘subcuta- 
neous insulin resistance syndromc’ in a series of patients 
with glycaeniic instability. However, for the patient with 
genuine severe insulin resistance, exogenous insulin 
requirements may prove to be enormous; doses amounting 
to thousands of  units per day have been reported. 

Insuliu-like_qrowtb factor-1. This hormone, which shares 
homology with insulin and can stimulate insulin receptors, 
been used experimentally in the type A syndrome and 
Kabson-Mendenhall syndrome (see Section 3.6). 

Imnzunosuppressnnt druJs. Measures directed against 
autoimmunity in the type R syndrome have met with vari- 
able success. 

Future prospects. Circumvention of receptor defects 
using antireceptor antibodies with agoriist activity has been 
reported in an experimental setting. 

2.5 Insulin resistance and 
cardiovascular risk 

Insulin resistance is a recognized feature of a number of 
conmion disorders in hurnans. Frequently, these disorders 
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PliaiiiiacoloRicaI 
i nsnlin 
concentrations 
~"""~ote 
atherogenesis in 
experimental 
s t i i  d ics 

In  the UIWDS 
intensive therapy 
resulted in .I 16% 
reduction in 
myocardial 
inh-ct ion 

concentrations of insulin employed in some studies is of 
dubious relevance to the usual situation in humans. 

Recent clinical and experimental data contradict the view 
that exogenous insulin accelerates atherogenesis. None the 
less, concerns have long been expressed about the use of 
exogenous insulin in type 2 diabetes for fear of exacerbat- 
ing atheroma. In the UIC Prospective Diabetes Study 
(UKPDS, see Section 3.2), intensified therapy with either 
sulphonylureas or insulin was associated with a 16% reduc- 
tion ( P  = 0.052) in myocardial infarction over 15 years 
(compared with diet). There was no evidence of a dele- 
terious effect of  intensified therapy on any of the 
macrovascular end-points studied. The Diabetes Control 
and Complications (DCCT)  Trial also reported a non- 
significant trend towards a reduced incidence of macrovas- 
cular events in relatively young intensively treated patients 
with type 1 diabetes. Thus, both of these major random- 
ized trials have provided evidence, albeit not conclusive, 
that intensive insulin therapy reduces rather than promotes 
atheroma. 

Coronary heart disease 

Several studies have demonstrated the presence of hyper- 
insulinaemia or more direct evidence of insulin resistance in 
patients with coronary heart disease. However, small sani- 
ple sizes, selection bias and the potential confounding 
effects of drugs and comorbidity detract to some extent 
from the reliability of the evidence. A number of long-term 
prospective studies (cg.  Busselton, Helsinki policemen, 
Paris policemen, Quebec, Kuopio) in non-diabetic individ- 
uals have also been reported. In brief, most of these studies 
provide support for the existence of an independent asso- 
ciation between measures of  fasting or stimulated hyper- 
insulinaemia and coronary heart disease. However, these 
observational studies d o  not establish a causal role for 
hyperinsulinaemia. 

A recent meta-analysis concluded that insulin was a rela- 
tively weak risk-indicator for cardiovascular disease. The 
strength and nature of the association have differed 
between studies. Some studies (e.g. a recent analysis of the  
Multiple Risk Factor Intervention Trial (MRFIT) data) 
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2.5.1 Syndrome X 

In 1988, Gerald Reaven of Stanford University brought 
together several strands of experimental and epidemiolo- 
gical evidence postulating that resistance to  insulin-mediated 
glucose uptake and hyperinsulinaemia are involved in the 
aetiology and clinical course ofthree major related diseases: 
type 2 diabetes mellitus, essential hypertension and coron- 
ary artery disease. In his Banting Lecture to the American 
Diabetes Association, Reaven drew attention to the tend- 
ency of key ihetabolic abnornialities-each a risk factor for 
coronary artery disease-to cluster together in affected indi- 
viduals. Reaven referred to the assembly as Syndrome X. 
The key features of the syndrome, as originally described by 
Reaven included: 

Decreased insulin-mediated glucose disposal. 

Hyperinsulinaemia. 
Hypertriglyceridaemia. . Low plasma HDL-cholesterol levels. 
Essential hypertension. 
Even within otherwise healthy populations, cosegrega- 

tion of these abnormalities could be discerned (Table 
2 . 3 ) .  Population-based studies, such as the Franiingham 
Ofspring Study, the San Antonio Heart Study and the 
Bruneck study, have provided additional support for these 
associations. Subgroupings ofthe components ofsyndrome 
X have also been identified within these populations. 

The term Syndrome X had already been appropriated 
to denote angina pectoris in association with revers- 
ible electrocardiographic ischaemia and angiographically 
normal coronary arteries (so-called microvascular angina). 
Subsequently, a degree of overlap between the metabolic 
and cardiological syndromes was reported; both syndromes 
are associated with hyperinsulinaemia. Additional cardio- 
vascular risk factors have also been identified which coseg- 
regate with the components of  Reaven’s syndrome. Reaven 
subsequently redefined Syndrome X more generally as 
identifying a group at risk of adverse clinical outcomes. The 
nature of the association between insulin resistance and 
coronary artery disease remains obscure. Reaven has argued 
that tissue insulin resistance (i.e. reduced insulin-mediated 
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Table 2.3 Characteristics ofnon-obese Italian factory workers 
with hyperinsulinaemia (defined as 2 SD greater the group as a 
whole) and normal glucose tolerance. 

Normal insulin Hyperinsulinaemia P 

An equal number ofsubjects ( n =  32)  ofsimilar height and weight 
but with plasma insulin levels within 1 SD of the population mean 
served as controls. The groups were also well matched for age and 
body mass index. (Adapted with permission from Zavaroni, I .  
etal. 1989. New Enjland Journal ofMedicine 320,702-706.) To 
convert to nig/dL,, divide by 0.01536 for triglycerides and by 
0.02586 for HDL-cholesterol. To convert mU/L to pmol/L, 
multiply by 6. 

glucose uptake) is the primary defect. This, in turn, leads to 

compensatory hyperinsulinaemia and an atherogenic risk 
factor profile. This hypothesis remains unproven. 

Definition 

There is currently no universally agreed consensus on the 
definition of  the insulin resistance syndrome. To complicate 
matters, the following abnormalities have been included as 
additional components since Reaven’s original proposition. 

There is currcntly 
consen’u’ (m 

definition o f t h e  
in~ulin-rcsist‘ince 
syndrome ~~ 

Visceral obesity. 
Small, dense low-density lipoprotein (LDL) particles. 
Postprandial hyperlipidaemia. 
Hypekricaemia. 
Impaired fibrinolysis. 
Microal buminuria. 
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Recently, it has been suggested that the syndrome of non- 
alcoholic steatohepatitis (Section 2.5.13) should also be 
included. 

The following diagnostic criteria have been proposed for 
non-diabetic individuals: 
(a) World Health Organization (1999): 

At least one ofeither: 
Insulin resistance-glucose clamp. 
Impaired glucose regulation with fasting venous 

plasma 2 6.1 mmol/L (110 mg/dL) to 6.9 mmol/L (125 
nig/dL) and 2 h < 1 1.1 mmol/L (200 mg/dL). 

In conjunction with two or more other components: 
Hypertension 2 140/90 mmHg. 
Hypertriglyceridaemia t 1.7 mmol/L ( 150 nig/dL) or 

low HDL-cholesterol < 1 .0 (40 mg/dL). 
Waist to hip ratio > 0.90 for men, 0.85 for women 

and/or body mass index t 30 kg/m2. 
Microalbuminuria-urinary albumin excretion rate 2 

20 mg/min or albumin/creatinine ratio > 30 mg/g. 
The US National Cholesterol Education Program 

(2001) has embraced a broadly similar definition. 
(b) European Group for the study of Insulin Resistance 
(1999): 

Fasting plasma insulin levels in the highest 25% for the 
population. 

Fasting plasma glucose t 6.1 mmol/L ( 1 10 mg/dL) 
Hypertension (blood pressure t 140/90 mmHg (or 

treated). 
Dyslipidaeniia: plasma triglycerides > 2.0 mmol/L (180 

mg/dL) or HDL-cholesterol < 1 .0 mmol/L (40 mg/dL). 
Central obesity: waist circumference 2 94 cm in men and 

t 80 cm in women. 
There are practical difficulties, however, particularly with 

reference ranges for plasma insulin concentrations and the 
determination of insulin sensitivity. 

Together with two ofthe following: 

2.5.2 Obesity 

Obesity is the most common pathological condition associ- 
ated with insulin resistance. There is a close relationship 
between obesity and type 2 diabetes. Moreover, obesity also 
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has an important associations with coronary heart disease 
and stroke. Normal body fat content is: 

10-20% for men 
20-30% for women. 
In addition to increased calorie consumption, it has been 

suggested that the parallel decrease in physical activity has 
contributed significantly to the increasing prevalence of 
obesity and type 2 diabetes in many populations. Decreased 
energy expenditure alone may be sufficient to cause obesity. 

Effects of obesity on insulin sensitivity 

The reduction in insulin sensitivity that accompanies 
insulin is almost completely reversible with weight reduc- 
tion. However, the mechanisms by which excess adiposity 
leads to insulin resistance remain incompletely delineated. 
Moreover, the precise nature of the relationship between 
obesity and insulin resistance remains uncertain. 

Glucose c lamp studies 

Obesity-associated hyperinsulinaemia reduces cellular 
expression of insulin receptors (down-regulation; see Sec- 
tion 1.2.3). However, a recent analysis by the EGIR of 
more than 1000 glucose clamp studies in non-diabetic nor- 
motensive subjects found evidence for an apparent dissoci- 
ation between insulin sensitivity and hyperinsulinaemia. 
Thus, a proportion of obese patients appear to have hyper- 
insulinaemia but arc not necessarily insulin resistant; how 
much this reflects the limitation of the investigative tech- 
nique is uncertain. However, the data raise the following 
possibilities. First, factors other than insulin resistance may 
cause hyperinsulinaemia in obese subjects and, secondly, 
risk of type 2 diabetes (and cardiovascular disease) may 
depend on whether insulin resistance is actually present. 
The anatomical distribution of adipose tissue is an addi- 
tional modulator of insulin action (see Section 2.5.3). 
Certain populations with a high prevalence of type 2 
diabetes (e.g. Pima Indians, Mexican Americans, South 
Asians) appear to have a predisposition to abdominal obes- 
ity. In the aforementioned European study, measures of 
visceral adiposity were correlated with insulin hypersecre- 
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Table 2.4 Definitions of overweight and obesity (World Health 
Organization, 1995). 

tion but not with insulin resistance. Glucose clamp studies 
have shown that lesser degrees of obesity are associated 
with a rightward shift in the glucose uptake dose-response 
curve with preservation of the  maximal response to  insulin; 
these defects are compatible with reduced receptor binding 
according to the Kahn model (see Section 1.4). 

Molecular defects in insulin action 

At the molecular level, the expression of turnour necrosis 
factor-a (see Section 1.6.2) is increased in the tissues of 
many animal models of genetic obesity. It has been sug- 
gested that this may induce increased phosphorylatioii of 
insulin-receptor substrate-1 at serine and threonine res- 
idues. In turn, this may lead to reduced insulin-receptor 
tyrosine kinase activity and impaired generation of the 
intracellular mediator of  insulin action phosphatidylin- 
ositol-3 phosphate. This sequence of events could theor- 
ctically result in obesity-associated insulin resistance. The 
relationship between adipocytokiiies and insulin resistance 
is discussed in Section 1.6.2. 

DeJinition of overweight and obesity 

The World Health Organization (1995) defines over- 
weight and obesity in terms of  body mass index as pre- 
sented in Table 2.4. Body mass index is a proxy for fatness 
calculated from the formula: 

weight (kg) + height (in)2. 

Optimal levels are approximately 22 kg/m2 for men and 
21 kg/m* for women. In men, the prevalence of 
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An increased 
waist : hip ratio 
is regarded as ii 
coniponent of the 
insulin-resistance 
syndrome 

Obesity increases 
the risk of 
cardiovasculx 
disease 

cardiovascular risk factors rises as body mass index exceeds 
20 kg/mz. A body mass index > 29 kg/m2 carries a three- 
fold higher risk of coronary heart disease compared with a 
body mass index of21  kg/m2. 

Regional adiposity 

Since Vague’s seminal observations in the 1940s it has been 
recognized that the accumulation of adipose tissue in the 
central (synonyms: upper body, visceral, truncal, android) 
is particularly closely associated with type 2 diabetes, coron- 
ary heart disease and hyperuricaemia. For type 2 diabetes 
the effect of central obesity is synergistic with overall obesity 
as assessed by body mass index. Various anthropometric 
and imaging techniques, each with its own limitations, have 
been used to determine body fat distribution in human 
research studies. In clinical practice, calculation of the ratio 
between the circumferences measured at waist t o  hip may 
be easily determined using a flexible tape measure. Meas- 
urements are performed at the point ofmaximal girth and 
around the gluteal region. Central obesity has come to be 
regarded as a component of the insulin-resistance sym 
drome. Upper limits of waist : hip ratio (which includes 
subcutaneous and intra-abdominal obesity) beyond which 
health risks become significant are: 

>0 .9formen 
> 0.85 for women. 
Low hip circumference, which denotes a decreased 

muscle mass, is also a risk factor for type 2 diabetes. The 
metabolic associations of visceral adiposity are discussed in 
more detail in Section 2.5.3. 

Obesity and cardiovascular risk 

The adverse clinical effects of obesity have been demon- 
strated by epidemiological studies and life insurance data. 
Obesity increases the prevalence and degree of several 
cardiovascular risk factors (Table 2.5). The incidence of 
cardiovascular complications is increased in obese patients, 
the effect of  visceral obesity being especially prominent. In 
another recent study, obesity was a powerhl predictor of 
stroke. 
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Table 2.5 Cardiovascular risk factors associated with or  
aggravated by obesity 

Causes of obesity 

Both genetic and environmental factors are implicated in 
the development ofobesity. In recent years, interest has cen- 
tred on the role of leptin (see Section 1.6.2). Mutations in 
the genes coding the P-adrenoceptor are also considered in 
Section 1.6.2. Other areas of research include the following. 

Uncoupling proteins. These are important regulators of 
thermogenesis. However, mutational analysis of the coding 
regions have excluded these candidates as common causes 
ofobesity. 
9 Neurotransmitter regulation of energy balance. Numer- 

ous hypothalamic neurotransmitters (e.g. serotonin, neuro- 
peptide Y, melanocyte-stimulating hormone, dopamine, 
the orexins) affect appetite and thermogenesis. Some of 
these transmitters are being targeted in the hope of identi- 
fjring new therapies for obesity (see Section 3.3). 

Protein tyrosine phosphatase 1B. This is a phosphatase 
that inhibits the active phosphorylated form of the insulin 
receptor (see Section 1.2.3). Studies in a knockout mouse 
model suggest a role for phosphatase in reducing insulin 
sensitivity and promoting weight gain and hypertriglyceri- 
daemia. 

The thrifty genotype hypothesis is discussed in Section 
2.5.5. 
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Table 2.6 R~sk ofdcceloping type 2 diabetes 2s a function of 
obesity in adult women (Adapted trom Colditz, G A. etal. 
(1990) Amenran JuurnalofEpzdevnzolopy 132,501-513 

Obesity and risk of type 2 diabetes 

Type 2 diabetes is three times more common in the obese 
than in the non-obese. The risk of developing type 2 dia- 
betes increases exponentially with increasing body mass 
index (Table 2.6). Individuals with a body mass index of 
21  kg/m2 are at lowest risk of type 2 diabetes. Compared 
with ;I body mass index of  21  kg/m2 the relative risk of 
developing type 2 diabetes for a middle-aged woman with 
body mass index o f 3 5  kg/mz or more is 100. Conversely, 
the observational US Nurses’ Health Study also showed 
that weight loss of 5 kg or more reduced the risk oftype 2 
diabetes by 50%. Recent clinical trials have confirmed the 
benefits ofweight reduction (in conjunction with exercise) 
in delaying the onset oftype 2 diabetes in high risk subjects 
(see Section 3.1). 

Measurement of abdominal circumference has been eval- 
uated AS a marker for increased risk of type 2 diabetes and 
cardiovascular disease. In a prospective US study of more 
than 50 000 nien a waist circumference > 102 cm was 
associated with a 3.5-fold increase in the 5-year incidence 
oftype 2 diabetes; this efyect was independent ofbody mass 
index. 

Reproductive system dysfunction is aggravated by obes- 
ity. Menstrual irregularity and anovulation, which are features 
of the polycystic ovary syndrome (see Section 2.5.12), are 
more coninion in obese women. 

Obesity is a iiiajor 
modifiable risk 
factor for type 2 
diabetes 

2.5.3 Regional adiposity 

Insulin Action is often reduced in the presence of obesity. 
Moreover. an inverse correlation has been observed in 
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Fig. 2.6 Relationship between central abdominal fat (measured 
by dual X-ray absorptiometry), expressed as a percentage of 
abdominal tissue, and insulin sensitivity as determined by glucose 
infusion rate (GIR) during euglycaemic-hyperinsulinaemic clamps 
in subjects with a body mass index greater or less than 25 kg/m2. 
(Redrawn with permission from Carey, D.G. etal. 1996. Diabetes 
45,633-638.) FFM, fat free mass. 

some studies between insulin sensitivity and visceral or 
abdominal fat deposits which is independent of body mass 
index (Fig. 2.6). This form of obesity is most commonly 
observed in men, although some women have upper-body 
obesity rather than the more common lower-body obesity. 
Case control and prospective studies have found associa- 
tions between abdominal obesity and atherosclerotic car- 
diovacular disease. Insulin resistance, which is associated 
with an increased risk of type 2 diabetes, has been linked to 
increased metabolic activity of the adipocytes in this area. 
In addition, the role of excess glucocorticoid activity has 
been investigated. 

Local hypercortisolism. Visceral adipocytes selectively 
express the isoenzyme 1 1 P-hydroxysteroid dehydrogenase 
type 1 which is responsible for the local conversion of 
inactive cortisone to active cortisol. Thus, a parallel with 
Cushing’s syndrome (which is also characterized by central 
adiposity) has been drawn. 
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CHAPTER 2 

Hypothalamic arousal. Bjorntorp et al. have raised the 
possibility that chronic psychosocial or socioeconomic 
stresses may be causally related to insulin resistance via 
effects on  the hypothalamic-pituitary-adrenal axis. It is 
hypothesized that high insulin and cortisol levels, in con- 
cert with low sex hormone concentrations, would favour 
lipid accumulation in visceral deposits via an imbalance 
between lipoprotein lipase activity (see Section 1.2) and 
lipolysis. 

Visceral fatglucocorticoid receptors. Visceral fat cells have 

a high density of glucocorticoid receptors. Recent reports 
have described associations between a common variant in 
exon 2 ofthe glucocorticoid receptor gene, which results in 
increased sensitivity or glucocorticoids, and visceral obesity Mutations in the 

glucocorticoid insulin resistance and hypertension. 
rcceptor gene are 
associated with 
insulin resistancc Metabolic defects i n  visceral adipocytes 

Visceral adipocytes have been shown to have altered re- 
sponses to  certain hormones when compared to adipocytes 
from subcutaneous depots. Thus, in vitro studies have 
shown that visceral adipocytes are relatively resistant to 
the anti-lipolytic action of insulin and more sensitive to the 
lipolytic action of catecholamines. The production of the 
cytokine interleukin 6 is higher in omental than subcutan- 
eous adipocytes (see Section 1.6.2). 

This combination of altered responses would serve to 

increase the rate of lipolysis, resulting in increased portal 
delivery of  non-esterified fatty acids to the liver. The 
turnover of lipid in visceral adipose tissue is approximately 
twice as high as other depots. Moreover, the venous 
drainage of intra-abdominal fat (via the portal system) 
leads directly to the liver. However, as visceral adipocytes 
generally account for only 5-10% of total adipose tissue 
mass, the magnitude of the contribution of this site t o  
whole-body insulin resistance continues to  be debated. 
Some studies using magnetic resonance imaging to quan- 
tify fat depots in the abdominal region have not confirmed 
an independent effect of intraperitoneal fat. These studies, 
in non-diabetic and diabetic men, showed instead that 
truncal subcutaneous fat was a better predictor of  insulin 
resistance. 
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Table 2.7 Interpretation of75 g oral glucose tolerance test. 

In  the absence of symptoms a diagnosis ofdiabetes must be confirmed by a second 
diagnostic test, 1.e. fasting, random or  repeat glucose tolerance test, on  a separate day. 

Clinical implications 

Cross-sectional and longitudinal studies have demon- 
strated associations between visceral obesity and the fol- 
lowing risk factors for cardiovascular disease. 

Hyperinsulinaemia. 
Glucose intolerance. 
Hypertriglyceridaemia. 
Reduced HDL-cholesterol levels. 
Small and dense LDL particles. 
It is suggested that increased delivery of fatty acids to the 

liver from an expanded fat mass may contribute to several 
of the metabolic defects that characterize type 2 diabetes 
(see Section 2.5.5). It has also been suggested that failure 
to regulate plasma fatty-acid concentrations represents a 
crucial factor in the development of type 2 diabetes. The 
concept of lipotoxicity is discussed further in Section 1.6.2. 
Elevated circulation fatty-acid concentrations have also 
been implicated in the pathogenesis of hypertension (see 
Section 2.5.6); adipocytes contain all of the components 
of the renin-angiotensin system which is an important 
regulator of cardiovascular tone and blood pressure. This 
fat depot is also a site of origin of the antifibrinolytic plas- 
minogen activator-inhibitor- 1. 

2.5.4 Impaired glucose tolerance 

Impaired glucose tolerance is defined as a 2-h blood glu- 
cose concentration which is insufficient for the diagnosis of 
diabetes mellitus but lies above the normal level (Table 
2.7). The diagnosis requires a 75-g glucose tolerance test. 

Impaired glucose 
tolerance is an  
insulin-resistant 
S t d t C  
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Clinical implications 

Although a heterogeneous syndrome, impaired glucose 
tolerance is frequently a transition stage in the progression 
from normal glucose tolerance to type 2 diabetes. On the 
other hand, impaired glucose tolerance may be transient 
or reversible, e.g. by weight reduction. Moreover, even 
minor degrees of glucose intolerance are associated with an 
increased risk of atherosclerotic cardiovascular disease. As 
a component of the insulin-resistance syndrome, impaired 
glucose tolerance is frequently accompanied by other risk 
factors, such as hypertension and dyslipidaemia. 

The discovery of impaired glucose tolerance in an indi- 
vidual should prompt: 

a search for other components of the insulin-resistance 
syndrome (see Section 2.5.1.); and 

follow-up to detect progression to type 2 diabetes. For 
results of the Diabetes Prevention Program, see Section 
3.1.2 and 3.2.1. 

Impaired glucose 
tolerance is often a 
precursor of type 2 
diabetes 

Impaired glucose 
tolerance is a 
colllpollellt of the 
insulin-resistance 
syndrome 

Metabolic abnormalities 

Glucose clamp dose-response studies have demonstrated a 
rightward shift in insulin-stimulated glucose disposal with 
preservation of maximal effects at pharmacological insulin 
concentrations. Abnormalities of other aspects of inter- 
mediary metabolism and of P-cell proinsulin processing 
have also been demonstrated. Insulin responses to glucose 
challenge are increased, but are insufficient to control 
hyperglycaemia. 

Impaired fastingglucose 

This new diagnostic category was introduced in the Amer- 
ican Diabetes Association’s (ADA) 1997 reclassification of 
diabetes. However, data from European populations sug- 
gest that impaired fasting glucose is not equivalent to 

Impaired fasting glucose, as defined in Table 2.7, appears 
to identify a somewhat different phenotype to the more 
established category of impaired glucose tolerance, sub- 
jects with impaired fasting glucose being more likely to be 

Impaired fasting impaired glucose tolerance. 
glucose was 
introduced as an 
intermediate 
diagllostic categoly 
in 1997 
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Table 2.8 Key clinical and metabolic features oftype 2 diabetes. 

middle-aged and obese. Relatively low concordance rates 
have been observed when the diagnostic criteria have been 
compared in European populations. Impaired glucose tol- 
erance appears to be more closely associated with risk of 
cardiovascular mortality, possibly reflecting a closer associ- 
ation with insulin resistance. In the european multi-centre 
Diabetes Epidemiology: Collaborative Analysis of Diagnostic 
Criteria in Europe (DECODE) study, elevated blood glucose 
concentrations 2 hours after a 75g glucose challenge predicted 
cardiovascular mortality better than fasting hyperglycaemia. 

2.5.5 Type 2 diabetes mellitus 

Epidemiology 

The cardinal clinical and biochemical features of type 2 dia- 
betes are presented in Table 2.8. Type 2 diabetes accounts 
for > 85% of diabetes on a global basis although rates vary 
between populations. The prevalence increases with age; 
up to 20% of those aged over 80 years living in industrial- 
ized countries are diabetic. Rates of diabetes have reached 
epidemic proportions in some parts of the world; the in- 
crease appears to be closely associated with the development 
of obesity. 

83 



CHAPTER 2 

Global prevalence 
of type 2 diahctes is 
projected to double 
within the next 15 

million case\ 
years to > 200 

Type 2 diabetes 
diagnosed in 
middle age is 
a\soci.~ted with .I 
reduced life 
expectancy 

The lowest prevalences (< 3%) have been reported in the 
least-industrialized countries; by contrast, the highest pre- 
valence rates (30-50% of adults) are observed in popula- 
tions (e.g. Native Americans, Pacific Islanders, Aborigines) 
who have undergone radical changes from traditional to 
Westernized lifestyles. The Pima Indians of  Arizona have 
the highest reported prevalence, with over 50% of adults 
aged 35 or older having diabetes. 

Prognosis 

Life-expectancy is reduced by an average of  5-10 years in 
patients with type 2 diabetes diagnosed in middle age. The 
majority of deaths (approximately 70%) are attributable to 

macrovascular disease, principally coronary heart disease. 
Patients with type 2 diabetes are also at risk of developing 
specific chronic microvascular complications of diabetes, 
i.e. retinoplasty, nephropathy and neuropathy. These are a 
considerable cause of morbidity and contribute to prema- 
ture mortality. For example, nephropathy, as manifested by 
increased urinary protein excretion, is associated with an 
increased risk of coronary heart disease. 

Cardiovascular risk in type 2 diabetes 

Management of type 2 diabetes encompasses treatment of 
hypertension and dyslipidaemia, both of which are coni- 
mon associations. Drug treatment of these cardiovascular 
risk factors may, in turn, have implications for insulin action 
(see Section 3). The relationship between hyperglycaemia 
pev se and atherosclerotic cardiovascular complications is not 
straightforward. Much evidence links diabetes with a two- 
to fivefold increased risk of  coronary heart disease which 
is not entirely accounted for by conventional risk factors. 
The risks of  cerebrovascular disease and peripheral vascular 
disease are also increased. However, macrovascular disease 
is not clearly related to the duration of type 2 diabetes. 
In contrast to the older literature, it is now apparent that 
cardiovascular risk is indeed related to the degree of chronic 
hyperglycaemia. However, the strength of  the relationship 
is relatively weak and the increase in risk is apparent at lower 
levels of glucose intolerance than those associated with risk 
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of microvascular complications. Finally, n o  study to date 
has clearly demonstrated a statistically significant reduction 
in risk of coronary heart disease through treatment of 
hyperglycaemia in isolation. This is discussed hr ther  in 
Sections 2.5.10 and 3.2. 

Pa tho physiology 

A relative deficiency of  endogenous insulin in the presence 
of impaired insulin action leads to increased hepatic glucose 
production and decreased insulin-mediated glucose uptake 
by postreceptor defect (see below) in muscle. Type 2 dia- 
betes is regarded as a heterogeneous syndrome with the 
relative contributions of these defects varying between 
individuals and possibly between different populations. 

Defective insulin secretion 
Patients with type 2 diabetes secrete sufficient insulin to 
prevent ketosis but, by definition, are unable to regulate 
glucose metabolism normally. A 30-40% reduction in 
insulin-mediated glucose disposal leads to progressive 
compensatory fasting hyperinsulinaemia until fasting 
plasma glucose exceeds approximately 6-7 mmol/L 
(1 10-125 mg/dL); thereafter, endogenous insulin secre- 
tion progressively fails. This failure of P-cell hnction is 
regarded as the principal cause of  the progressive deteriora- 
tion in fasting hyperglycaemia with increasing duration of 
diabetes, which was amply demonstrated in the UWDS 
(see Section 3.2). Failure of non-esterified fatty acids to 
stimulate insulin secretion has been postulated as a key 
defect, leading to an acceleration in endogenous glucose 
production and impairment of  glucose disposal. 

Islet P-cell mass may be reduced with deposition of islet 
amyloid polypeptide; this produces striking histological 
changes within the islets, yet its role in the initiation and 
progression of  type 2 diabetes is disputed. Increased plasma 
levels of proinsulin-like molecules are indicative of P-cell 
dyshnction; this is an early feature, being demonstrable 
prior to the development of  diabetes in high-risk groups 
(see Section 2.5.4). Transient gestational diabetes is a 
potent risk factor for the subsequent development of per- 
manent type 2 diabetes (see Section 2.3.2). This may reflect 
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the effect of increasing insulin resistance during pregnancy 
unmasking a predisposition to diabetes in the mother. In 
the infrequent and heterogeneous variant-maturity-onset 
diabetes of the young-some affected families have muta- 
tions of the glucokinase gene which result in impaired Plasma insulin 

are 
elevated with lesser 
degrees of fasting 
hyperglycaemia 

P-cell function and fasting hyperglycaemia. The 1997 ADA 
reclassification classifies monogenic syndromes separately 
(under the heading of type 3 diabetes). 

Insulin resistance 
Obesity is common (> 75%). Obesity is a prominent feature 
of many animal models of type 2 diabetes, such as the 
leptin-deficient 06/06 mouse (see Section 1.6.2). In estab- 
lished type 2 diabetes insulin-mediated suppression of 
hepatic glucose production (the principal determinant of 
fasting plasma glucose concentration) and tissue glucose 
uptake are impaired. Uncertainty about the relative impor- 
tance of these defects may, at least in part, reflect the 
methodological problems discussed in Section 1.5. For 
example, because hepatic glucose production is inhibited 
at  low-physiological plasma insulin concentrations, the 
hyperinsulinaemia usually attained in glucose clamp studies 
tend to favour identification of defects in glucose uptake. 
Glucose clamp studies are indicative of a defect in insulin 
action which lies a t  a site(s) distal to the binding ofinsulin 
to its membrane receptor. Defects in intracellular oxidation 
and storage of glucose as glycogen have been identified. 
However, i t  remains unclear whether insulin resistance is a 
primacy cause of type 2 diabetes or whether a genetically 
determined failure of insulin secretion is unmasked. Few 
studies have simultaneously evaluated insulin secretion and 
insulin action with techniques of comparable sensitivity. 
Potential modulating factors merit further consideration. 
For example, one study of the common phenotype of type 
2 diabetes found that insulin resistance was largely confined 
to individuals with coexisting microalbuminuria and/or 
hypertension (Fig. 2.7). In non-obese black US patients 
with type 2 diabetes, insulin-resistant and insulin-sensitive 
subgroups have been identified with intra-abdominal fat 
deposits correlating with insulin resistance only in the for- 
mer. As high glucose levels lead to increased tissue uptake 
via mass action, it has been postulated that hyperglycaemia 
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Fig. 2.7 Rates (mean * SE) ofinsulin-stimulated total glucose metabolism (height of 
bars), glucose oxidation and non-oxidative glucose metabolism in normotensive and 
hypertensive patients with type 2 diabetes and either with or  without microalbuniinuria. 
(Reproduced with permission from Groop, L. e t  al. 1993. Diabetologia 36,642-647.) 
(open areas), glucose oxidation; (stippled areas), noii-oxidative glucose metabolism; 
LBM, lean body mass; MA+, with microalbuminuria; MA-, without microalbuminuria. 
* P <  0.001 significantly different from control subjects; +P< 0.05 significantly different 
from patients with type 2 diabetes with normal blood pressure and normal albumin 
excretion rate. 

may be a compensatory mechanism that ensures adequate 
intracellular glucose availability in patients with type 2 
diabetes. 

Aetiology 

The high concordance rate for identical twins (which 
approaches 90%) is cited as evidence of either a strong 
genetic component (generally non-HLA linked, cf. type 1 
diabetes) or, more controversially, o f a  shared predisposing 
intrauterine environment-the fetal origins hypothesis (see 
Section 1.6.3). 

A family history of type 2 diabetes is common; the life- 
time risk associated with having a single parent with type 2 
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diabetes is approximately 40%, and 50% or  more if both 
parents are afected. However, unravelling the genetics 
of type 2 diabetes has proved problematic. While studies 
of uncommon monogenic subtypes of non-insulin de- 
pendent diabetes have been productive, the genetics of 
type 2 diabetes remain obscure; a polygenic inheritance is 
proposed for most cases. Many candidate genes, e.g. the 
insulin receptor, have been excluded; increasingly atten- 
tion is being directed at the regulation of the  insulin gene. 
A relatively high prevalence of autoimmune diabetes may 
account for reports of  HLA associations in a Finnish study. 
An association between a polymorphism of  the glycogen 
synthase gene and type 2 diabetes has also been reported in 
Finns. 

Difficulties in differentiating the insulin resistance attri- 
butable to type 2 diabetes per se from that associated with 
obesity may be relevant to these difficulties. 

The genetics of type 
2 didxtes  renlaill 
obscure 

The thriftygenotype hypothesis 
In 1962, J.V. Nee1 proposed that certain populations, e.g. 
Native Americans and Aborigines, that have witnessed 
explosions of diabetes in the 20th century, have genetic 
traits which once conferred survival advantages in prehis- 
toric hunter-gatherer times. However, these traits-which 
confer metabolic efficiency and storage of  calories as fat 
-have been rendered detrimental by abundant food sup- 
plies and reduced habitual levels ofphysical activity. Thus, 
metabolic thrift has led t o  epidemic rates of obesity and 
insulin resistance and diabetes. 

The prevalence of diabetes is high in migrant popula- 
tions, e.g. Southern Asians in the UK have a fourfold higher 
rate than that of the indigenous population. Diabetes in 
this population is associated with insulin resistance. On the 
other hand, a recently reported mutation in the gene en- 
coding hepatic nuclear factor-la in Ontario Oji-Cree is 
associated with P-cell dysfunction and early onset diabetes. 
Thus, genetic limitations in P-cell function may predispose 
to  type 2 diabetes in native populations with high rates of  
obesity and type 2 diabetes. Certainly, some ethnic groups 
appear to be more vulnerable to type 2 diabetes than others. 
For example, although a rapid transition to affluence in 
Singapore has been shared by all three of  the main ethnic 
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groups (Chinese, Malays and Indians) the prevalence of 
type 2 diabetes is far higher in the Indians than the 
Chinese. As discussed above, type 2 diabetes represents an 
enormous-and rapidly expanding-global public health 
problem. In  the USA, the increasing incidence of type 2 
diabetes in the young, predominantly in ethnic minorities, 
has been described as an emerging epidemic. Similar trends 
are evident in other industrialized nations. 

Prediction and prevention 

As type 2 diabetes is often subclinical for many years before 
it becomes clinically apparent, careful evaluation at dia- 
gnosis may reveal established micro- and macrovascular 
complications. Earlier identification of type 2 diabetes or 
its precursor, impaired glucose tolerance, would offer 
an opportunity to prevent or retard the development of  
chronic complications by therapeutic intervention. How- 
ever, this theoretical possibility has not been tested in a 
clinical trial. I t  is possible to define groups at higher-than- 
average risk of  developing type 2 diabetes. Factors which 
have been identified include the following. 

Mected  first-degree relative-parent or sibling. 
Ethnicity-high-risk populations. 
Middle-aged to elderly (earlier in high-risk ethnic 

groups). 
Glucose intolerance (previously or currently). 
Obesity (especially visceral adiposity). 
Certain hypersecretory endocrinopathies. 
Treatment with diabetogenic drugs. 
Sedentary lifestyle. 
Smoking. 
History of gestational diabetes. 
Evidence of the insulin-resistance syndrome. 
Small birth weight at term (fetal origins hypothesis). 
Clinical studies have suggested that the risk of  pro- 

gression from a high-risk group, such as impaired glucose 
tolerance, to type 2 diabetes may be averted (or at least 
postponed) by measures such as supervised physical train- 
ing and dietary advice (see Section 3.1). The ADA (1997) 
recommends that biochemical screening for type 2 diabetes 
should be considered in all individuals aged 45 years or 
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over at 3-yearly intervals. Individuals at higher risk because 
of  the presence of some of the above factors should be 
more intensively monitored. 

Treatment of type 2 diabetes 

Non-pharmacological and pharmacological therapies are 
considered in detail in Section 3. 

Secondary diabetes 

Some secoiidary forms of non-insulin-dependent dia- 
betes are noteworthy for their associations with insulin 
resistance. 

Pancreatic carcinoma. Diabetes developing de novo 
with pancreatic carcinoma appears not to be solely a conse- 
quence of insulinopenia arising from destruction of islets; 
insulin resistance is implicated and glucose tolerance may 
improve with resection of the tumour. 

Malnutrition-related diabetes. This encompasses rare 
ketosis-resistant subtypes of fibrocalculous diabetes or 
protein-deficient pancreatic diabetes encountered in the 
tropics. The syndrome has a number of other synonyms. 
Cyanide toxicity (derived from cassava) has been hypothes- 
ized; however, this mechanism has been challenged. Some 
patients may require high doses ofinsulin (> 200 IU daily). 

DrztH-induced diabetes. See Section 2.8. 

2.5.6 Essential hypertension 

The relationship between elevated blood pressure and 
insulin resistance is complex and controversial. Epide- 
miological and experimental observations include: 

Hypertension is common in type 2 diabetes. Several cross- 
sectional and longitudinal studies have shown that hyper- 
tension is more common among patients with type 2 
diabetes (up to 75%) than in the general background popu- 
lation. Hypertension, together with other cardiovascular 
risk factors, is ofieii present at diagnosis of  type 2 diabetes, 
the implication being that the detrimental effects of K ~ K -  

vated blood pressure have been operative during the years 
before the diabetes has become clinically apparent. 

Hypertension is 
"lore Cotllmoll in 
patients with type 2 
diabetes 
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Approximately 
30-50%, of patients 
with esseiitinl 
hypertciision  re 
insulin rcsistant 

Elevated blood 
pressure is strongly 
associated with 
obesity 

Essential hypertension is associated witJi insulin resistance. 
A proportion ofnon-diabetic patients with essential hppcr- 
tension have elevated plasma glucose and insulin concen- 
trations following oral glucose challenge; other features of 
the insulin-resistance syndrome, e g .  dyslipidaeniia, occur 
more commonly in hypertensive individuals. The use of 
precise measures of both blood pressure and insulin rcsis- 
tance ( e g .  24  h ambulatory recording and glucose clamps, 
respectively) increases the strength of the association. 
Insulin resistance has been reported in approximately 
30-50%1 of untreated non-obese patients with hyperten- 
sion, glucose clamp and insulin suppression test studies 
indicating a 20-40% reduction in whole-body insulin sen- 
sitivity. A high rate oferythrocyte sodium-lithium counter- 
transport is associated with greater degree of insulin 
resistance. It is considered that the insulin resistance is 
confined to insulin-mediated glucose disposal. Treatment 
of hypertension generally does not improve thc insulin 
resistance. Non-endocrine causes of secondary hypcrtcn- 
sion, e.g. renal artery stenosis, are not usually associated 
with hypertension. Of course, the prevalence of iiisuliii 
resistance in patients with hypertension will depend on 
diagnostic criteria. 

Obesity and blood pressure. There is a well-documented 

relationship between obesity and blood pressure which 
appears to be independent of other factors, such as glucose 
intolerance or diabetes. The adverse impact of obesity 
is particularly pronounced in younger women. Increased 
cardiac output is implicated. Blood pressure can be reduced 
by weight reduction and physical exercise. 

Ethnic variations. In contrast to the relationship between 
insulin resistance and elevated blood pressure that has bccn 
demonstrated in white and black US subjects no such rela- 
tionship has been confirmed for Pima Indians. Despite high 
rates of obesity, insulin resistance and type 2 diabetes the 
Pimas are relatively protected from coronary atheroma. 

Salt sensitivity. This is considered in Section 2.5.9. 
Family studies. Family studies in white people have de- 

monstrated that nornioglycaemic offspring of hypertensive 
parents are insulin resistant. In addition, hypertension is 
more frequently encountered in non-diabetic relatives of 
diabetic probands. 
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Mechanisms 

Hypotheses linking insulin resistance with hypertension in 
patients with type 2 diabetes include the following: 
8 Insulin-stimulated renal sodium retention. Acute hyper- 
insulinaemia, e.g. during a euglycaemic clamp, is associated 
with increased renal tubular reabsorption of sodium in a 
dose-dependent fashion. This is held to occur in the distal 
convoluted tubule which is an additional effect to the 
co-transport of sodium with glucose in the proximal tubule. 
More speculatively, suppression of plasma fatty acids by 
insulin could lead to increased rates of aldosterone secre- 
tion and hence sodium retention. However, the relevance 
of these acute effects to the chronic hyperinsulinaemia 
of insulin-resistant states, such as type 2 diabetes, remains 
uncertain. A contribution to the increased exchangeable 
sodium that hypertensive patients with type 2 diabetes 
often demonstrate has been postulated. 
8 Potassium and calcium metabolism. The effects ofinsulin 
on plasma potassium levels are well known. Insulin stimu- 
lates potassium-adenosine triphosphatase in cell mem- 
branes. There is a well-documented relationship between 
hypokalaemia and elevated blood pressure in non-diabetic 
populations. In addition, hypokalaemia may impair glucose 
tolerance. This is a well-recognized association of primacy 
hyperaldosteronism (Conn’s syndrome) apparently arising 
from impaired P-cell insulin secretion rather than insulin 
resistance. Stimulation of ion transport could result in 
increased vascular muscle cell sodium and calcium content. 
The latter effect could enhance contractility, thereby increas- 
ing peripheral vascular resistance. 
8 Insulin-induced sympathetic activation. The sympathetic 
nervous system is activated acutely by hyperinsulinaemia 
(even in the absence of hypoglycaemia) producing dose- 
dependent increases in heart rate and blood pressure. This 
is associated with increased firing rates of sympathetic 
neurones. It has been hypothesized that increased central 
sympathetic drive in the medulla-either primary or sec- 
ondary to obesity-might lead to vasoconstriction and 
increased peripheral vascular resistance. By directly antag- 
onizing the tissue actions of insulin and reducing delivery 
of insulin and substrates to skeletal muscle, sympathetic 
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Fig. 2.8 Postulated roles for sympathetic nervous system 
ovcractivity in pathogenesis of the insulin resistance syndrome. 
(Adapted with permission from Krentz, A.J. & Evans, A. 1998 
Lancet 351,152-1 53. ) 

overactivity might also result in insulin resistance 
(Fig. 2.8). 

Direct vascular actions of insulin. Insulin has vasodilator 
effects which are mediated bv the endothelial nitric oxide 

Insulin is A weak 
vasodilator a t  
physiological 
coiiccntrationS 

system. It has been proposed that limited delivery of insulin 
to skeletal muscle-as a result of impaired insulin-mediated 
vasodilatation-could explain both hypertension and insulin 
resistance. However, the many methodological uncertain- 
ties surrounding this proposal have ensured that it remains 
controversial. Studies examining the vasodilatory actions of 
insulin have produced conflicting evidence of an associ- 
ation between insulin resistance and endothelial dysfunction 
(see Section 2.5.8). 
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Hypertension 
is a potent and 
modifiable risk 
factor for micro- 
and macrovascular 
disease in type 2 
diabetes 

An atherogenic 
plasma lipid profile 
is a feature of 
common insulin- 
resistant states 
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Large vessel compliance. The ability of insulin to reduce 
the stiffness of large arteries is reduced in obese subjects. 
This may contribute to systolic hypertension in insulin- 
resistant conditions. 

Effect offatty acids. Insulin reduces plasma fatty-acid 
concentrations (see Section 1.2.5). In addition to the recip- 
rocal relationship between fatty acids and aldosterone, 
fatty acids have been implicated in the pathogenesis of 
hypertension via enhanced vascular reactivity to pressors 
and activating protein knase C. 

Fetal origins hypothesis. Low birth weight has been found 
to be an independent predictor of adult hypertension. 
Intrauterine alterations in vascular development or reactiv- 
ity are postulated. Other features of the insulin-resistance 
syndrome are associated with low birth weight (see Sec- 
tion 1.6.3). 

All of these mechanisms are speculative and the cause 
of hypertension in patients with type 2 diabetes, the pre- 
valence of which is also influenced by factors such as age, 
obesity and ethnicity, remains uncertain. Drug treatment 
of hypertension has implications for insulin sensitivity; this 
is discussed in more detail in Section 3.5. The results of 
recent major clinical trials have led to increased recognition 
of the adverse impact of hypertension in patients with type 
2 diabetes. 

Reported blood pressure-lowering effects of insulin- 
sensitizing drugs, such as metformin and troglitazone (see 
Section 3.2), merit further investigation. 

2.5.7 Dyslipidaemia 

Considerable interest has been directed to the character- 
istic dyslipidaemia which frequently accompanies insulin 
resistance in glucose metabolism. This comprises: 

Hypertriglyceridaemia. 
Reduced HDL-cholesterol levels. 
Increased apolipoprotein B concentrations. 
Small and dense LDL-cholesterol particles. 
This interest acknowledges the increased risk of athero- 

sclerotic cardiovascular disease, not only in patients with 
type 2 diabetes but also with lesser degrees of glucose 
intolerance or other features of the insulin-resistance 
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1111 p i  rcd 
suppression 
of adipocytc 
lipolysis is a key 
compwieiit of 
insulin resistance 
associated 
dyslipidaemia 

syndrome. Obesity is another prominent cause of dyslipi- 
daemia, as is chronic renal failure. A role for mutations 
causing deficiency of a membrane glycoprotein, CD36 (or 
fatty acid translocase) in the insulin-resistance syndrome 
has recently been postulated. Hypertriglyceridaemia, low 
HDL-cholesterol levels and hypertension have been de- 
scribed in CD36-deficient humans. However, the nature 
of the reported association between these components of 
syndrome X and CD36 deficiency is presently unclear; 
glucose intolerance has also been described. Mutations 
causing CD36 deficiency are common among Asian and 
African populations. A rat homologue with defects in fatty 
acid and glucose metabolism (in association with hyper- 
tension) has been reported, somewhat surprisingly, to be 
protected against atherosclerosis. 

Insulin resistance in fatty-acid metabolism 

Many studies have demonstrated that insulin-mediated 
suppression of adipocyte lipolysis is a feature of type 2 dia- 
betes and impaired glucose tolerance. Such studies require 
plasma insulin concentrations in the low-physiological 
range at  which plasma fatty-acid levels are maximally 
regulated (see Sections 1.2.5 and 1.5) .  Other inherited 
dyslipidaemia conditions associated with insulin resistance 
include: 

Familial hypertriglyceridaemia. 
Familial combined hyperlipidaemia. 
Elevated plasma fatty-acid concentrations-especially in 

the presence of insulin resistance-have several adverse con- 
sequences for circulating lipids (Fig. 2.9). 

Very Low-density Lipoprotein triglyceride synthesis. Fatty 
acids are the principal substrate for hepatic synthesis of 
triglycerides. Thus, an increased supply of fatty acids to the 
liver leads to increased secretion rate of large very-low- 
density (VLDL) lipoprotein triglycerides. 

Impaired lipoprotein Lipase activity. Fatty acids reduce 
the lipolytic activity ofthis endothelial enzyme (see Section 
1.2.5), contributing to increased plasma triglyceride levels, 
particularly in the postprandial period. During this period, 
neutral lipid transfer via cholesterol ester transfer protein 
enriches cardioprotective HDL, with triglyceride. Increased 
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Fig. 2.9 Dyslipidaemia in type 2 diabetes. High plasnia insulin, glucose and non-esterified 
fatty acid concentrations (the latter reflecting insulin resistance in adipocytes) are delivered 
to the liver where VLDL synthesis is stimulated. Large triglyceride-rich lipoproteins 
( ‘ K - r L )  are rclcased. The traiisfer oftriglyceride (TC) to-LDL and HDL- 1 enhanced in 
concert with a concomitant rcciprocal transfcr ofcholesteryl esters (CE).  All these reactions 
are mediated by cholesterpl ester transfer protein (CETP). Clearance oftriglycerides 
(endogenous or  esogcnously derived in chylomicrons) is impaired by reduced lipoprotein 
l i p m  activity. Increased activity of hepatic lipase converts triglyceride-rich LDL and HDL 
to sinall dense particlcs. Fatty acids ,ilso stimulate apolipoprotein B release reducing LDL, 
particlc size. (Modified with pcrnmission from Golay, A. e t  nl. 1987. Journal uf’Clinica1 
EptdocviviuluJy and Metabulism 65 ,  5 12-5 1 S . )  

levels of endogenous VLDL compete for clearance with 
diet-derived chylomicrons, resulting in prolonged post- 
prandial hypertriglyceridaemia. 

Enhanced hepatic lipase activity. This converts the 
enriched HDL, to HDL,, thereby depleting levels of the 
former particle and producing small, dense HDL particles. 

Incrcnst.d apolipoprotein B release. Fatty acids stimulate 
the synthesis and secretion of the major apoprotein of 
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LDL-cholesterol. This results in smaller more dense LDL 
particles which are more likely to form foam cells and so are 
regarded as highly atherogenic. Moreover, LDL particle 
size is the best correlate of  endothelial dysfunction in 
patients with type 2 diabetes (see Section 2 . 5 . 8 ) .  

Effect of byperinsulinaemia and byperalycaemia 

Concomitant hyperinsulinaeniia serves to increase de novo 
hepatic triglyceride synthesis via increased expression of the 
fattp-acid synthase complex. This shifts the dose-response 
curve to the left, i.e. more triglyceride is synthesized per 
amount of fatty acid available. The resulting hypertriglyc- 
eridaemia competes with postprandial intestine-derived 
chylomicrons for lipolysis by lipoprotein lipase thereby 
aggravating postprandial lipaemia. The latter has been 
identified as an independent risk factor for coronary heart 
disease. Moreover, the hyperglycaemia of type 2 diabetes 
may also rnodifji risk of atherogenesis via: 

Glycation of hepatic L,DI,-receptors resulting in a de- 
crease in clearance of1,DL-cholesterol. 

Increased diabetes-associated oxidative stress which map 
promote the oxidation and hence atherogenicity of small 
dense LDL particles. By contrast, HDL particles have anti- 
oxidant properties. 

Thus, the combination of defects in the regulation of 
lipid and glucose metabolism in concert with the hyperin- 
sulinaemia which characterizes type 2 diabetes provides an 
unfavourable and highly atherogenic plasma lipid profile. 
It should also be noted that the adverse impact of any 
specified level of I.DL-cholesterol is magnified in diabetic 
patients. 

The treatment of diabetic dyslipidaemia is considered 
in Section 3.4. Control of hyperglycaemia may also lead 
to improvements in dyslipidaeniia. However, specific 
drug treatment is often required. In recent years attention 
has focused o n  reduction of LDL-cholesterol levels with 

Elcvated L D L  inhibitors of hydroxy methyl glutaryl coenzyme A 
cholesterol levels (statins). However, evidence is emerging which supports 

a role for fibric acid derivatives, particularly for the dys- confer ;i greater risk 
of cardiovascular 
disease in the lipidaemia phenotype commonly associated with insulin 
presence of diabetes resistance. 
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2.5.8 Endothelial dysfunction 

Although clinically silent, endothelial dysfunction is one of 
the earliest detectable abnormalities in the development 

Endothelial 
dysfL111ction is an 

of atherosclerosis. In diabetic patients elevated circulating 
levels of von Willebrand factor are held to indicate early 

early abnormality 
in atherogenesis 

endothelial damage 

Studies i n  v p e  2 diabetes 

Nitric oxide, synthesized by the endothelium from argi- 
nine, is a potent vasodilator with several antiatherogenic 
actions. Evidence from animal models and humans with 
type 2 diabetes have shown that vasodilatation mediated 
via endothelium-derived nitric oxide is impaired. Local 
hyperglycaemia impairs endothelium-mediated vasodilata- 
tion in healthy subjects. 

Studies in other insulin-resistant states 

Studies in non-diabetic women with a history ofgestational 
diabetes have shown that endothelium-dependent flow- 
mediated vasodilatation (a measure of  reactive arterial 
distensibility) is impaired. This suggests that endothelial 
dysfunction may be associated with insulin resistance. 
Treatment with oral D-arginine reverses this abnormality 
in non-diabetic patients with hypercholesterol-aemia. 
Oxygen-derived free radicals, generation of which is 
increased in animal models and humans with type 2 
diabetes, could inactivate nitric oxide. However, the 
antioxidant a-tocopherol has not been shown to improve 
vasodilatation consistently in patients with type 2 diabetes. 
Cigarette smoking and microalbuminuria (see Section 2.5.9) 
are also associated with impaired endothelial function. No 
reduction in cardiovascular events has been observed in 
clinical trials of anti-oxidants. 

Measures of 
endothelial 
huiction .ire 
impaired in type 2 
diabetes 

2.5.9 Microalbuminuria 

In both diabetics and non-diabetics this is defined as an 
abnormal urinary albumin excretion of between 30 and 
300 mg/day; sensitive radioimmunoassays are required to 

98 



I N S U L I N  RESISTANCE I N  C L I N I C A L  M E D I C I N E  

quantify proteinuria accurately, best performed on  a timed 
overnight collection. A urinary albumin : creatinine ratio, 
measured in the first-voided sample of the morning, is a 
more practical alternative to timed collections. The follow- 
ing IKVKIS are diagnostic of microalbuminuria, assuming 
exclusion of alternative possibilities: 

2.5 mg/mmol in adult men. 
3.5 mg/mmol in adult women. 

Clinical proteinuria 

When albumin excretion exceeds 300 mg/day standard 
dipstick tests become positive. This marks the development 
of clinical nephropathy in diabetic patients. However, 
urinary protein excretion may be influenced by other 
factors which must be excluded: 

Marked hyperglycaemia (if marked). 
Intercurrent illness, especially urinary infection. 
Posture-upright posture increases protein excretion. 
Exercise-this increases urinary protein excretion. 
Congestive cardiac failure-associated with proteinuria. 
Other renal pathology, e.g. glomerulonephritis. 
However, microalbuminuria is also present in 5-10% of 

the non-diabetic population, the prevalence increasing with 
age. Microalbumiiiuria is ofteii accompanied by other car- 
diovascular risk factors. It is also more common in patients 
with essential hypertension or type 2 diabetes. In these groups, 
microalbuminuria may be regarded as a potent additional 
marker for risk of atherosclerosis. The World Health 
Organization Multinational Study of Vascular Disease in 
Diabetes demonstrated a clear inverse relationship between 
albumin excretion rate and survival. Coronary risk tables 
derived from the Framingham equations for non-diabetic 
and diabetic individuals in which the presence or absence 
of microalbuminuria is considered have recently been pub- 
lished. Annual screening for microalbuminuria is recom- 
mended in patients with diabetes because it predicts the 
development of  nephropathy. 

Essential hypertension 

Cross-sectional studies have shown that hypertensive 
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patients with microalbuminuria are more insulin resistant 
and have greater degrees of  left ventricular thickness (an 
important marker of cardiovascular risk). Salt-sensitive 
patients appear to  be more insulin resistant with higher 
urinary albumin excretion rates than salt-resistant patients. 

Type 1 diabetes 

Patients with type 1 diabetes who have persistent micro- 
albuminuria are at relatively high risk of progression to 
clinical nephropathy. Blood pressure rises and plasma lipid 
profile becomes more atherogenic. 

Some patients have stable long-term microalbuminuria 
and in others albumin excretion rates may return to  normal 
in the absence oftherapeutic intervention. In glucose clamp 
studies, patients with microalbuminuria have been found 
to be more insulin resistant than normoalbuminuric pati- 
ents. Insulin resistance is not usually prominent in patients 
with well-controlled diabetes and is largely reversible with 
good metabolic control. Non-diabetic first-degree relatives 
of diabetic patients with microalbuminuria have been shown 
to have degrees of hyperinsulinaemia. 

Microalbuminura 
in tYPe 1 diabetes 
is associated with 
other features 
of the insulin- 
resistance 
syndrome 

Type 2 diabetes 

Two studies have suggested that patients with type 2 dia- 
betes who also have microalbuminuria or  hypertension are 
more insulin resistant than matched controls (Fig. 2.7). 
However, other studies have not confirmed this associ- 
ation. A higher incidence of  coronary events has also been 
reported in patients with type 2 diabetes and microalbu- 
minuria. Such an effect was observed in the UKPDS (see 
Section 3 . 2 ) .  Microalbumiiiuria may also predict the devel- 
opment of type 2 diabetes in certain populations. 

2.5.10 Hyperuricaemia 

An association between gout and diabetes has long been 
recognized. Moreover, elevated plasma uric acid concen- 
trations are regarded as a risk marker for atherosclerotic 
cardiovascular disease. Data from the US National Health 
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and Nutrition Survey I11 demonstrated that raised serum 
uric acid was an independent risk factor for hypertensioii- 
associated morbidity and mortality. However, the strong 
association between uric acid and other established risk fac- 
tors for cardiovascular disease ( ix .  multicolinearity) makes 
the role of uric acid difficult to delineate. 

The P-cell toxin, alloxan, which is used to produce 
insulin-deficient animal models of diabetes, can be pro- 

H ypcruricaeiiiia 
is a marker for 
coronary heart 
diseasc risk 

duced from uric acid ivz vityo. The putative glucose-sensing 
enzyme, glucoknase, is particularly susceptiblc to inhibi- 
tion by alloxan. However, rather than insulinopenia, hyper- 
uricaeniia has been more firmly linked to insulin resistance 
and hyperiiisuliiiaemia. 

Metabolic studies 

Cross-sectional studies have found that uric acid concentra- 
tions are positively associated with other components of 
the insulin-resistance syndrome. Significant correlations 
between serum uric acid concentration and more direct 
measures of insulin resistance have been reported. 

Hypcruricaeiiiia is ii 
component of thc 
iilsLi~in.res~stallcc 
syridroiiie 

Clinical si&aificance 

Hyperuricaemia has thus been incorporated into the ex- 
panded insulin resistance syndrome. The causes, etfects 
and treatment of cardiovascular disease can each lead to 

hyperuricaemia. The clinical significance of raised uric acid 
levels induced by antihypcrtensivc drugs, such as thiazide 
diuretics, remains uncertain. These agents should not bc 
used in patients with a history of gout. The clinical signific- 
ance of the uricosuric efkct of  the angiotensin 11, receptor 
antagonist losartan is unccrtain. 

Hyperuricaemia is 
an iIldeFtidcnt 
cardiovascular 
risk factor in 
hypertensive 
paticiits 

2.5.11 Impaired fibrinolysis 

Thrombosis, particiilarly at the site of a ruptured athero- 
sclerotic plaque, is a key event in myocardial infarction. 
Decreased fibrinolysis is implicated in the increased risk of 
acute coronary events in predisposed patients, including 
those with insulin resistance. 
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Increased p1,ism.i 
levels o f P A I - I  
could contrihute 
to the risk of 
insulin resistance- 
associated 
atherosclerosis 

Plasma PAI- 1 levels 
correlate with 
measures of insulin 
resistance 

Plasminogen activator inhibitor-1 

Clinical studies have revealed an association between 
increased plasma plasminogen activator inhibitor- 1 levels 
and symptomatic atherosclerosis. Plasminogen activator 
inhibitor- 1 is a circulating glycoprotein which inactivates 
tissue-type plasminogen activator and urokinase. Thus, the 
generation of plasmin, which causes degradation of fibrin, 
is reduced (Fig. 2.10). Plasminogen activator inhibitor-1 
may also directly affect the cell migration and adhesion 
which occur in vascular remodelling following damage. 
In the blood, plasminogen activator inhibitor-1 is found in 
plasma and in platelets. Elevated plasma concentrations of 
plasminogen activator inhibitor-1 have been shown to be 
associated with insulin resistance in obesity, type 2 diabetes 
and with individual components of the insulin resistance 
syndrome, notably plasma triglycerides. Several, albeit not 
all, studies have shown a significant inverse correlation 
between measures of insulin sensitivity and levels of plas- 
niinogen activator inhibitor-1. Expression of plasminogen 
activator inhibitor-1 is reportedly high in coronary athero- 
sclerotic plaques in patients with type 2 diabetes. 

It has therefore been hypothesized that elevated levels of 
this inhibitor might contribute to the increased susceptibil- 
ity to atherosclerotic cardiovascular disease. Plasminogen 
activator inhibitor-1 is also synthesized by adipose tissue. 
Rates of production of plasminogen activator inhibitor- 1 
are higher in omental than subcutaneous fat. This is 
consistent with observations that levels of plasminogen 

Plasminogen - Plasmin -1 
t 

t-PA and u-PA 

-ve 

PAI-1 

Fig. 2.10 The fibrinolytic system. PAI- 1,  plasminogen activator 
inhibitor- 1; t-PA, tissue-type plasminogen activator; u-PA, 
urokinase. 
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activator inhibitor- 1 correlate best with visceral adipocity 
(see Section 2.5 .3) .  

Therapeutic implications 

Plasma levels of plasminogen activator inhibitor-1 can be 
modulated by several non-pharmacological and pharmaco- 
logical interventions. These include calorie restriction with 
weight reduction, increased levels of physical activity and 
metformin (see Sections 3.1 and 3.2) .  Other dnigs, such as 
certain lipid-lowering agents (see Section 3.4) and anti- 
hypertensives (see Section 3.5) ,  have also been reported to 
have moderate effects on plasma plasminogen activator 
inhibitor- 1 levels. Novel inhibitors of plasma plasminogen 
activator inhibitor- 1 are under investigation. 

2.5.12 Polycystic ovary syndrome 

The association between syndromes of severe insulin resist- 
ance and hyperandrogenism is discussed in Section 2.4. 
Much more common is the polycystic ovary syndrome 
which is emerging as a major metabolic disorder affecting 
women of reproductive age. 

Epidemiology 

Polycystic ovary syndrome is a common cause of insulin 
resistance. It is estimated that polycystic ovary syndrome 
(defined as hyperandrogenism with chronic anovulation) 
affects approximately 5-10% of premenopausal women in 
the USA. Non-obese and obese subtypes are recognized, 
the latter predominating. Recent data suggest that there 
may be some overlap between gestational diabetes and 
the polycystic ovary syndrome, women with previous ges- 
tational diabetes having a higher incidence of polycystic 
ovaries and hyperandrogenism. 

Metabolic features 

Insulin resistance and hyperinsulinaemia are prominent 
metabolic features. Glucose clamp studies have shown 
reductions in insulin-mediated glucose disposal of a 
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Women with 
polycystic ovary 
syiidroiiie are at 
increased risk of 
developirig type 2 
diabetes 

I~isc~lin acts AS ‘1 
gonadotrophin in 
polycystic ovary 
sviidrome. 

magnitude similar to that commonly observed in patients 
with type 2 diabetes (see Section 2.5.5). A postreceptor 
decrease in adipocyte signal transduction with a reduction 
in GLUT-4 levels has been reported. Serine phosphoryla- 
tion of the insulin receptor, leading to impaired insulin 
signalling, has been reported by Dunaif et al. Biochemical 
features of the insulin resistance syndrome (see Section 2.5) 
are common the implication being that the risk of cardio- 
vascular disease may be increased. Retrospective studies 
suggest that the risk of type 2 diabetes is significantly 
increased in women with polycystic ovary syndrome. 
Hyperinsuliiiaemia following oral glucose challenge is 
closely associated with menstrual irregularity. It is hypo- 
thesized that hyperinsulinaemia stimulates ovarian andro- 
gen production, i.e. that insulin acts as a gonadotrophin. 
Overactivity of a key thecal cytochrome enzyme, P450c17a, 
is implicated in hyperandrogenism (Fig. 2.11). Insulin 
appears to enhance the stitnulatory actions of luteinizing 
hormone, plasma levels of  which are often elevated in 
women with polycystic ovary syndrome. 

Plasma levels of sex-hormone binding globulin are 
reduced in the presence of insulin resistance; hyperinsulin- 
aeniia inhibits the hepatic production of this carrier pro- 
tein. In turn, this results in lower binding of androgens, 
mainly testosterone, thereby increasing target tissue expos- 
ure to the unbound (or  free) hormone. Reduced levels of 
sex-hormone binding globulin are regarded as a biocheni- 
ical marker for subclinical insulin resistance. Testosterone 
promotes an androgenic phenotype (with central adipos- 
ity) and has a lipolytic efect  in adipocytes. 

Genetics 

Familial clustering is well recognized. An autosonial domin- 
ant inheritance has been proposed (with premature bald- 
ness being the male phenotype). A polymorphism in the 
regulatory region of CYPl l a  (encoding P4SOc17a choles- 
terol side-chain cleavage) is linked to polycystic ovary syn- 
drome. Studies ofthe insulin gene have shown that class I11 
alleles in the insulin gene variable number of tandem repeats 
(or INS-VNTR) in the 5’ regulatory region are associated 
with the syndrome. 
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Pituitary 

ve 

+ve? 
f-- 

+ve? 

insulin 1 
Fig. 2.11 Postulated stimulation ofthecal androgen synthesis by insulin in polycystic 
ovary syndrome. Hyperinsulinaemia may act directly on steps catalysed by cytochronie 
P45Oc17a. Insulin may also enhance the amplitude ofluteinizing hormone (LH) secretory 
pulses as well as acting synergistically with I,H in thecal cells. (Redrawn with permission 
from Iuorno, M.J. & Nestler, J.E. 1999. Daabetes, ObesityandMetabolism 1 127-136.) 

In 1999, a novel form of type 2 diabetes associated with 
mutations in the nuclear receptor peroxisome-proliferator- 
activated-receptor-y (PPAK-y) was described in two UK 
families. This receptor is the target for thiazolidinedione 
drugs (see Section 3 .2 .2 ) .  In females the disorder presents 
initially as polycystic ovary syndrome with diabetes devel- 
oping during the second or third decades in the absence of 
marked obesity. Other features include: 

Marked insulin resistance. 
Acanthosis nigricans. 
Early onset hypertension. 

Doiiiiilallt-negativc 
mutations of 
1’PAR-y are 
associated with 
k,olycystic ovaries 
and insulin 
resistance 
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Management 

Non-pharmacological measures are always employed as 
first-line therapy for symptomatic hyperandrogenism. 
Anti-androgens, e . g .  cyproterone acetate, spironolactone, 
are widely used but have limited efficacy and are often 
poorly tolerated. Clomiphene is used for induction of 
ovulation. Studies with diazoxide, an inhibitor of endoge- 
nous insulin secretion, point to reduction of hyperin- 
sulinaemia as the main objective of treatment. This has 
focused attention on methods to reduce plasma insulin 
concentrations. 

We& reduction. Through calorie restriction and in- 
creased physical activity this increases the concentrations 
ofsex-hormone binding globulin, thereby reducing the free 
testosterone levels. Thus weight loss mav lead to imoroved 

Rcduciiig 
1 ~ ~ ~ P c r i ~ ~ s ~ ~ l i l l ' ~ c ~ ~ ~ i . ~  " 
leads to J dccrcdse 
in 'indrogcn lc\& 
in L,ol,,cvstic o v . l ~ v  

insulin action and an improvement in hirsutism and acne. 
For non-obese women, however, there is much less scope . . .  

syndrome for lifestyle measures. 
Insulin-sensitizing drugs. Recent short-term studies have 

suggested a role for metformin (see Section 3.2.1 ) and thia- 
zolidinediones (see Section 3.2.2) in the management of 
polycystic ovary disease; however, the efficacy and safety of 
this approach requires further evaluation. These drugs are 
not licenced for use in non-diabetics. Both obese and non- 
obese women appear to be candidates for such therapy. 
However, the hepatotoxicity associated with the first 
thiazolidinedione, troglitazone, made this agent unsuitable. 
Another insulin-sensitizing drug, D-chiro-inositol, has also 
been used successfully in a small number of patients (see 
Section 3.6). 

2.5.13 Non-alcoholic steatohepatitis 

Recently it has been reported that fatty infiltration and 
inflammation of the liver, in the absence of other rec- 
ognized causes, are associated with other features of the 
insulin resistance syndrome. These include: 

Glucose intolerance or type 2 diabetes. 
Dyslipidaemia. 
Visceral adiposity. 
Insulin resistance. 
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Non-alcoholic 
steatohepatitis is 
associated with 
other components 
of tlic insuliti- 
resistance 
syndrome 

Acute COtltitCr- 
regulatory 
horiiione wcretion 
may induce imjor  
metabolic 
dccompeiisation 

Increased hepatic fatty acid delivery is a postulated mech- 
anism. The steatosis, which may progress to fibrosis, 
appears to be partially reversible with weight loss (see 
Section 2.6.4). Hepatic iron deposition may be increased. 

Associated metabolic abnormalities also improve with 
weight reduction. However, transient deteriorations in 
liver hnct ion tests following bariatric surgery (see Section 
3.1.1) have been reported; an acute increase in fatty acid 
mobilization has been hypothesized. Drugs that are con- 
traindicated in active liver disease, e.g. metformin and 
thiazolidinediones, should be avoided (see Section 3.2). 
However, in ob/ob mouse, metformin prevents hepatic 
steatosis. Moreover, preliminary studies in humans have 
shown reductions in liver transaminases with metformin; 
further studies are required. 

2.6 Other disorders associated with 
insulin resistance 

2.6.1 Counter-regulatory hormone secretion 

The acute secretion of hormones that antagonize the 
actions of insulin is probably the most common cause of 
acute insulin resistance in clinical medicine. Examples 
include the counter-regulatory hormone excess associated 
with acute myocardial infarction or severe sepsis (Section 
1.2.1). Whether acute metabolic decompensation occurs, 
i.e. hyperglycaemia with or without ketosis, is determined 
by the endogenous insulin reserve. 

Any impairment of P-cell hnction may be unmasked. 
Thus, it is well-recognized that transient hypergly-caemia 
may occur in severely ill individuals with hitherto normal 
glucose tolerance. On retesting several weeks after the event, 
glucose tolerance may return to normal. Catecholamines 
can cause hyperglycaemia via several mechanisms: 

Direct antagonism of insulin action-in target tissues 
such as muscle; a post-binding defect is induced. 

Inhibition of endogenous insulin secretion-via 
a-adrenergic inhibition of insulin secretion by adrenaline 
(vide supra) 

Stimulation of lipolysis-the Randle cycle (Section 1.6.2 
and Table 2.9). 
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Table 2.9 Acqulred c~uses of insulin resistance. 

A recent US study showed a reduction in mortality in 
intensive care unit patients treated with intravenous insulin 
to control hyperglycemia. More studies are required. 

Patients with diabetes 

If endogenous insulin secretion is significantly impaired, 
e.g. in patients with impaired glucose tolerance or type 
2 diabetes, then major metabolic decompensation may 
ensue. Even diabetic ketoacidosis may be precipitated in 
patients treated with diet or oral antidiabetic agents. Keto- 
acidosis is associated with acute insulin resistance. 

Insulin inay be 
required 
temporarily in 
subjccts with type 2 
diabetes 

Acute myocardial infarction in diabetic patients 

Acute myocardial infarction exacerbates insulin resistance 
in diabetic patients. Intravenous infusions of  glucose and 
insulin reduce infarct size in experimental animal models. 

Glucose and insulin 
iilfusioll reduces 
mortality in 
diabetic patients 
with acute 

Evidence for reduced mortality in patients with diabetes 
(mainly type 2 diabetes) with acute myocardial infarction 

myocardial 
infarction 

has come from a multi-centre randomized trial from 
Sweden-the Diabetes Mellitus Insulin Glucose Infusion 
in Acute Myocardial Infarction study. Patients initially 
received a 24 h inhsion to control blood glucose concen- 
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trations; this was followed by indefinite q.d.s. insulin by 
subcutaneous injection. Enhanced glucose uptake and oxi- 
dation by ischaemic myocardium and reduced fatty acid 
supply are postulated. 

2.6.2 Endocrinopathies 

Hypersecretory endocrinopathies 

Pathological chronic hypersecretion of hormones which ant- 
agonize the actions of insulin (i.e. the counter-regulatory 
hormones) are frequently associated with glucose intolerance 
and/or diabetes mellitus. Deteriorating glycaemic control may 
be the presenting feature of such an endocrinopathy devel- 
oping in a patient with pre-existing diabetes. Alternatively, 
diabetes may be precipitated in pre-disposed individuals. 

The most common of these endocrinopathies is Graves’ 
disease, an autoimmune form of thyrotoxicosis which is 
more prevalent in patients with type 1 diabetes. Cutaneous 
markers of autoimmunity, such as vitiligo or alopecia, may 
be present in affected patients. Other less common examples 
include the following. 

Acromegaly. Approximately 30% of  patients have im- 
paired glucose tolerance with another 30% having diabetes 
mellitus; insulin resistance may make control of pre-existing 
diabetes problematic. 

Cusbing’s syndrome. Especially with very high plasma 
cortisol levels secondary to ectopic corticotrophin secretion 
-most commonly from a small-cell bronchial carcinoma; 
postreceptor insulin resistance. 

Phaeochromocytoma. Rare; insulin resistance and inhibi- 
tion of  insulin secretion. 

Glucagonoma. Very rare; characteristic clinical and 
metabolic syndrome including rash-necrolytic migratory 
erythema; insulin resistance. 

Somatostatinoma. Very rare; inhibition of endogen- 
ous insulin secretion; characteristic syndrome includes 
cholelithiasis. 

Conn’s syndrome is discussed in Section 2.5.6. Prolac- 
tinomas may be associated with hyperinsulinaemia although 
glucose intolerance is usually unimpaired. Prolactin is one 
of a number of hormones with l ipolpc actions. Insulin 
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resistance has also been reported in association with 
hyperparathyroidism. 

Hormone deficiency states 

By contrast, certain endocrine disorders are associated 
with enhanced insulin sensitivity. Clinically, this may be 
associated with a decrease in insulin requirements; in non- 
diabetic patients a tendency to fasting hypoglycaemia is 
well recognized in patients with untreated hypoadrenalism: 

Primary hypothyroidism. Common; reduced metabolic 
rate and impaired insulin clearance. 

Addison’s disease. Rare; life-long corticosteroid replace- 
ment therapy is required. 
In addition, the development of hypopituitarism in an 
insulin-treated diabetic patient will lead to increased insulin 
sensitivity, thereby increasing the risk of hypoglycaemia. 

Growth hormone deficiency. In adults this may be associ- 
ated with paradoxal insulin resistance. Visceral adiposity is 
the postulated mechanism (see Section 2.5.3). 

2.6.3 Chronic renal failure 

The kidney has an important role in glucose metabolism. 
It is now accepted that renal gluconeogenesis makes a 
significant contribution to endogenous glucose production 
(see Section 1.2.4). 

Chronic renal failure is associated with impairment of 
insulin action in skeletal muscle. The insulin resistance de- 

The kidney 
is A source of 
endogenous 
glucose production 

velops in parallel to the degree of impairment of renal h n c -  
tion. Glucose intolerance is well recognized. Diminished 
renal insulin clearance may contribute to hyperinsulinaemia; 
the kidney is responsible for 10-20% of insulin clearance. 
Hypoglycaemia may result in insulin-treated patients. 

Decreased physical activity may contribute to the impair- 
ment of insulin action in patients with chronic renal failure. 
There is a negative correlation between maximal aerobic 
capacity (see Section 2.2.4) and insulin action. Improve- 
ments in insulin action have been reported in patients with 
end-stage renal failure participating in a physical training 
programme. Associated improvement in plasma lipids are 
of interest in view of the risk of accelerated atherosclerosis. 

Clearmice of insulin 
is reduced in rend 
impairment 
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2.6.4 Hepatic cirrhosis 

It has long been recognized that hepatic cirrhosis is asso- 
ciated with glucose intolerance and hyperinsulinaemia. 
Insulin resistance has been documented both in the liver 
and skeletal muscle. Hyperinsulinaemia may also result 
from portosystemic shunting with reduced hepatic clear- 
ance. Skeletal muscle wasting and reduced aerobic capacity 
may be relevant to the impairment of insulin action (see 
also Section 2.5.13). The relationship between cirrhosis 
and non-alcoholic steatohepatitis is presently uncertain. It 
is difficult to predict which patients will progress to more 
serious fibosis. 

Insulin resistance 
.ind glucose 
intolerance .ire 

features of cirrhosis 

2.6.5 Cardiac failure 

Chronic heart failure is associated with activation of the 
sympathoadrenal system, defective skeletal muscle meta- 
bolism and insulin resistance. The insulin resistance cor- 
relates with the degree of heart failure but appears to be 
independent of its aetiology. Peripheral and hepatic defects 
in glucose metabolism have been reported. Circulating 
levels of tumour necrosis factor-a (see Section 1.6.2) cor- 
relate with hyperinsulinaemia. Increased serum leptin con- 
centrations have also been reported. Increased serum leptin 
concentrations have also been reported. The metabolic 
effects of drugs used in the treatment of heart failure are 
discussed in Section 3.5. 

2.7 Miscellaneous inherited disorders 

Although insulin resistance of variable magnitude is 
a reported metabolic feature of these conditions, in many 
the clinical significance of impaired insulin action, if any, 
remains uncertain. The incidence of diabetes (mainly with 
ketosis-resistant non-insulin-dependent phenotypes) is in- 
creased in a number of inherited syndromes. 

Chromosomal defects 

Down’s syndrome. Trisomy or translocation of chro- 
mosome 21. Variable mental retardation with dementia, 
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characteristic facial and palmar defects, cardiac abnormali- 
ties, increased incidence of diabetes. 

Turner’ssyndrome. Karyotype 45 XO and mosaics. Short 
stature, neck webbing, ovarian dysgenesis, glucose intoler- 
ance and type 2 diabetes. 

Klinefelter’s syndrome. Karyotype 47, X X Y  and mosaics. 
Features include hypogonadism, azoospermia and glucose 
intolerance. 

Other inherited syndromes 

Laurence-Moon-Bardet-Biedl syndrome. Autosomal 
recessive; retinitis pigmentosa, polydactly, central obesity, 
mental retardation, diabetes and hypogonadism. Genetic 
loci on chromosome 11 have been described. 

Alstrom syndrome. Pigmentary retinal degeneration, 
sensorineural deafness, obesity, severe insulin resistance 
with acanthosis nigricans, diabetes, hyperlipidaemia and 
glomerulosclerosis. Defect mapped to chromosome 2p. 

Prader-Willi syndrome. Muscular hypotonia, mental retar- 
dation, short stature, hypogonadism, hyperphagia, morbid 
obesity and diabetes. Defects in long arm ofchromosome 15. 

Werner’s syndrome. One of the premature ageing syn- 
dromes. Associated with atherosclerosis, malignant neo- 
plasms and glucose intolerance or type 2 diabetes. Rare. 

Newodegenerative disorders 

Myotonic dystrophy. This is an autosomal dominant 
multisystem disorder characterized clinically by muscle 
weakness, wasting and myotonia caused by expansion of 
a trinucleotide repeat on chromosome 19q 13.3; the pre- 
dicted gene product is a serine-threonine protein kinase. 
Another mutation in intron 1 of the zinc finger protein 9 
gene causing an untranslated CCTG expansion has been 
reported. Myotonic dystrophy is associated with insulin 
resistance with marked hyperin-sulinaemia in response to 
oral glucose challenge; however, overt diabetes is relatively 
uncommon. There is decreased affinity and defective bind- 
ing of insulin to mononuclear cells. Abnormal plasma levels 
of soluble surface receptors suggest a role for tumour 
necrosis factor-a (see Section 1.6.2). 
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Friedreicb’s ataxia. Autosomal recessive; repeat expan- 
sion ofa  triplet (from the normal of 200 to > 900) on chro- 
mosome 9q13. This encodes for the protein, frataxin, 
which has an important role in mitochondria1 metabolism. 
Features include central and peripheral nervous system 
degeneration with cardiac defects. Both insulin resistance 
and impaired insulin secretion have been reported with 
defective monocyte insulin binding and glucose intolerance. 

2.8 Drug-induced insulin resistance 

Many drugs are associated with the development of glucose 
intolerance or  with a deterioration in glycaemic control 
in patients with pre-existing diabetes. Some show dose- 
dependent effects. For example, anti-inflammatory doses 
of corticosteroids may necessitate use of insulin in patients 
hitherto controlled with oral antidiabetic agents; major 
metabolic decompensation, e.g. hyperosmolar precoma or 
coma, may ensue. Postreceptor defects are responsible; 
activation of the glucose-fatty acid cycle (see Section 1.6.2) 
may contribute. Such therapy not infrequently precipitates 
diabetes in middle-aged or  elderly individuals with n o  his- 
tory of glucose intolerance. A subclinical defect in insulin 
secretory capacity is postulated in such individuals, the dia- 
betes being unmasked by drug-induced insulin resistance. 

A family history of type 2 diabetes may alert the clinician 
to the possibility of such a predisposition. Patients with a 
prior history of glucose intolerance, e.g. gestational dia- 
betes (see Section 2.3.2), are at particularly high risk. 

Other notable examples include the following. 
P-Blockers and tbiazides. Observational studies sug- 

gest that P-adrenergic blockers (especially agents without 
intrinsic P,-agonist activity) and thiazide diuretics may pro- 
mote the development of type 2 diabetes in predisposed 
individuals. The metabolic effects of antihypertensive drugs 
are considered in more detail in Section 3.5. 

P-Adrenergic agonists. Especially parenteral (used in pre- 
mature labour, e.g. ritodrine) cause insulin resistance and 
aggravate hyperglycaemia. 

Oral contraceptives. Minor metabolic effects with mod- 
ern low-dose oestrogen preparations and minimal with 
progesterone-only preparations. 

Diabetes map be 
precipitated by 
certain drugs in 
predisposed 
individuals 
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Oestrogen replacement therapy. The type of oestrogen or 

progestogen and route ofdelivery may influence metabolic 
effects. Replacement therapy with 17P-oestradiol improves 
insulin sensitivity and endothelial hnction whereas alky- 
lated oestrogens may raise plasma insulin levels and reduce 
glucose tolerance. There is some evidence that transdermal 
oestrogens cause less impairment of insulin sensitivity and 
less elevation of triglycerides. Progestogens, particularly 
those with androgenic effects, may impair insulin sensitivity 
and offset advantageous effects of oestrogens on  plasma 
lipids. Dydrogesterone appears to be neutral in this regard. 

Cyclophilin immunosuppressants. Immunosuppression is 
required for organ transplantation ( e g .  renal transplanta- 
tion for diabetic nephropathy). Cyclosporin is associated 
with insulin resistance and P-cell toxicity; similar but greater 
metabolic defects have been observed with the newer agent, 
tacrolimus. Concomitant corticosteroid therapy exacerbates 
these effects. 

Protease-inhibitor-associated lipodystrophy. A syndrome 
has recently been described in patients infected with human 
immunodeficiency virus- 1 (HW-1) who receive treatment 
with protease-inhibitors or  nucleoside-analogue reverse 
transcriptase inhibitors. The cardinal features include: periph- 
eral acquired lipoatrophy (face, limbs); central adiposity 
(abdomen and dorsocervical spine); hyperlipidaemia; glu- 
cose intolerance and insulin resistance. Homology (-60%) 
between HIV-I and the retinoic acid binding protein type 1 
(that is involved in retinoic acid metabolism) has been 
described. Interference with activation of the retinoid X 
receptor: peroxime proliferator activated receptor-y (see 
Section 3 .2 .2 )  has been hypothesized with programmed 
cell-death (apoptosis) of adipocytes; mitochondria1 toxicity 
has also been postulated. Type 2 diabetes has been reported 
in a minority of cases (< 10%). 
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Management of insulin 
resistance and associated 
conditions 

3.1 Non-pharmacological measures 

The following lifestyle recommendations are applicable 
both to patients with type 2 diabetes and to many individu- 
als with the insulin resistance syndrome (Section 2.5.1). 
Epidemiological studies, such as the Nurses’ Health Study 
of 85 000 women indicate that diet and lifestyle measures 
can have a dramatic impact of  the risk of  developing type 2 
diabetes. Being overweight or  obese is the most important 
risk factor but an unhealthy diet, lack of exercise, cigarette 
smoking and abstinence from alcohol are all associated with 
a significantly increased risk. 

The results of two major clinical trials (the Finnish 
Diabetes Prevention study and the US Diabetes Prevention 
Program, see Section 3.1.2) have confirmed that improved 
diet and increased exercise can delay the progression to 
type 2 diabetes in high-risk individuals. However, without 
the frequent and intense support that clinical trials provide 
delaying or preventing type 2 diabetes within entire popu- 
lations remains an enormous challenge. 

3.1.1 Medical nutrition therapy 

For patients with obesity-associated insulin resistance a 
reduction in total calorie consumption is recommended. 
Weight loss of  5-10% produces clinically useful improve- 
ments in glycaemia and lipids. There is some evidence 
suggesting that survival may be improved by weight loss, 
possibly independently of improvements in glycaemic 

Weight loss of 
5-10% is  associated 
with improvenients 
in carbohydrate 
and lipid 
mctnbolism control. 
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Health benejits of weiBbt reduction 

It has been estimated that the potential health benefits 
accruing from a reduction in body weight of 10 kg may 
amount to: 

> 20% decrease in mortality 
> 30% decrease in diabetes-related deaths 

9 > 40% decrease in obesity-related cancer deaths. 
Benefits in cardiovascular risk factors include: 
-50% reduction in fasting hyperglycaemia. 
-30% reduction in triglycerides. 
-10% reduction in total cholesterol. 

-8% increase in HDL-cholesterol. 
Reductions in plasminogen activator inhibitor- 1 (see 

Section 2.5.1 1) may improve fibrinolysis. In obese women 
with polycystic ovarysyndrome (see Section 2.5.12) weight 
loss reduces hyperinsulinaemia leading to decreases in 
plasma androgens, increases in sex-hormone binding globulin 
and improved fertility. 

Long-term success of weight-reduction strategies 

Although giving weight-reduction advice is straight- 
forward, long-term success rates are disappointing low. A 
recent meta-analysis of methods to treat obesity concluded 
that diet-induced weight loss is: 

Generally modest (mean 1-5 kg). 
Maximal in the initial 6-12 months ofdieting. 
Regained during the subsequent few years. 
Even with intensive personal dietetic support it is the 

minority of patients (approximately 20%) with type 2 dia- 
betes who are able to normalize their fasting plasma glucose 
concentrations. In the UK Prospective Diabetes Study 
(UKPDS, see Section 3.2.1), weight loss during the initial 
intensive 3-month dietary phase averaged approximately 
5 kg; this was associated with a rapid but temporary im- 
provement in fasting plasma glucose concentration. 

Thus, dietary advice remains an important initial step in 
the management of type 2 diabetes. Plasma glucose levels 
start to decline before weight loss is evident. Plasma insulin 
and glucagon concentrations return towards normality and 
insulin sensitivity improves. 

Diet is an 
ill’porta’lt in i t id  
step in the 
l l~anagel~cllt  of 
type 2 diabetes 
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A daily reduction 
o f  500 kcal will 
reduce weight 
loss averaging 
0.5 kg/week 

Calorie restriction 
can be usefully 
combined with ;I 
physical exercise 
programme 

Calorie restriction 

Daily energy requirements can be calculated from the 
paticnt’s height, age and physical activity. Adipose tissue 
contains about 7000 kcal/kg. Sustained weight loss in the 
obese will occur at a rate of around 0.5 kg/week with a 
reduction in daily calorie intake of 500 kcal (1.2 MJ). 

More rapid weight loss will include structural protein, 
i.e. muscle, as well as fat; this is undesirable because resting 
energy expenditure-which is determined largely by fat-free 
mass-will decline as an adaptive response. Resting energy 
expenditure, which normally accounts for 60-80% of total 
daily calorie consumption, represents the energy require- 
ments for essential metabolic processes, maintaining cell 
membrane potentials, body temperature, ctc. In general, 
the obese have higher resting energy expenditures than 
the non-obese so maintenance of body weight requires a 
proportionately greater calorie intake. Physical exercise, in 
conjunction with calorie restriction, will help to  preserve 
fat-free tissues thereby maintaining resting energy expen- 
diture; this combiliation offers advantages over calorie 
reduction alone. 

Carbobydrntes (3.8 kcal/J) 
For patients with type 2 diabetes, carbohydrates should 
comprise 50-55% of daily calorie allowance. This should 
be mainly in the form of complex rather than simple car- 
bohydrates, i.e. less rapidly digested starches (amylose, 
amylopectin) in preference to mono- or disaccharides. The 
glycaeinic index of different carbohydrates (the increase in 
plasma glucose following ingestion compared with an 
cquivaleiit amount of the glucose) is also of relevance. 
Higher intakes of carbohydrate, in the absence of a 
sufficient increase in fibre, may aggravate hypertriglyc- 
eridaemia and are not generally recommended. Sucrose 
or fructose-the latter having a lesser effect on plasma 
glucose-are permitted in limited quantities (up to a 
maxinium of 25 g/day); these sugars should replace other 
carbohydrates. Artificial sweetening agents, e.g. aspartame, 
may be used ad libitum. Dietary fibre has received much 
attention in recent years. Both cereal fibre and soluble plant 
fibre reportedly improve glycaemia and lipid profiles; fibre 
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is therefore encouraged. The influence of carbohydrates 
with a high glycaemic index on  plasma HDL-cholesterol 
concentrations is uncertain. 

Fats (9  kca&J) 
Because of their high-energy content, fats represent a 
major source of excess calorie consumption, particularly 
in prepackaged convenience foods. Fats should be limited 
to less than 35% of total calorie consumption. Circulating 
total and LDL-cholesterol concentrations are modifiable, 
albeit to a relatively limited extent, principally by reducing 
saturated fat intake. Saturated fat consumption has also 
been causally linked to insulin resistance via effects on cell 
membrane structure and function to the regulation of 
gene transcription. By contrast, substitution with cis-mono- 
unsaturates may improve insulin sensitivity and lipoprotein 
levels. 

It is recommended that saturated fats, mainly derived 
from meat and dairy products, should comprise less than 10% 
of total energy intake. Use of poly- or mono-unsaturated 
fatty acids (e.g. olive oil, rapeseed oil) in preference, but 
not in excess, is recommended. Recently, concern has been 
expressed that consumption of trans-unsaturated fatty acids 
may increase the risk of cardiovascular disease via altera- 
tions in lipoproteins. Data from the Nurses’ Health Study 
indicates that the risk of cardiovascular disease is greater 
with consumption of stearic acid than other fatty acids. 
Pharmacological marine oil supplements (see Section 3.4.4), 
which carry a high calorie load, are not recommended for 
routine use although consumption of oily fish, rich in n-3 
fatty acids is encouraged. 

Saturated kit intake 
has beell linked to 
insul i~i  resistance 

Protein (4 kca&) 
This comprises the remainder of the daily caloric intake and 
should amount to 50-60 g/day by current recommenda- 
tions, i.e. approximately 0.8 g/kg body weight. 

Antioxidants and trace elements 

Oxidative damage mediated by free radicals has been implic- 
ated in the promotion of atheroma. There are currently n o  
data supporting routine pharmacological supplementation 
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with antioxidants in diabetes. Reports of improved endo- 
thelial hnction in patients with type 2 diabetes treated with 
pharmacological doses of antioxidant vitamins (i.e. retinol, 
vitamins A and E) have not translated into clear clinical 
benefits. In the Heart Outcomes Prevention Evaluation 
(HOPE) study, vitamin E (400 IU/day) did not prevent 
cardiovascular events; this is consistent with the results of 
several other large clinical trials. A similar negative result 
was subsequently in the Heart Protection Study (see Sec- 
tion 3.4.3). 

None the less, some institutions recommend increased 
antioxidant intake as part of an overall management strat- 
egy. This approach was a component of the Steno Multiple 
Risk Factor Intervention Study in high-risk patients with 
type 2 diabetes. Chromium or  magnesium deficiency may 
be associated with glucose intolerance or insulin resistance. 
However, supplementation of  the diet with these trace 
elements is generally not recommended unless deficiency 
is confirmed. However, since many patients with type 2 
diabetes have low circulating levels of some trace ele- 
ments further work is needed in this area. Salt should be 
restricted to a maximum of 3 g/day. Diabetic patients 
often have increased exchangeable body sodium. In 
patients with hypertension, particularly if difficult to con- 
trol, salt intake should be reduced to less than 2.5 g/day. 
The blood pressure-lowering role of dietary potassium 
supplements is uncertain; special care should be used 
in patients with renal impairment or in those taking 
potassium-retaining medications. Hyporeninaemic hypoal- 
dosteronism, a feature of diabetic nephropathy, may neces- 
sitate dietary restriction ofpotassium. 

There is no 
evidence that 
antioxidant therapy 
reduces insulin 
resistance 

Surgical options 

The history of bariatric surgery in the management of 
more severe degrees of obesity is chequered. Ileal bypass, 
although effective, has been largely abandoned because of 
serious long-term side-effects. Jaw-wiring is usehl only as 
a temporary measure in most patients and is not recom- 
mended; subsequent regain of weight is common and 
so-called ‘cycling’ of weight may be disadvantageous in 
the long term. Vertical gastric banding, which reduces the 
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physical capacity of the stomach, is effective and relatively 
safe. However, its application mandates careful selection 
of patients and expertise in both anaesthetic and surgical 
technique. It may be considered for patients with morbid 
obesity (body mass index > 4 0  kg/m-’) in whom determined 
attempts using other options have failed; the procedure is 
associated with a low, but not negligible, mortality rate. 
Weight loss following surgical procedures is more sustained 
than with diet alone. Prospective data from Sweden suggest 
that the progression from impaired glucose tolerance t o  
diabetes may be substantially reduced by gastric bypass in 
obese subjects. 

3.1.2 Physical exercise 

Regular physical activity (see Section 2.2.4) is of potential 
benefit to many patients with insulin resistance. It should 
be encouraged wherever possible as an integral component 
of other lifestyle changes, i.e. nutritional modifications, 
avoidance of  cigarettes (see Sections 2.2.5 and 3.1.4) and 
moderation of alcohol consumption (see Sections 2.2.6 
and 3.1.3) .  Benefits of regular exercise (of sufficient intens- 
ity and duration) include: 

Wcz& control. Exercise has beneficial cfects on body 
weight particularly when combined with calorie restric- 
tion; maintenance of  fat-free mass sustains resting-energy 
expenditure as adiposity is reduced. Exercise also has an 
anorectic efect  for fatty foods which may help to limit 
calorie intake. It is suggested that declining energy expen- Declining energy 

expenditure is a 
major factor in the 
global obesity 
eoidemic 

diture rather than increased calorie consumption may be 
largely responsible for the increasing global prevalence of  
obesity. 

Improved jlycaemic control. In patients with type 2 
diabetes this appears to be mediated via increased glucose 
disposal independently of  the action of insulin on phos- 
phoinositide-3-phosphate activity. Increased translocation 
of GLUT-4 glucose transporters in skeletal muscle (see 
Section 1.2.4) improves glucose uptake af‘ter periods of  
exercise. Decreased hepatic glucose production has also 
been reported in some studies. 

Improved cardiovascular risk factor profile, i.e. lower 
plasma total cholesterol, lower triglycerides, increased HDL- 
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Regular physical 
activity should 
be encouraged 
wherever nossihlc 

cholesterol, lower blood pressure and improved fibrinolysis 
via lower plasminogen activator inhibitor-1 levels. 
9 Improved cardiovascular conditioning and functional 
capacity ( see Section 2.2.4). 

Exercise i n  the prevention of type 2 diabetes 

Exercise has the capacity to ameliorate several components 
of the insulin-resistance syndrome. Regular exercise is asso- 
ciated with a reduced risk of  developing type 2 diabetes 
in observational and intervention studies. Moreover, the 
decrease in risk may be greatest for those most susceptible, 
i.e. individuals with obesity, a positive family history ofdia- 
betes, or hypertension. 

Diet and exercise, alone or  in combination, reduced the 
proportion of  individuals with impaired glucose tolerance 
(non-obese and overweight) progressing to type 2 diabetes 
in an interventional study reported from Da Qing, China. 
In a non-randomized study in Malmo Sweden, adherence 
to a diet-exercise programme for 5 years reduced the 
incidence of type 2 diabetes in individuals who lost weight. 
Important data from two randomized controlled trials have 
recently confirmed these findings: 

The Diabetes Prevention Study trial of 522 adults with 
impaired glucose tolerance (mean age 55 years, body mass 
index 31 kg/m2,2:1 femakmale) randomly assigned subjects 
to intervention or control groups. With individualized dietary 
and exercise advice subjects in the intervention group lost 
4.2 kg in weight vs. 0.8 kg in the control group after 3 years. 
The risk ofprogression to type 2 diabetes was reduced by 
58% in the intervention group, with a dose-response relation- 
ship bCtwKKn success in reaching intervention goals and 
reduction in risk. The risk of  type 2 diabetes was virtually 
abolished if all lifestyle targets are achieved. The magnitude 
of several other cardiovascular risk factors was also reduced. 

The Diabetes Prevention Program trial included 3234 
patients (mean age at entry 5 1 years, mean body mass index 
34 kg/m2) with impaired glucose tolerance (Section 2.5.4). 
In addition, all had fasting plasma glucose concentrations 
between 5.3 and 6.9 mmol/L (95-125 mg/dL). Subjects 
were randomized to intensive lifestyle intervention (frequent 
interactive sessions aimed at reducing weight by 7% and 
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improving aerobic fitness with a target of 150 min per week 
ofmoderate activity), standard care plus metformin or stan- 
dard care plus placebo (see Section 3.2.1 for results with 
metformin). A mean weight loss of 5% was achieved in the 
intensive intervention group. The combination of diet and 
regular exercise reduced the risk of progression to type 2 
diabetes by 58% compared to the standard treatment group. 

Frequency, intensity and duration 

Activities which raise the pulse moderately from its resting 
rate to submaximal levels are necessary. The best modalities 
of exercise, ideally taken in combination, are: 

Aerobic endurance activities-walking, running, cycling, 
swimming, aerobics, etc. 

Resistance training-low-intensity, high volume, e.g. 
circuit training. 
It is recommended that a warm-up period of 5-10 min 
prefaces more vigorous exercise, with a cooling-off period 
afterwards. Heart rates of 60-80% of maximal (calculated as 
220 minus the patient’s age) are suggested for periods of 
20-30 niin 3-4 times per week. Improvements in insulin 
sensitivity dissipate rapidly when exercise programmes are 
terminated. 

The proportion of patients with obesity or type 2 dia- 
betes involved in regular exercise is relatively low and the 
drop-out rate, even for supervised exercise programmes, is 
high; finding an activity which the patient enjoys is there- 
fore of considerable importance. This might be 30 min 
brisk walking several times per week, golfor household activ- 
ities. The intensity, frequency and duration of activity are 
more relevant than the precise form of  exercise. Strategies 
to enhance uptake and compliance include: 

Identifying activities which are pleasurable. 
Exercising with family or friends. 
Avoiding unrealistic exercise targets. 
Enrolment with a sports o r  leisure club. 

The emphasis should be on  aerobic exercise that minimizes 
any risk of physical injury. Extreme activity, such as mar- 
athon running, is metabolically undesirable and potentially 
hazardous. 

Exercisc has 
beneficial effects 011 

multiple aspects of 
the metabolic 
(insu~ill 
syndrome 

126 



MANAGEMENT O F  I N S U L I N  RESISTANCE 

Subclinical 
coronary heart 
disease represents a 
potential danger to 
diabetic patients 
emharking on m i  
csercise progi-:iiiiiiic 

Patients .it risk of 
hypoglycxiiiia 
should in d 11 I gc in 
high-risk sports 
with care 

Cautions 

A number offactors may limit the exercise capacity ofpatients 
with obesity or  type 2 diabetes including the following. 

Comorbidity, particularly cardiovascular disease, degen- 
erative joint disease. 

Diabetic complications, such as proliferative retinopathy 
(avoid straining or jarring manoeuvres-risk of vitreous 
haemorrhage); peripheral neuropathy (risk of  foot ulcera- 
tion and fractures); or autonomic neuropathy (increased 
risk of cardiovascular event). 

Advanced age. Physical incapacity, high prevalence of 
cardiovascular disease, effects of certain drug therapy (e.g. 
P-blockers). 

Individuals unaccustomed to habitual physical activity 
have a 50-fold increase in risk of sudden death and a 
100-fold increase in the risk of  acute myocardial infarction 
if vigorous exercise is undertaken. Platelet activation and 
aggregation may be responsible. The evaluation of sub- 
clinical coronary heart disease in middle-aged and elderly 
patients with type 2 diabetes presents difficulties for the 
physician. The absence of typical symptoms may be un- 
reliable and the question is therefore how rigorously an 
individual patient should be assessed. This will be deter- 
mined to  a large extent by the activity that is envisioned. 
Electrocardiographic stress testing is recommended for 
patients embarking on  vigorous exercise programmes. 
Studies in asymptomatic patients with type 2 diabetes have 
revealed an appreciable prevalence of clinically significant 
coronary artery disease. 

A cautious start to exercise, incrementally building up 
to higher levels ofactivity, is prudent. A checklist for pati- 
ents embarking on an exercise programme is presented in 
Table 3.1; this should be modified according to individual 
circumstances. Care should be taken to avoid situations 
which might be dangerous for insulin-treated patients, or 
for individuals in their charge, if hypoglycaemia should 
occur, e.g. sub-aqua diving, rock climbing, parachuting. 
Tissue damage may ensue in diabetic patients with chronic 
complications. The major risk in insulin-treated patients is 
hypoglycaemia (see Section 2.2.4). 
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Table 3.1 Precautions for diabetic patients embarlung on an 
exercise programme. 

Physiology of exercise inpatients with type 2 diabetes 

For diabetic patients, physiological changes (see Section 
2.2.4) during exercise will be altered by the diabetic 
state. Patients treated with metformin, acarbose, o r  in 
some countries, thiazolidinediones (see Section 3.2.1) as 
monotherapy are not at risk of hypoglycaemia. However, 
patients receiving sulphonylureas (see Section 3.2.3) or 
insulin may have to reduce or omit their medication 
depending on the intensity and duration of the exercise. 
This is preferable to increasing carbohydrate intake. 

3.1.3 Alcohol 

Adverse effects 

Alcohol has an impact on  several aspects of diabetes (Table 
3.2). Calorie load, if excessive, and risk of  hypoglycaemia 
are the principal concerns. Alcohol provides 7 kcal/g of  
energy-almost twice that of carbohydrates and approach- 
ing the energy value of fats. 

In diabetic patients treated with sulphonylureas or  
insulin the risk of hypoglycaemia is increased by the reduc- 
tion in endogenous glucose production from the liver 
resulting from inhibition of gluconeogenesis when alcohol 
is metabolized. Hypoglycaemia can occur even in non- 
diabetics if alcohol is consumed in the absence of suffi- 
cient carbohydrate, although this tendency may be oRset 

fdcohoi may he a 
sigl1ificn1lt Sollrce 

of dietary calories 
i n  some patients 
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Table 3.2 Potential relevance ofexcessive alcohol consumption 
to patients with type 2 diabetes. 

Calorie burden 

improve control of hypertension 

Dyslipidaernia 
Avoid in hypertriglyceridaemia 

to some extent by an acute reduction in sensitivity of 
lion-hepatic tissues to insulin. The risk of hypoglycaeinia 
is highest when hepatic glycogen stores are depleted. Par- 
ticular caution is required by diabetic patients, especially 
those at high risk of hypoglycaemia. Alcohol may increase 
the depth and duration of iatrogenic hypoglycaemia and 
has been implicated in fatalities. Alcohol may be an under- 
appreciated risk factor for severe sulphonylurea-induced 
hypoglycaemia. 

There may also be a risk ofearly reactive hypoglycaeinia 
if mixers with a high carbohydrate content stimulate insulin 
release in patients with sufficient endogenous reserve. 

Alcohol can 
increase the severity 
and duration of 
~lvDorr~,,caemia in  .. L. .  
dinhetics Chronic alcoholism is regarded as a contraindication to 
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biguanide therapy (see Section 3.2.1 ). Alcoholic ketoaci- 
dosis is an uncommon but serious metabolic disturbance 
which may develop in diabetic or  non-diabetic alcoholics. 

Recommended daily consumption 

Daily alcohol consumption should be limited to 2-3 drinks 
for men and 1-2 drinks for women. Recommendations to 
patients should include the following advice. 

Never drink and drive a motor vehicle. 

Do not substitute alcohol for regular meals or snacks. 
Avoid drinks with high sugar content, e.g.  sweet wine. 
Avoid lower carbohydrate drinks-these tend to  be higher 

in alcohol. 
Avoid drinking on an empty stomach. 
Avoid alcohol if there is hypertriglyceridaemia, symptom- 

atic diabetic neuropathy or refractory hypertension. 

Beneficial effects 

Regular consumption of moderate quantities of alcohol 
is associated with favourable effects on  cardiovascular risk 
factors including lower circulating insulin levels, increased 
HDL-cholesterol levels and reduced blood coaguability. 
Recent observational data from the USA suggest that 
diabetic patients share the benefits of moderate habitual 

Moderate alcohol 
consulll~’tion may 
protect against 
diabetes and 
coronarv heart 
disease alcohol consumption on mortality from coronary heart 

disease. Low to moderate chronic alcohol intake is asso- 
ciated with lower circulating insulin concentrations and 
improved insulin sensitivity. There is some evidence from 
epidemiological studies that the risk of developing type 2 
diabetes is inversely associated with alcohol intake; mod- 
erate alcohol consumption may decrease the risk oftype 2 
diabetes. 

3.1.4 Tobacco 

In contrast to alcohol, smoking has exclusively delete- 
rious effects and should be vigorously discouraged. 
Cigarette smoking has been implicated as an independent 
modifiable risk factor for the development of type 2 
diabetes. 
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Table 3.3 Deleterious eEect5 of tobacco in diabetes 

Cigarette smoking 
is .I risk f h o r  for 
typc 2 diabetes 

Cigarette smoking 
sliould he strongly 
discouraged iii 

patients with 
iiisulin resistance 

Cigarette smoking is a modifiable risk factor for cardio- 
vascular disease and certain microvascular complications of 
diabetes. Other deleterious adverse etfects of  smolung are 
presented in Table 3.3. 

There is evidence that, as for noii-diabetics, cardiovas- 
cular risk declines with smoking cessation. Behavioural 
therapy or  substitution of cigarettes with nicotine patches 
or gum are usehl strategies; buproprion may be helpful. 
Fear ofweight gain is ohen cited by patients. However, this 
is not inevitable and may be transitoiy. Limited success in 
stopping smoking points to the importance of discouraging 
the acquisition of the habit. The adverse cardiovascular 
effects of passive smohng is of particular relevance to 

patients with iiisulin resistance. 

3.2 Drugs for type 2 diabetes 

Drug therapy for obesity, type 2 diabetes, dyslipidaemia or 
hypertension is reserved for patients who fail to achieve 
therapeutic targets with non-pharmacological measures. 
Most patients with type 2 diabetes will require pharma- 
cotherapy to control hyperglycaeniia; drug therapy is also 
frequently required for dyslipidaemia and hypertension in 
these patients. Many commonly used agents have ef-fects, 
either direct o r  indirect, on insulin sensitivity. Insulin ther- 
apy is usually regarded as a treatment of last resort but is 
required in a substantial proportion ofpatients. 

Of the drugs available for the treatment of  type 2 dia- 
betes, the biguanides and thiazolidiiiediones are regarded 
as insulin sensitizers, the former acting mainly by reducing 
hepatic glucose production and the latter by enhancing 
insulin action in peripheral tissues. Other agents, e.g. sul- 
phonylureas, may also improve insulin action; however, 
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this is usually secondary to improvements o n  glucose and 
lipid metabolism (see Section 1.6.2). Isulin-sensitizers have 
recently been evaluated in patients with prediabetic con- 
ditions, e.g. impaired glucose tolerance (see Section 2.5.4), 
polycystic ovary syndrome (see Section 2.5.12). 

3.2.1 Biguanides 

Metformin (dimethylbiguanide; Fig. 3.1) has been the 
only biguanide available in many countries since the mid 
1970s; it was introduced into the USA in 1995. To 
some extent the drug remains in the shadow cast by 
phenformin (phenyethylbiguanide) which was widely with- 
drawn because of an unacceptable incidence of severe, 
and often fatal, lactic acidosis. The metabolic actions of 
the biguanides are complex and remain incompletely delin- 
eated. Metformin is used either as monotherapy, in com- 
bination with sulphonylureas or  thiazolidinediones-where 
the effect on  glycaemia is greater than that observed with 
either class o f  drug alone-or, less commonly, as an adjunct 
to insulin. 

Phenformin 

NH NH 

I1 I1 
\N-C-NH-C- NH2 

0 (CH2)2 

H’ 

Metformin 

NH NH 

CH3 \ I1 I1 
,N-C-NH-C-NH2 

CH3 

Fig. 3.1 Structure of phenformin and metformin 
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Indications for metformin 

The biguanides have been used in the treatment of type 2 
diabetes since the late 1950s. Metformin is indicated pr in-  
arily in insulin-resistant overweight or obese patients for 
whom diet and exercise prove insufficient. The drug is also 
frequently used as add-in therapy when sulphonylureas or 
thiazolidinediones fail to provide adequate glycaemic con- 
trol. In some centres, metformin is continued when insulin 
therapy (see Section 3.2.6) is commenced. The experimen- 
tal use of metformin is also extending beyond type 2 dia- 
betes. Women with polycystic ovary syndrome-whether 
obese or non-obese-respond to metformin with decreased 
insulin and androgen levels, induction of ovulation and 
increased rates ofconception (see Sections 2.5.12 and 3.6). 

Metformin reduces 
alldroFn levels and 
i 11 d iiccs ow 1.1 tion 
in woiiicii with 
polycystic ovary 
syndrome 

Mode of action 

In contrast to the sulphonylureas (see Section 3.2.3), 
metformin does not increase endogenous insulin secretion; 
plasma concentrations of insulin are either unchanged or 
decline during treatment. This occurs in concert with a 
reduction in hyperglycaemia; the drug is therefore regarded 
as having insulin-sensitizing properties. 

Metformin requires insulin for its metabolic effects. By 
suppressing gluconeogenesis (the formation of glucose 
from other 3-carbon intermediates) metformin reduces 
hepatic glucose output, the principal determinant of fasting 
plasma glucose levels. In addition, improved insulin action 
serves to  limit post-prandial plasma glucose excursions by 
promoting tissue glucose uptake with oxidation or storage 
as glycogen. These effects appear to be mainly caused by 
intracellular actions of the drug distal to the interaction 
between insulin and its membrane receptor. Direct stimu- 
lation of GLUT-4 translocation in muscle and adipose 
tissue does not occur at therapeutic drug concentrations. 
No convincing effect in reducing gastrointestinal glucose 
absorption has been demonstrated although body weight 
tends to  fall on treatment; this is thought to reflect an 
anorectic effect. The latter property makes metformin partic- 
ularly suitable for overweight or  obese patients. The principal 
metabolic effects of metformin are summarized in Fig. 3.2. 
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Metformin 1 I 
1 I 

NEFA = Non-esterified fatty acids 
+ = Direct effect of metformin 

1 

r- 
Fig. 3.2 Postulated mechanisms ofaction of metformin. (Redrawn with permission from 
Krentz, A.J. 1998. Prescriber9,67-78.) Reduced hepatic gluconeogenesis is thought to  be 
the most important anti-hyperglycaemic action ofthe drug. 
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Table 3.4 Efiects of metformin o n  cardiovascular risk factors. 

Reduction in plasma insuli 
Relationship between h 

Reduced blood pressure 

vement in dyslipidaemia 
uction in plasma triglyceti 

centrations; inconsistent rep 
levels 

eduction (with adherence 

Effects on  fatty acid metabolism may contribute to the 
improvement in glycaemia through decreased activity of 
the glucose-fatty acid (Randle) cycle in muscle and liver 
(see Section 1.6.2). 

In addition to lowering glucose and insulin concentra- 
tions, metformin has variable effects on  other components 
of the metabolic syndrome (Table 3.4). The clinical impli- 
cations of these effects are generally modest and their clini- 
cal relevance remains uncertain. However, the beneficial 
cardiovascular effects of metformin monotherapy in over- 
weight patients in the UWDS was not explained entirely 
by improvement in glycaemia, implying effects on  other 
risk factors, such as decreased fibrinolysis via decreased 
plasma concentrations of plasminogen activator inhibitor- 1 
(see Section 2.5.11). 

United KinHdom Prospective Diabetes Study 

The UWDS was a 20-year duration multicentre random- 
ized trial of  therapies for patients with newly diagnosed 
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Fig. 3.3 Cross-sectional and 10-year cohort data for fasting plasma glucose (FPG), change 
in body weight, glycated haemoglobin (HbA,,) and fasting insulin for patients receiving 
intensive (sulphonylureas or insulin) or conventional (ix. diet) therapy. (Redrawn with 
permission from UKPDS 33. 1998. Lancet352,837-853.). (internipted lines) Patients 
followed for 10 years on intensive or conventional therapy; (solid lines) all patients assigned 
to regimen (open circles, intensive; filled circles, conventional). To convert to mg/dL, 
multiply by 6. 

type 2 diabetes (conventional, i.e. diet vs. sulphonylureas, 
metformin or  insulin). The study was complex with many 
patients crossing over between groups and therapies being 
added as glycaemic control deteriorated (Fig. 3.3). Met- 
formin improved glycaemic control without inducing 
weight gain. Overweight patients treated with metformin 
monotherapy showed the following statistically significant 
reductions in comparison to diet alone. 

42% reduction in diabetes-related deaths. 
39% reduction in myocardial infarction. 
34% reduction in all-cause mortality. 
32% reduction in diabetes-related end-points. 
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The progressive deterioration in glycaemic control over 
the duration ofthe study occurred despite therapy (Fig. 3.4), 
including variable-dose insulin aiming for a target fasting 
plasma glucose of 6 mmol/L. Mathematical modelling 
studies suggest that declining P-cell function is the princi- 
pal cause of this escape. The inability of the therapies used 
in the study (primarily metformin, sulphonylureas and 
insulin) to maintain control of  glycaemia points to the need 
for more efficacious drugs for the treatment oftype 2 diabetes. 

However, when metformin was added to a sulphony- 
lurea in a subgroup of patients with inadequate glycaemic 
control, an unexpected increase in mortality (96%, 
P= 0.039) was observed. Further analyses have led to sug- 
gestions that this may have been a statistical aberration. 
The event rate in the sulphonylurea monotherapy sub- 
group was lower than for the entire cohort. The cardio- 
protective eKects of metformin monotherapy contrast 
strikingly with the results of the much-criticised University 
Group Diabetes Program (UGDP) which reported a higher 
mortality rate with phenformin. 

In the Diabetes Prevention Program metformin (in con- 
cert with lifestyle advice) reduced the risk of progression 
from impaired glucose tolerance to type 2 diabetes by 31% 
over 3 years (see Section 3.1.2). 

In the U K P I X  
metformiii 
lllollotllcrapy 
improved clinicd 
outconies in 
ovcrweight Imiciits 

Phamacokinetics 

Metformin is absorbed predominantly from the small 
intestine, attaining high local concentrations. The bioavail- 
ability of an oral dose is 50-60%; the mean plasma half- 
life is between 2 and 3 h, necessitating 2-3 daily doses. 
Metformin is not bound to plasma proteins (cf. 12-20% 
binding for phenformin) and is therefore not subject to dis- 
placement by other drugs. No hepatic metabolism occurs, 
virtually all of the drug being excreted unchanged in the 
urine; the drug is secreted by renal tubules. 

Adverse effects 

Gastrointestinal symptoms 
These are encountered in 5-20% of patients. Symptoms 
include nausea, anorexia, abdominal discomfort and 
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Gastrointestinal 
side-effects of 
metformin prove 
intolelahlc for 
m;uiy patients 

L'ictic 'icidosis i s  .I 
r ~ r c  hut potentidly 
Ieth.il complic.ition 
of biguanidc 
ther.1py 

Contlaindications 
to nictfortnin 

ohserved 
\hould he carefillly 

diarrhoea; symptoms resolve rapidly on  withdrawal. A few 
patients are unable to tolerate these effects and compliance 
may be reduced in other patients. 

Dose-titration, introducing metformin at a low dose- 
500 mg/day for the first week-can help reduce the fre- 
quency and severity of gastrointestinal symptoms which 
may prove to be transient. The dose is subsequently in- 
creased to 500 mg t.d.s or 850  mg b.d. A dose-response 
effect is evident up to 3 g daily. 

Other side-effects are rare. Although reduced serum con- 
centrations of  vitamin B,, and folate are well documented, 
clinical deficiencies are exceptionally uncommon. 

Lactate metabolism 
Lactate metabolism has been the primary safety concern 
because of the association between these drugs and lactic 
acidosis. For metformin, the risk of fatality from lactic aci- 
dosis is estimated to be similar to that from sulphonylurea- 
induced hypoglycaemia. Unlike phenformin, which binds 
to mitochondria1 membranes with high affinity thereby 
inhibiting lactate oxidation, metformin has only minor 
effects on  blood lactate unless concentrations of the drug 
rise to toxic levels. The intrinsic risk of lactic acidosis is con- 
siderably lower with metformin than phenformin and most 
reported cases of metformin-associated lactic acidosis have 
been encountered in patients with contraindications to its 
use (Table 3.5). 

There is controversy in the literature concerning the relev- 
ance of metformin accumulation to lactic acidosis. None 
the less, although rare, lactic acidosis in metformin-treated 
patients carries a high case-fatality rate. When the drug was 
introduced into the USA in 1995 the contraindications to 
its use were reaffirmed; many clinicians pursue a cautious 
approach which may have contributed to the low rate of 
reported lactic acidosis in the UKand elsewhere. However, 
there is evidence from hospital-based and population studies 
that many patients with contraindications receive met- 
formin inappropriately. 

The principal contraindication is renal impairment because 
this leads to accumulation of metformin. Care should 
therefore be exercised even in patients with proteinuria, 
the earliest clinical indicator of diabetic nephropathy; renal 
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function should be checked annually. Metformin should 
also be avoided in clinical conditions in which: 

Lactate production is increased ( e g .  cardiopulmonary 
decompensation or peripheral vascular disease). 

Hepatic clearance is impaired ( e g  alcoholism). 
In common with all prescribing, the risks and benefits of 
therapy must be carefully considered for each patient. 

Hypoglycaemia 
A noteworthy aspect of metformin is the virtual absence of 
risk of hypoglycaemia when used as monotherapy, even 
when taken in overdose. This protection may be a conse- 
qu'ence of continued delivery of lactate (derived from the 
splanchnic bed) and other gluconeogenic precursors 
which help to sustain hepatic glucose production as plasma 
glucose levels decline. However, metformin may potentiate 
the hypoglycaemic effects ofsulphonylureas and insulin. 
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Drug interactions 

The renal clearance of metformin is reduced by cime- 
tidine and a dosage reduction may be appropriate in these 
circumstances. 

The 
thiazolidincdiones 
enhance o r  iiiiiiiic 
the actions o f  
iiisulin 

Troglitazone, 
thc first drug 
in the class, w m  
withdrawn in the 
UI< shortly after its 
introduction 

3.2.2 Thiazolidinediones 

The thiazolidinediones are a recently introduced class of 
drugs that have the effect of  enhancing certain metabolic 
actions of insulin. These agents represent a major advance 
in the treatment oftype 2 diabetes. 

The first to reach the market was troglitazone (see Fig. 3.4). 
However, the drug was withdrawn by its UK distributors 
shortly after launch in 1997 following reports from the 

Troglitazone 

NH 

HO 

CH3 

Rosiglitazone 

Pioglitazone 

Fig. 3.4 Structures of  troglitazone, rosiglitazone and 
pioglitazone. 
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USA of severe hepatotoxicity, including fatalities. 
Troglitazone was withdrawn in the USA and elsewhere in 
March 2000. This followed amendments to the product 
licence that in-cluded increased frequency of  monitoring of 
liver hnct ion tests and curtailment of use as monotherapy. 
Troglitazone continues to be available in some countries. 
The more potent agents, rosiglitazone and piogli-tazone 
(see Fig. 3.4), were introduced in the USA in 1999. The 
issue of hepatoxicity is discussed in more detail below. 

~frogl i tuone  WJS 

\vithdrdWn in  i n  the 
USA m d  elwwhcre 
in 2000 

Clinical indications for the thiazolidinediones 

Rosiglitazone was launched in Europe in July 2000 with 
pioglitazone following later in the same year. In contrast t o  
the USA, the drugs are not approved as monotherapy or  
combination with insulin (pioglitazone is licenced for the 
latter in the USA). Rosiglitazone and pioglitazone may be 
used in Europe when glycaemic control is inadequate despite 
maximally tolerated doses of  metformin or sulphonylureas: 

In combination with a sulphonylurea if metformin is 
contraindicated or not tolerated. 

In obese patients in combination with metformin 

Rosiglitazoiie and 
k>i%lit~1zone were 
introduced in 
Europe in 2000 

Mode of action 

Thiazolidinediones have efects on both lipid and glucose Both rosiglit.izone 
and pioglitnaone metabolism: 
have been ev.ilu.ited 
by the UI< N*itioiial 
In\titute for 

Increased fatty acid uptake by adipose tissue. 
Improved glucose disposal in peripheral tissues. 

Clinical Excellence 
(NICE) 

Etfects on hepatic glucose production are less clear. These 
actions are thought to  be mediated via efkcts of the drugs 
with a specific nuclear receptor, the peroxisome proliferator- 
activated-receptor-gamma (PPAR-y); direct effects on intra- 
cellular glucose transporters have also been reported. 
PPAR-y is a member of the superfamily ofnuclear receptors 
that is predominantly expressed in adipocytes; lesser ex- 
pression occurs in tissues such as skeletal muscle and 
liver. Mutations of WAR-y have recently been described 
that result in insulin resistance (see Section 2.5.12). Other 
polymorphisms (e.g. the Prolz+Ala mutation in the 
PPAR-y;?-specific exon B) are associated with improved 
insulin sensitivity and lower body mass index. Activation 
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I Thiazolidinedione I I=] I Fatty acids 14- 
I 

Transcription of certain 
insulin-sensitive genes 

Adipocyte 

Fig. 3.5 Thiazolidinediones (TZD)  bind to the complex ofthe peroxisome proliferator- 
activated receptor-y and retinoid X receptor ( PPAR-y-RXR) causing transcription of insulin- 
sensitive genes involved in glucose uptake and lipogenesis. Abbreviations: FATP = fatty acid 
transporter protein; GLUT-4 = glucose transporter isoform 4; aP2 = adipocyte fatty-acid 
binding protein; VLDL = very low density lipoproteins. Reproduced with permission from 
Krentz, A.J. & Bailey, C.J. 2001. Type 2 diabetes in practice, p.  148. 

of PPAR-y increases transcription of insulin-sensitive genes 
influencing adipocyte differentiation and hnction (Fig. 
3.5) .  The active form of PPAR-y is a heterodimer with the 
retinoid-X receptor. The complex then binds to response 
elements in nuclear DNA. 

Binding of thiazolidinediones ultimately alters the ex- 
pression of insulin-sensitive genes involved in the regula- 
tion of lipid and carbohydrate metabolism including: 

Lipoprotein lipase. 
Fatty acid transporter protein. 
Fatty acyl CoA-synthase. 
Malic enzyme. 
Glucokinase. 
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Tliiazolidinediones 
require insulin to 
exert effects on 
glucose iiietabolisiii 

Glucose-lowering 
effects are maximal 
after 6-8 wceks’ of 
thcrapy 

N o  
thiazol idinedioncs 
are currcntly 
licensed for use .is 
monotherapy in 
Europe 

The combined effect is to increase the uptake of circulating 
non-esterified fatty acids and increase lipogenesis within 
adipocytes. The precise mechanisms through which these 
drugs improve insulin sensitivity in glucose metabolism 
remains to be determined. In animal models, expression 
and translocation of GLUT-4 facilitative glucose trans- 
porters occurs in adipocytes; the inhibitory effect of 
tumour necrosis factor-y (Section 1.6.2) on insulin-stimu- 
lated glucose uptake is also blocked by thiazolidinediones. 
Levels of resistin and leptin are also reduced (see Section 
1.6.2). Thiazolidinediones have an affinity for PPAR-y 
in the nanomolar range, in contrast to putative naturally 
occurring ligands such as fatty acids which have to be pre- 
sent in much higher concentrations. PPAR receptors are 
also expressed in all vascular cell types where they exert 
anti-inflammatory actions. 

As with biguanides, thiazolidinediones require the 
presence of insulin in order to exert effects on glucose 
metabolism. The maximal glucose-lowering effects of 
thiazolidines takes approximately 6- 8 weeks to become 
hlly apparent. 

Efficacy as monotherapy 

As monotherapy (200 mg to 600 mg daily), troglitazone 
produced a dose-dependent lowering of blood glucose 
levels of a magnitude similar to either a sulphonylurea or 
metformin ( i x .  by approximately 15-25%). Combining 
troglitazone (or other thiazolidinediones) with sulphony- 
lureas or metformin enhanced the glucose-lowering effect. 
Combining troglitazone or pioglitazone (in the USA) with 
exogenous insulin allowed insulin doses to be reduced sub- 
stantially in obese patients, with a concomitant improvement 
in glycaemic control. In addition to its glucose-lowering 
action troglitazone and other drugs in this class cause dose- 
dependent reductions in fasting plasma concentrations of: 

Insulin. 
C-peptide. 
Non-esterified fatty acids. 
Triglycerides (troglitazone and pioglitazone). 

Enhanced insulin action in glucose metabolism has 
been confirmed using the glucose clamp technique with 
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improvements of up to 50% in insulin-mediated glucose 
disposal. Predictably, obese insulin resistant patients appear 
to be more likely to respond. The overall decline in HbA,, 
with troglitazone observed in trials was approximately 
1 .O%. Effects on other aspects oflipid metabolism included 
a rise in cardioprotective HDL-cholesterol; however, 
LDL-cholesterol also increased, although apoplipoprotein 
B levels were unchanged. The effects on fatty acids and 
triglycerides appeared to be less dependent on the presence 
of circulating insulin than the effect on blood glucose. 

Rosiglitazone and pioglitazone also have effects on cir- 
culating lipids. However, pioglitazone appears to have less 
pronounced effects on LDL-cholesterol allied to reductions 
in triglycerides. The relevance of the anti-oxidant effects of 
troglitazone (which uniquely contains a vitamin E moiety; 
see Fig. 3.4) remain uncertain. Rosiglitazone lowers blood 
pressure and protects against endothelial dysfunction in the 
insulin-resistant Zucker fatty rat. On a molar basis, rosigli- 
tazone is more potent than troglitazone or pioglitazone; 
4-8 mg daily of rosiglitazone appears to be comparable to 
200-800 mg troglitazone or 3 0 4 5  mg pioglitazone in 
terms of glucose-lowering effect. This reflects higher bind- 
ing affinity of rosiglitazone for intact adipocytes expressing 
PPAR-y. Both rosiglitazone and pioglitazone appear to be 
more effective at reducing HbA,, levels as monotherapy 
than troglitazone (approximately -1.5% and -1.8%, respec- 
tively). The efficacy of rosiglitazone was assessed in a 12 
week placebo-controlled dose-ranging trial involving 380 
patients with type 2 diabetes (31 1 ofwhom completed the 
study). Other oral agents were withdrawn for 4-7 weeks 
before randomization to rosiglitazone (0.05 mg to 1.0 mg 
b.d.) or placebo. Rosiglitazone produced significant decreases 
in fasting plasma glucose (Fig. 3.6) and fmctosamine a t  
doses of 1.0 and 2.0 mg b.d. 

At 2.0 mg b.d. significant decrements in plasma insulin 
and fatty acids were observed. Patients with a body mass 
index >27 kg/m2 had greater decreases in fasting glucose 
levels than less overweight patients (-2.2. vs. -1.1 mmol/L, 
respectively). Plasma total, LDL and HDL cholesterol con- 
centrations increased significantly at  2.0 mg b.d. However, 
neither triglycerides nor the total/HDL cholesterol ratio 
altered significantly. Weight gain correlated with improve- 

Increases in 
LDL-chokstcrol 

cholesterol have 
i,een reported wit11 
troglitazone 

and HDL- 

144 



MANAGEMENT O F  I N S U L I N  RESISTANCE 

- 
2 1.50 

1.00 - 0.50 $4 
8 0.00 

0 -0.50 

E -1.00 

-1.50 

0 

3 

rg 

m 

- 

VI 

.- F -2.00 
4- 

P -2.50 
U Placebo 0.05rng 0.25mg 1.0rng 2.0rng 

b.i.d. b.i.d. b.i.d. b.i.d. 

Fig. 3.6 Mean changes from baseline in fasting plasma glucose 
after 12 weeks oftreatment with rosiglitazone (intention-to-treat 
population). Data are mean f SE. (Reproduced with permission 
tiom Patel, J .  etal. 1999. Diabetes, Obesity &Metabolism 1,165-172.) 

ment in glycaemic control and was considered to be clin- 
ically insignificant (maximum mean weight gain 0.36 kg 
at the highest dose). In this study, rosiglitazone had 
an adverse event frequency comparable to placebo. One 
patient treated with 1 .O mg b.d. had a transient elevation of 
alanine aminotransferase to >3.0 the upper limit of the ref- 
erence range which decreased with continued treatment. 
No clinically significant changes were observed in haemat- 
ocrit, lefi ventricular mass (as determined by echocardio- 
graphy) or blood pressure. 

Combination therapy 

Troglitazone, rosiglitazone and pioglitazone have also 
been evaluated in combination with sulphonylureas or  
metformin. In general, glucose-lowering effects are more 
marked in combination with a sulphonylurea, less potent 
when combined with metformin and lowest as monother- 
apy. No clear difference has emerged in glucose-lowering 
effects between rosiglitazone and pioglitazone (Table 3.6) 
In a 16 week study, troglitazone 100 m g  or 200 mg daily 
was added to sulphonylurea-treated patients producing 
significant improvements in glycaemic control at both doses. 
The reduction from baseline in fasting blood glucose at the 
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Table 3.6 Blood glucose-lowering effects of rosiglitazone and pioglitazone in type 2 
diabetic panents. Data from published abstracts. 

Abbreviations: FPG = fastlng plasma glucose; = decrease from baseline; t = pauents poorly 
controlled on exisung treatment before rosiglitazone or pioglitazone added in; a = average 
decrease in insulin dose of 9 units/day; b = 16% of patients reduced their insulin dose by 
> 25%. Reproduced with permission from Krentz, A.J. & Bailey, C.J. 2001. Type2 Dzabetes 
in Pvactzce, p. 150, Royal Society of Medicine Press, London. 

higher dose was approximately 1.0 mmol/L; fasting glu- 
cose rose non-significantly in the sulphonylurea monother- 
apy group. Compared with metformin, troglitazone more 
effectively stimulated glucose disposal, whereas the former 
drug produced a greater suppression of hepatic glucose 
production (Fig. 3.7). When troglitazone was added to 
metformin, a significant further decrease in insulin-medi- 
ated glucose disposal was accompanied by a reduction in 
glycated haemoglobin. 

In a US multicentre trial, pioglitazone (30 rng daily) 
added to metformin improved both glycaemic control and 
plasma lipids (with a decrease in triglycerides, an increase 
in HDL-cholesterol and a decrease in total cholesterol/ 
HDL-cholesterol ratio). In a 16 week study involving 560 
patients addition of pioglitazone to sulphonylurea therapy 
significantly improved glycaemic control (Fig. 3.8). Fasting 
plasma glucose also showed a dose-dependent reduction of 
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Fig. 3.7 Mean (+ SE) changes in hepatic glucose production and 
glucose disposal in patients with type 2 diabetes who received 
either metformin or troglitazone for 3 months. (Reproduced with 
permission from Inzucchi, S.E. etal. 1998. New England Journal 
ofMedicine 338,867-872.) 
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Fig 3.8 Effect of addition of pioglitazone 15 mg or 30 mg 
daily on HbA,, levels in 560 sulphonylurea-treated patients. 
Data with permission from Schneider, R. etal. (1999) Diabetes 
48 (suppl. I), 106. 
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Thiazolidinediones 
are contraindicated 
in patients with 
liver disease 

Plasma alanine 
arninotransferase 
must be measured 
every 2 months 
during the first year 
of therapy 

1.9 mmol/L (15 mg) and 2.9 mmol/L (30 mg). Plasma 
lipid profiles also improved with an increase in HDL-  
cholesterol and a reduction in triglycerides. 

Adverse effects 

Hepatoxicity 
This has been proved ultimately to be a major issue with 
troglitazone. Discontinuation of the drug occurred in 
approximately 2% of patients because of elevations of liver 
enzymes. Moreover, by March 2000,90 cases of fulminant 
liver failure (resulting in the deaths of 63 patients and liver 
transplantation in some others) had been linked with 
exposure to the drug. The drug was withdrawn from the 
Diabetes Prevention Program for this reason (see Section 
3.1.2). Hepatotoxicity was mainly been encountered 
during the first six months of therapy and was usually 
reversible o n  discontinuation of the drug. This devas- 
tating side-effect became apparent only in phase IV, i.e. 
post-marketing. Thiazolidinediones are presently con- 
traindicated in patients with elevations of plasma alanine 
aminotranserase >2.5 of the upper limit of  the reference 
range. Clinical evidence of liver disease serves as another 
contraindication. 

It has been recommended that alanine aminotransferase 
be measured every 2 months during the first year of treat- 
ment. Periodic monitoring is advised thereafter. If trans- 
aminase level rises to more than three times the upper limit 
of the normal range therapy should be discontinued. 

In excess of 1 million patients have now received either 
rosiglitazone or  pioglitazone with no clear evidence of 
serious hepatotoxity. (It is noteworthy, however, that the 
development of two other thiazolidinediones-iglitazone 
and englitazone-was discontinued because of adverse 
hepatic effects.) In contrast to  troglitazone, rosiglitazone 
does not appear to induce the CYP 3A4 system of 
cytochrome P450; this may reduce the potential for inter- 
actions during combination the;apy with other antidiabetic 
agents. Increases in lactate dehydrogenase and creatine 
kinase have occasionally been observed during pioglitazone 
therapy. However, n o  drug interactions have been reported 
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Table 3.7 Pharmacokmetic features ofthe thiazolidinediones rosightazone and 
pioglitazone. 

Longer ifmetabolites included. Adapted from Krentz, A.J. & Bailey, C.J. 2001. 
Reproduced with permission from Krentz, A.J. & Bailey, C.J. 2001, Type2 Diabetes in 
Practice. Royal Society of Medicine Press, London. 

with this agent either. The pharmacokinetic features of 
rosiglitazone and pioglitazone are presented in Table 3.7 

Weightgain 
Increases of up  to 2 kg were reported in clinical trials of tro- 
glitazone. Reduced glycosuria consequent upon improved 
glycaemic control may have been contributory but other fac- 
tors have been suggested including the improvement in insulin 
sensitivity in lipid metabolism which favours lipogenesis. 

Weight gain appears to have be maximal during the ini- 
tial weeks of therapy, plateauing thereafter. In  a 12 week 
study troglitazone monotherapy was associated with a 
reduction in intra-abdominal fat mass, n o  significant over- 
all change in body weight being observed. In another 
study, weight gain during troglitazone therapy was in 
subcutaneous rather than intra-abdominal depots. These 
observations are of interest in view of the reported associ- 
ation between abdominal adiposity and insulin resistance. 
Site-specific activation of PPAR-y has been reported in 
human pre-adipocytes. Thus, omental cells are refractory to 
stimulation of PPAR-y by thiazolidinediones, contrasting 
with the actions of these agents in subcutaneous pre- 
adipocytes. Weight gain has also been reported in clinical 
studies of rosiglitazone and pioglitazone averaging approx- 
imately 3 kg at 26 weeks for the former agent. The risk 
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is somewhat higher when the drugs are combined with 
sulphonylureas. 

Cardiovascular and haemodynamic effects 
Preclinical studies suggested the potential hazards of 
haemodilution, fluid retention, cardiomegaly and anaemia. 
With the exception of oedema and mild anaemia (usually 
very minor) in patients treated with troglitazone or rosigli- 
tazone, these have not been considered to be major clinical 
importance. However, in Europe rosglitazone and piogli- 
tazone are contraindicated in patients with any degree 
of heart failure. Patients with impaired cardiac reserve 
should be monitored closely. A higher incidence of cardiac 
failure was noted in trials which combined rosiglitazone 
with insulin. Reports of a potentially advantageous blood 
pressure-lowering effect have not been evident in all 
studies. In view of the putative relationship between insulin 
resistance and hypertension, both of which are prominent 
features of type 2 diabetes, this observation merits hrther 
study. It is hypothesized that thiazolidinediones reduce 
blood pressure via effects on vascular calcium channels. 

Rosiglitazone and 
Pi%1itazo11e are 
contra-indicated in  
patients with 
cardiac f.iilui-e 

Hypoglycaemia 
This is a risk when thiazolidinediones are combined with 
other agents such as sulphonylureas or insulin; careful mon- 
itoring of blood glucose is required and insulin doses may 
have to be reduced, sometimes substantially. There should 
be no risk of hypoglaecemia in combination with metformin 
since neither agent causes hypoglaecemia as non-therapy. 

Fertility 
In pre-menopausal women with hyperinsulinaemia- 
associated anovulation, treatment with insulin-sensitizing 
agents may restore fertility (Section 2.5.12). Thus, such 
patients may be warned of the risk of pregnancy. 

Anti-atherogenic effects 
Animal models suggest anti-atherogenic efikcts of thiazo- 
lidinediones. In view of their beneficial effects on com- 
ponents of the metabolic syndrome, pioglitazone and 
rosiglitazone are being studied in trials with cardiovascular 
end-points. 
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3.2.3 Sulphonylureas 

Extensive experience has been built with sulphonylureas 
in type 2 diabetes since their introduction in the 1950s. 
However, uncertainties about cardiovascular safety of these 
drugs, raised by the UGDP in the 1970s, persist. 

Clinical indications 

As sulphonylureas lower blood glucose in patients with 
type 2 diabetes by stimulating insulin secretion, they are 
indicated in patients for whom relative insulin deficiency 
-rather than insulin resistance-is thought to be the pre- 
dominant biochemical abnormality. Because measurement 
of insulin sensitivity is not possible in routine practice this 
requires clinical judgement. Patients with obesity are more 
appropriate candidates for metformin or thiazolidine- 
diones; the neutral effects of metformin on body weight 
make this drug the treatment of choice. Weight gain with 
sulphonylureas is well recognized. In the UKPDS, gliben- 
clamide-treated patients gained an additional 1.7 kg and 
chlorpropamide-treated patients 2.6 kg above the weight 
gained by the diet-only group. 

Mode of action 

Insulin secretion 
Sulphonylureas lower blood glucose (even in non-diabetics) 
primarily by stimulating insulin secretion from the islet p- 
cells. This is accomplished by binding to specific cellular 
receptors resulting in closure of membrane ATP-dependent 
potassium channels. This, in turn, causes depolarization, 
entry of calcium ions and, ultimately, exocytosis of insulin 
granules. 

Extra-pancreatic effects 
The contribution of direct extra-pancreatic effects to 
glucose lowering has long been debated, the generally 
accepted view being that these are of marginal importance. 
In viva studies have not been able to distinguish between 
direct tissue effects and indirect effects produced by 
reversal of glucotoxicity or lipotoxicity (see Section 1.6.2). 
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Somc 

However, the recently introduced long-acting sulpho- 
iiylurea, glimepiride, facilitates traiislocatioii of GLUT- 1 
and GLUT-4 glucose transporters in insulin-resistant 
adipocytes in sitru. Moreover, in iGvu studies indicate that 
gliinepiride, which binds predominantly to  a different part 
of thc sulphoiiylurea receptor, may attain equivalent blood 
glucose coiitrol with less hyperiiisuliiiaemia than agents 
such as glibenclaniide. Enhanced insulin sensitivity might 
account for this observation. There are reports that weight 
gain may also be less pronounced with this agent than is 
usual with other sulphonylureas; this requires confirmation. 

Cardiovascular safety 

The high incidence of coronary events in patients with 
type 2 diabetes (allied to a worse outcome than for non- 
diabetics) demands that the cardiovascular safety of anti- 
diabetic drugs is beyond question. Unfortunately, despite 
years of controversy this issue remains shrouded in uncer- 
tainty. In the UGDP patients allocated to the sulphonyl- 
urea, tolbutamide (or phenformin), fared less well than 
patients treated with diet or insulin. Criticisms of the 
design and analysis of this trial, allied to results from studies 
suggesting a cardioprotective effect of sulphonylureas, led 
to  widespread rejection of the findings in Europe. The 
weight gain and hyperinsuliiiaeinia associated with sulpho- 
nylureas have been regarded as undesirable but these effects 
may be countered by cardioprotective improvements in gly- 
caemia, lipids, and fibrinolysis induced by sulphonylureas. 

More recently, the debate has centred on the potentially 
adverse effects of closure of ATP-dependent potassium 
channels, which are not only present in the p-cells but 
also in the mitochondria of cardiomyocytes and vascular 
smooth muscle cells. Glibenclamide has been shown to 

S L I ~ ~ ~ O I ~ ~ ~ L I ~ C ; ~ S  inhibit cardioprotective ischaeniic preconditioning in ani- 
nial and human studies. However, many of these acute 
studies have used drug concentrations far in excess of 

close vascular 
ATP-depcndcnt 
~,otass~llm c~la l lne~s  

those used therapeutically. The clinical implications of 
this effect, thought to  be mediated via effects on vascular 
ATP-dependent potassium channels, remain uncertain. 
Differences between sulphonylureas on their vascular 
efects have been reported. Molecular studies indicate that 
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gliclazide interacts specifically with the p-cell ATP-dependent 
potassium channel whereas glibenclamidc (which also con- 
tains a bezaniido moiety) blocks cardiac potassium channels 
as well. Glimcpiride appears to be more selective for the 
islet ATP-dependent potassium chaiiiicl than glibenclamide. 
Thus when administered acutely to non-diabetic humans 
glimepiride, in contrast to glibenclamidc, appears not to  
inhibit ischaemic preconditioning. 

Long-term clinical trials will be necessary t o  resolve the 
issue of the relative cardiovascular safety of diferent 
sulphonylureas. However, treatment with sulphonylureas 
emerged as a factor associated with a worse outcome follow- 
ing percutniieous transluniinal coronary angioplasty in a 
post hoc analysis ofthe Bypass Angioplasty Ke\,ascularization 
Iiivestigatioii ( B A N )  study. Moreover, in the Diabetes 
Mellitus Iiisuliii G ~ L K O S ~  Infiision in Acute Myocardial 
Infarction (DIGAMI) study, patients not receiving insulin 
on admission with an acute myocardial infarction showed 
the greatest benefit from intensive insulin therapy (see 
Section 2.6.1 ). This has led to speculation about whether 
withdrawal of sulphonylureas coiitributed to the improved 
outcome. 

Many theoretical benefits of iiisulin therapy in acute 
coronary ischaeinia may be invoked, including reduced 
myocardial utilization of fatty acids which may increase 
infarct size and favourable longer term metabolic effects. 
Finally, in the UKPDS, chlorpropamide therapy was associ- 
ated with higher blood pressure and less effect on niicrovas- 
cular complications than glibenclamide; chloropropamide 
is now regarded as an obsolete drug. 

3.2.4 Meglitinide analogues 

Repaglinide is a member of a new group of secretagogues, 
the meglitinide analogues (Fig. 3.9). Meglitinide is a ben- 
zoic acid derivative, being the non-sulphonylurea part of 
the glibenclamide molecule. Another agent in this class, 
mitiglinide, is in phase 111 clinical trials. Kepaglinindc 
binds to the ATP-dependent potassium channel at a site 
distinct from the sulphonylureas. Furthermore, in contrast 
to  glibenclaniide, repaglinidc does not enter the P-cell 
to stimulate exocytosis of iiisulin-containiiig secreton 
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I Repaglinide 

Fig. 3.9 Structure ofrepaglinide. 

granules. Repaglinide requires the presence of glucose, in 
contrast to sulphonylureas which will stimulate insulin 
release in the absence of glucose. Repaglinide is effective 
when used as both monotherapy and in combination with 
metformin. The use of repaglinide in combination with 
troglitazone has also been investigated; preliminary reports 
suggest that combination therapy may be more effective 
than either drug when used as monotherapy. To  date there 
have been no reports of studies specifically examining the 
effect of repaglinide on insulin sensitivity in humans. 

Repaglinide is taken with meals with the aim of control- 
ling post-prandial hyperglycaemia; if no meal is consumed 
the corresponding dose is omitted. In placebo-controlled 
clinical trials, reductions in post-prandial glucose approach- 
ing 6 mmol/L have been reported. Significant decreases in 
fasting plasma glucose and glycated haemoglobin (HbA,,) 
concentrations have also been observed. Repagliiiide is 
rapidly absorbed, reaching peak plasma levels in less than 
1 h and is rapidly excreted (90%) via the liver. Starting 
dosage is 0.5 mg (or 1 mg if transferring from another 
sulphonylurea) titrated upwards at 1- to 2-week intervals to 
a maximum single dose of 4 mg with main meals; total 
maximum dose 16 mg/day. Repaglinide is generally well- 
tolerated with only minor adverse events; no significant 
drug interactions have been reported. Data showing a 
lower risk of hypoglycaemia when compared with sulpho- 
nylureas would make it an attractive option for older 
patients at highest risk. The drug is also a safe choice in 

Repaglinide is 
used principally 
as a short-acting 
prandial glucose 
regulator 
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patients with impaired renal function. However, to date 
there is limited experience with the drug. 

Although often considered alongside repaglinide, 
nateglinide is a D-phenylalanine derivative. Nateglinide 
has an even shorter duration of binding to the islet p-cell. 
Nateglinide was launched in the UK in 2001 and is 
presently licensed for use only in combination with met- 
formin. As with repaglinide, the reported risks of hypo- 
glycaemia and weight gain appear to be reduced compared 
with some sulphonylureas. Other novel insulin secretoa- 
gogues the have been considered for possible use in type 2 
diabetes include succinate esters, morpholinoguanidines, 
imidazolines, glucagon-like peptide- 1 and exendin-4. 

3.2.5 a-Glucosidase inhibitors 

Acarbose 

With repaglinide and nateglinide, acarbose is considered to 
be a member ofthe ‘prandial glucose regulators’. Acarbose, 
a pseudotetrasaccharide and the most established agent in 
this class, reduces the rate of carbohydrate absorption from 
the gastrointestinal tract by inhibiting the action of the 
enzyme complex a-glucosidase in the brush border of the 
small intestine; post-prandial increases in blood glucose are 
thereby reduced (Fig. 3.10). Enhanced secretion of the 
incretin hormone glucagon-like peptide-1 from the small 
intestine may represent an additional mode of action. 

In a study of patients with impaired glucose tolerance, 
Acabme reduces acarbose 100 mg t.d.s. decreased post-prandial plasma 
post-prandial glucose and insulin concentrations and improved insulin 
glucose and insulin sensitivity as assessed using the insulin suppression test. coiiceiitratioiis and 
can iniprovc However, no significant improvement in insulin sensitivity 
sensitivity has been demonstrated in studies of patients with estab- 

lished type 2 diabetes using the glucose clamp technique. 
Serious adverse effects of acarbose are rare; systemic 

absorption of the parent drug and its metabolites is low. 
Hypoglycaemia is not a risk ifthe drug is used as monother- 
apy. However, tolerability is limited by gastrointestinal 
side-effects (flatulence, diarrhoea and abdominal pain); the 
latter requires introduction at  low doses and careful dose 
titration. Most patients withdraw from therapy during the 
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Acarbose 

HO 

HO 

HO 

Fig. 3.10 Structure ofacarbose. 

early stages. Iftolerance can be established, continued ther- 
apy may be more easily sustained. Increases in plasma con- 
centrations of hepatic transaminases have been reported a t  
higher doses; isolated cases of more severe hepatotoxicity 
have also been described. However, the drug is neutral 
with respect to effects on body weight. 

Clinical studies have generally demonstrated lower efficacy 
of acarbose compared with sulphonylureas or biguanides. 
Acarbose may be combined with either sulphonylureas, 
metformin or insulin. In the UKPDS acarbose was added in 
later as a supplementary therapy, regardless of the original 
treatment allocation. On an intention-to-treat analysis, the 
reduction in HbA,, was only 0.2%; however, in the minor- 
ity of patients (39%) who were able to tolerate the drug a 
mean reduction in HbA,, of 0.5% was observed (compared 
with placebo) at 3 years. Not all studies have demonstrated 
improvements in HbA,, concentrations with acarbose. 

Ac.irbose has a 
lleutral effect 011 

body weight 

Miglitol 

Another a-glucosidase inhibitor, miglitol, was launched in 
the USA in 1999. This is a competitive and reversible 
inhibitor with a shorter duration of action than acarbose. 
In contrast to acarbose, the drug is absorbed and excreted 
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unchanged by the kidneys. Reductions in post-prandial 
hyperglycaemia have been reported in patients with type 2 
diabetes. Miglitol may be usehlly combined with sulpho- 
nylureas. As is the case for acarbose, miglitol is not asso- 
ciated with hypoglycaemia or  weight-gain when used as 
monotherapy. The profile of gastrointestinal side-effects is 
similar to those encountered with acarbose (placebo-sub- 
tracted reductions in HbA,, of 0.42 and 0.43%, respect- 
ively). However, several small trials have failed to show any 
significant improvements in insulin sensitivity with miglitol. 

V o ~ l  i bose 

Voglibose, a potent inhibitor of sucrase, has been studied 
in patients with type 2 diabetes. In the same way as acar- 
bose (see Section 3.2.5), voglibose reportedly stimulates 
release of the incretin glucagon-like peptide-1 from the 
intestine. There is no evidence to date for an effect ofvogli- 
bose on insulin sensitivity in humans. 

3.2.6 Insulin 

Insulin treatment is usually regarded as a therapy of  last 
resort for many patients with type 2 diabetes. However, 
there are a number of clinical situations in which insulin is 
the treatment of choice, e .g .  pregnancy. 

Contraindications or  failure to respond to oral antidia- 
betic agents may necessitate early use of insulin. However, 
most patients with type 2 diabetes receiving long-term 
insulin treatment d o  so because oral agents, even in com- 
bination, have ultimately failed to produce adequate 
glycaemic control (often termed ‘secondary failure’). 
Reluctance to use insulin earlier in such patients derives 
from the mode of delivery and unwanted effects of insulin. 
In addition to the inconvenience of  insulin treatment (and 
the blood glucose monitoring which accompanies it), 
insulin treatment is associated with weight gain and risk of 
hypoglycaemia. There have also been concerns that exogen- 
ous insulin treatment might accelerate atherogenesis (see 
Section 2.5). However, weight gain is not inevitable (and 
may be limited by concomitant use of metformin) and the 
risk of severe hypoglycaemia is very much lower than for 
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patients with type 1 diabetes. Moreover, patients often 
derive symptomatic benefit when transferred to insulin and 
quality of life may not be impaired. Recent studies have 
demonstrated that intensive insulin therapy can be a safe 
and efficacious therapeutic option for selected patients with 
type 2 diabetes. Insulin therapy may also improve insulin- 
sensitivity via control of hyperglycaemia. 

Insulin treatment is 
often associated 
with weight gain in 
patients with type 2 
diabetes 

United Kingdom Prospective Diabetes Study 

The UKPDS included groups of normal weight and over- 
weight patients who were randomized to insulin mono- 
therapy if initial dietary measures proved insufficient. 
Although insulin treatment failed to prevent a progressive 
rise in glucose levels over 15 years (Fig. 3.3) and led to 
a mean weight gain 4 kg in excess of the diet-treatment 
control group it successfully reduced diabetes-related 
end-points via improved glycaemic control. The annual 
incidence of major hypoglycaemia was 1.8% (compared 
with 1.4% for glibenclamide). Importantly, there was no 
evidence that insulin increased the incidence of macro- 
vascular complications. Thus, insulin is increasingly being 
viewed as an appropriate and safe therapy for patients with 
type 2 diabetes. The introduction of insulin analogues (see 
below) and improved insulin delivery systems (including 
the pulmonary route) may further increase the acceptability 
of insulin treatment. 

Insulin as monotherapy 

Twice-daily insulin, conventionally administered as isophane 
(neutral protamine hagedorn, NPH) or premixed prepara- 
tions (e.g. 30% short-acting, 70% isophane or in SO : SO com- 
bination), is often effective in patients with type 2 diabetes. 
Pen injectors may improve acceptability and compliance, 
although elderly patients may experience practical difficult- 
ies resulting from limited dexterity or visual impairment. 
The pharmacokinetics ofisophane insulin are such that once- 
daily injections will rarely produce glycaemic control that 
is satisfactory throughout the day. In particular, adequate 
suppression of overnight endogenous glucose production 
is necessary to control fasting hyperglycaemia. Insulin- 
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mediated suppression of plasma fatty-acid concentrations 
may contribute to reductions in hepatic glucose production. 
Longer-acting insulins, e.g. ultralente, have been used as 
the basis of regimens wherein the long-acting preparation 
provides background (basal) low-level insulin upon which 
premeal boluses of short-acting insulin are superimposed. 
Such regimens are not used extensively in patients with 
type 2 diabetes. This applies to other strategies, such as 
pump-delivered continuous subcutaneous insulin infusions. 
Currently available long-acting insulins, such as ultralente, 
d o  not provide stable plasma levels of insulin; analogues 
(e.g. insulin glargine) with improved pharmacokinetics 
ofer  advantages including reduced rates of hypoglycaemia. 

Combination therapy using insulin and oral agents 

Several studies have suggested that combination therapy 
using insulin with either sulphonylureas, metformin or thi- 
azolidinediones may be advantageous. Although detractors 
voice concerns about polypharmacy, the clinical and bio- 
chemical heterogeneity of type 2 diabetes suggests that 
there may be merit in tailoring treatment to the individual. 
With an expanding range of oral agents this approach may 
become more popular. 

Combining 
insulin with oral 
antidiabetic 
agents may be 
advantageous 

Insulin and sulphonylureas 
Clinical trials have demonstrated reduced insulin require- 
ments and less marked weight gain when sulphonylureas 
are combined with insulin. Daytime sulphonylurea therapy 
with a morning or evening injection of isophane (NPH) 
insulin provides comparable short-term glycaemic control 
to two daily injections of premixed insulin. However, it 
is uncertain whether advantages in terms of weight gain 
described for sulphonylurea plus evening insulin are inde- 
pendent of improvements in glycaemic control. Residual 
endogenous insulin secretion is a prerequisite for successful 
combination therapy. 

Insulin and metfarmin 
There is some evidence for less marked weight gain when 
insulin is combined with metformin. In a recent random- 
ized controlled trial in patients with secondary failure of 
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sulphonylureas, metformin plus bedtime insulin has pro- 
vided the best glycaemic control and the lowest rate of 
hypoglycaemia in concert with negligible weight gain dur- 
ing 12 months follow-up. Less dramatic benefits are gener- 
ally the case in clinical practice. 

Insulin and tbiazolidinediones 
The introduction of troglitazone, rosiglitazone and pio- 
glitazone has added another class of agents which may be 
usefully combined with insulin. Glycaemic control may be 
improved, thereby allowing a reduction in insulin dose. How- 
ever, the long-term gains from this approach are uncertain. 

3.3 Antiobesity drugs 

Drug therapy for obesity is regarded as an adjunct to diet 
and lifestyle measures; as the latter are generally safe man- 
oeuvres, drug-associated toxicity is a crucial issue in the 
management of obesity. In 1997 reports of cardiac valve 
lesions led to the withdrawal of the amphetamine-related 
anorectic agents fenfluramine (often used in combination 
with phenteramine in the USA) and dexfenfluramine. 

There is some evidence that dexfenfluramine possesses 
insulin-sensitizing properties. Chronic therapy ameliorated 
hepatic and peripheral tissue insulin resistance in animal 
studies; limited human studies suggest effects on insulin 
action independent of changes in body weight. Notwith- 
standing these problems of toxicity, the potentially lucrat- 
ive and expanding market for antiobesity drugs continues 
to stimulate new developments. Several other drugs are 
under consideration as satiety factors. However, the redun- 
dancy of molecular mechanisms regulating body weight 
cautions against a single effective pharmacological solution. 

Dcxfeiifluramiiir 
was withdrawn 
following report$ 
of heart valve 
lesions. 

3.3.1 Sibutramine 

Sibutramine is a serotonin and noradrenaline neuronal 
reuptake inhibitor, licensed currently in the USA and some 
other countries. Sibutramine is a more selective inhibitor of 
serotonin reuptake than fenfluramine and dexfenfluramine. 
It reduces appetite while also producing small increases 
in energy expenditure via increased thermogenesis. Small 
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Orlistat doubles 
the weight l o s s  
achieved with diet 
alolle 

Orlistat iinproves 
glycaemia and 
lipids in obese 
patients with type 2 
diabetes 

increases in blood pressure (an effect also observed with 
phentermine) and heart rate have been reported, indicating 
the need for careful monitoring. Sibutramine is contra- 
indicated in patients with ischaemic heart disease. 
However, there have no reports of cardiac valve lesions to 
date. Improved metabolic control has been reported in 
type 2 diabetes. Favourable effects on HDL-cholesterol 
and triglycerides were reported in a recent placebo- 
controlled trial over 24 months in non-diabetic subjects. 

3.3.2 Orlistat 

Orlistat is a pancreatic lipase inhibitor which inhibits 
triglyceride digestion. Undigested fat is excreted un- 
changed leading to a moderately high incidence of pre- 
dictable side-effects including abdominal pains, flatulence, 
oily spotting, diarrhoea and urgency. It has been suggested 
that these side-effects may encourage compliance with a 
reduced-fat diet. The use of orlistat doubles the mean 
weight loss (approximately 10% body weight) obtained 
with diet alone after 12 months oftreatment. 

Improvements in glycaemia, total- and LDL-cholesterol 
concentrations and apoproteins have been reported in 
patients with obesity-related type 2 diabetes; the beneficial 
effects on lipids may be mediated in part by the reduction in 
dietary fat absorption. Serum insulin concentrations also 
decline modestly with longer term treatment (Fig. 3.11). 
Orlistat is licensed for use in patients with obesity (defined 
as a body mass index > 30 kg/mz) or in overweight patients 
(> 28 kg/m2) with additional cardiovascular risk factors. 
UK guidance requires that patients should have achieved 
weight loss of 2.5 kg prior to introduction of the drug; if 
subsequent weight loss is less than 5% of body weight ther- 
apy should be withdrawn. 

3.3.3 Leptin 

Administration of leptin to obese or diabetic rodents im- 
proves sensitivity to insulin and reduces hyperinsulinaemia 
before changes in body weight are observed. However, lep- 
tin does not directly stimulate glucose disposal in muscle or 
adipose tissues; leptin-induced increases in fatty-acid oxida- 
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Fig. 3.11 Effects oforlistat in obese patients with type 2 diabetes. 
(a) Mean (f SE) fasting serum insulin concentrations; (b) fasting 
serum low-density lipoprotein cholesterol levels (P< 0.05 for 
placebo vs. orlistat); and (c) total cholesterol. Numbers above plot 
points are the numbers ofpatients. To convert to mU/L, + 6.0. 
(Redrawn from Davidson, M.H.  etal. 1999. Journal ofthe 
American Medical Association 281,235-242.) To convert 
mmol/L to rng/dL, divide by 0.02586. 
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tion have been postulated. Other theoretical mechanisms 
include indirect effects mediated via the brain and sym- 
pathetic nervous system, increased levels of physical activity 
or enhanced thermogenesis. Administration of exogenous 
leptin produced dramatic reductions in hyperphagia and 
obesity in a child with congenital leptin deficiency. How- 
ever, the role ofleptin supplementation in the management 
of common forms of human obesity remains uncertain. 

3.3.4 &-adrenocepter agonists 

To date, these agents have had only limited success. 
Adrenergic side-effects have been a problem. Improvements 
in insulin action have been reported. However, there is 
potential for stimulation of lipolysis. 

3.4 Lipid-modifying drugs 

3.4.1 Fibric acid derivatives 

This class of drugs is indicated mainly for mixed dyslipidae- 
mias, i.e. where hypertriglyceridaemia or low HDL-choles- 
terol levels coexist with elevated total- or LDL-cholesterol 
concentrations. This pattern of dyslipidaemia is commonly 
encountered in patients with the insulin-resistance syn- 
drome, including patients with type 2 diabetes (see Section 
2.5.7). Evidence for efficacy of fibrates in preventing 
coronary events is presently less extensive than for statins. 
However, the Veterans AfFairs High-density Lipoprotein 
Cholesterol Intervention Trial (VA-HIT) demonstrated a 
22% relative reduction in risk (P  < 0.006) in coronary 
deaths in men (25% ofwhom were diabetic) with coronary 
heart disease treated with gemfibrozil. In addition, the Dia- 
betes Atherosclerosis Intervention Study (DAIS) showed a 
reduction in angiographic coronary lesions with fenofibrate 
in patients with type 2 diabetes. Studies are in progress to 
define which patients are most suitable for treatment with 
fibrates. Fibric acid derivatives have a multiplicity of effects 
on lipid metabolism including: 

Enhanced activity of lipoprotein lipase in adipose tissue 
and skeletal muscle leading to hydrolysis of triglyceride- 
rich lipoproteins. 
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Decreases in the synthesis of apoprotein C-111-the 
major inhibitor of lipoprotein lipase. 

Reduction in the hepatic secretion of very low density 
lipoprotein (VLDL). 

Increased LDL catabolism. 
Increased cholesterol secretion into bile. 
Increased apoprotein A1 production (the major protein 

of HDL). 
These effects appear to result fi-om activation of per- 

oxisome proliferator-activator receptor-a (cf. PPAR-y, the 
principal target for thiazolidinediones). The tendency for 
plasma homocysteine levels to increase during fibrate ther- 
apy is potentially disadvantageous but of uncertain clinical 
significance. Fibric acid derivatives have been studied in 
patients with type 2 diabetes with the objective of improv- 
ing glycaemic control. Fibrates lower plasma fatty-acid 
concentrations thereby reducing potential competition 
with glucose for uptake and oxidation (Randle cycle; see 
Section 1). However, the effects of fibrates on glycaemic 
control are generally minor. Much more impressive results 
have been reported in patients with lipodystrophic diabetes 
(see Section 2.4) .  Fibrates may sometimes have dramatic 

Fibrates c m  
produce major 
improvc1nellts in 

effects on glycaemic control and insulin sensitivity in such 
patients if major disturbances of lipid metabolism are also 

glucose and lipid 
metabolisiii in 
ontients with 
lipodystrophy evident. Fibrates should be avoided in renal failure. 

3.4.2 Acipimox 

Acipimox is a long-acting analogue of nicotinic acid which 
suppresses lipolysis thereby lowering plasma fatty-acid 
concentrations. The short duration of action of nicotinic 
acid results in rebound elevations of fatty acids and a dete- 
rioration in glucose tolerance. Although not all studies 
with acipimox have shown effects on insulin sensitivity, 
a twofold overall increase in insulin-stimulated glucose 
uptake was observed in lean and obese patients with or 
without impaired glucose tolerance or type 2 diabetes 
(Fig. 3.12). In the latter study, three doses of acipimox 
were administered overnight to maximize suppression of 
fatty acids. Improvements of - 30% were observed in the 
curves for glucose and insulin during 75 oral glucose toler- 
ance tests. 
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Lean Obese Obese Obese 
Non-diabetic IGT Diabetic 

Fig. 3.12 Rates ofglucose infusion required to maintain 
euglycaemia during hyperinsulinaernic clamps in lean and obese 
non-diabetic subjects and in patients with impaired glucose 
tolerance (IGT) or type 2 diabetes after overnight treatment with 
placebo (light bars) or acipimox (dark bars).*P< 0.001, 
**P< 0.0001 for placebo vs. Acipimuox +P< 0.001 vs. Lean 
non-diabetic controls. (Reproduced with permission from 
Santomauro, A.T.M.G. etal. 1999. Diabetes48, 1836-1841 .) 
GIR, glucose infusion rate. 

3.4.3 Statins 

Inihibitors of the rate-limiting enzyme of cholesterol syn- 
thesis (hydroxy methyl glutaryl coenzyme A reductase) are 
used extensively to reduce cardiovascular risk. Their appli- 
cation is likely to expand with publication of the Heart 
Protection Study. This showed significant reductions in 
events in numerous high-risk groups, including patients 
with type 2 diabetes, using simvastatin. The principal 
action of this class of agents is to lower LDL-cholesterol 
levels. In addition, reductions in triglycerides and effects on 
endothelial function have been reported. Data concerning 
effects of statins on insulin sensitivity, however, are scant. 
In a double-blind cross-over study, simvastatin 30 mg 
improved insulin-mediated glucose disposal and enhanced 
suppression of hepatic glucose production in elderly 
patients with type 2 diabetes, reduced plasma non-esterified 
fatty-acid concentrations being implicated. However 
other investigators have not confirmed a beneficial effect 
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The Hypertension 
in Diabetes Study 
showed major 
benefits from tight 
blood pressure 
control in type 2 
diabetes 

of simvastatin on insulin sensitivity using the euglycaemic 
clamp technique. Recent data from the West of Scotland 
study using pravastatin as a primary prevention therapy 
showed a 30% reduction in incident cases of type 2 dia- 
betes. The mechanisms are uncertain; effects on cytokines 
(Section 1.6.2) have been suggested. More potent statins, 
e . g .  rosuvastatin, are currently in development. 

3.4.4 Omega-3 fatty acids 

These agents may be useful in the treatment of severe 
hypertriglyceridaemia. However, large doses may be required 
which can impair glycaemic control in patients with type 2 
diabetes. Increases in plasma LDL-cholesterol concentra- 
tions have also been reported. Benefits of fish oils have been 
shown in (mainly non-diabetic) survivors of myocardial 
infarction. 

3.5 Antihypertensive drugs 

Hypertension is more prevalent in patients with type 2 dia- 
betes (see Section 2.5.6). The UWDS included a blood 
pressure substudy (Hypertension in Diabetes Study; HDS) 
which showed clear benefits oftight control (mean 144/82 
vs. 154/87 mmHg) ofhypertension. The following statist- 
ically significant benefits were observed from tight control: 

32% reduction in diabetes-related deaths. 
34% reduction in progression of diabetic retinopathy. 
37% reduction in microvascular complications. 
44% reduction in non-fatal stroke. 
66% reduction in cardiac failure. 
This study also compared atenolol and captopril as 

main therapies (see below). No significant difference was 
observed in the effects of these agents. However, most pa- 
tients required two or more drugs to attain blood-pressure 
control. Other major hypertension studies in recent years 
have included diabetic subgroups (Table 3.8). Each of 
these has shown considerable benefits for diabetic patients 
in reducing cardiovascular events. The magnitude of the 
benefit has tended to be greater for diabetic patients than 
for the non-diabetics, reflecting the higher absolute risk 
associated with diabetes. 
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Table 3.8 Raiidomized hypertension trials that have included 
patients with type 2 diabetes. 

Journal of the American Med$cal Association 1996,276, 

t Lancet 1998; 351,1755-1762. 

Medictne 1999,340,677-684. 

1886-1892. 

Lancet 1997; 350,757-764 and New England Journalof 

3.5.1 P-Adrenergic blockers and thiazide diuretics 

For many years, controversy has surrounded the effects of 
these antihypertensive agents on risk factors for cardiovas- 
cular disease. While the clinical significance of  these effects 
remains uncertain, treatment of hypertension has not pro- 
duced the expected reduction in mortality from coronary 
heart disease in trials using P-blockers and thiazides. It has 
been suggested that adverse metabolic effects might have 
offset the beneficial effects of  these drugs. However, recent 
trial data suggest that the reduction in cardiovascular events 
using regimens based on  these agents is similar to  newer 
agents. Adverse metabolic effects include the following. 

Insulin action. P-Blockers (particularly non-selective 
agents) and high-dose thiazide diuretics may aggravate 111- 
sulin resistance. In a double-blind cross-over trial, 5.0 mg/day 
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bendrofluazide increased hepatic glucose production and 
fasting serum insulin concentration. By contrast, 1.25 mg/day 
was equally effective in lowering blood pressure and was 
devoid of any adverse metabolic effects. 

In the HDS, mean HbA,, in atenolol-treated patients 
was significantly higher than that for captopril-treated 
patients during the first few years of the study; more anti- 
hyperglycaemic therapy was required in the atenolol- 
treated patients. Moreover, both P-blockers and thiazides, 
particularly in combination, have been implicated in the 
pathogenesis of type 2 diabetes in patients with essential 
hypertension during longitudinal studies. However, it has 
not been determined whether this effect reflects adverse 
effects on insulin sensitivity. Carded01 has both non-selective 
(p- and a,-blocking activity). In a randomized comparative 
trial in non-diabetic hypertensive patients, insulin sensitiv- 
ity during glucose clamps increased, whereas it declined 
with the P,-selective agent, rnetoprolol. 

Lipids. The adverse effect of these agents on plasma 
lipids (increased very-low-density lipoproteins and hyper- 
cholesterolaemia, respectively) has also received attention. 
Associated haemostatic abnormalities (increased fibrinogen 
and factor VII, reduced activity of plasminogen activator 
inhibitor- 1) may contribute to atherogenesis. 

Hypokalaemia. There have been reports of increased risk 
of sudden death in diabetic and non-diabetic patients with 
electrocardiographic abnormalities treated with thiazides. 

The metabolic effects of thiazides can be minimized by 
the use of low doses. Doses higher than 2.5 mg/day ben- 
drofluazide have limited additional antihypertensive effect 
and increase the risk of adverse effects. There is now clear 
evidence from clinical trials that thiazide-based treatment is 
particularly beneficial in patients with diabetes. Thus any 
adverse metabolic effects appear to be outweighed by the 
benefits of reducing blood pressure. 

3.5.2 Calcium-channel blockers 

Dihydropyridine calcium antagonists with a short duration 
of action, e.g. nifedipine, may also impair insulin action. 
However, longer-acting drugs (e.g. amlodipine) and modi- 
fied release nifedepine, together with non-dihydropyridine 
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Long-acting 
calcium-channel 
blockers have 
lleutral effects 0 1 1  

insulin sensitivity 

The  effects of ACE 
inhibitors on 
insulin seiisitivity 
rcinains 
controversial 

drugs (e.g. diltiazem, verapamil) appear to have neutral 
effects. Calcium-channel blockers (felodipine and nitren- 
depine) significantly reduced cardiovascular events in trials 
involving hypertensive patients with type 2 diabetes (see 
Table 3.8). However, concerns have been expressed that 
some recent trials have shown inferiority of calcium-channel 
blockers compared with other agents. Two recent compar- 
ative studies, in which calcium-channel blockers have been 
compared with diuretics and p- blockers have shown similar 
efficacy. 

3.5.3 Angiotensin converting enzyme inhibitors 

These agents are either neutral or possibly may improve 
insulin sensitivity in non-diabetic and diabetic patients; 
however, the design of some human studies purporting 
to demonstrate improved insulin action has attracted 
criticism. 

Angiotensin converting enzyme gene polymorphisms 
may have implications for effects on insulin action in addi- 
tion to therapeutic responses to angiotensin converting 
enzyme inhibitors. Captopril improves insulin-mediated 
glucose transport in the obese Zucker rat. Imidapril 
increases phosphatidylinositol-3-kinase activity and tissue 
blood flow in Zucker fatty rats. In hypertensive humans 
with abdominal obesity, enalapril improves the sensitivity 
oflipolysis to insulin. Both captopril and ramipril have been 
shown to reduce vascular complications in clinical trials of 
patients with diabetes. The Heart Outcomes Prevention 
Evaluation (HOPE, see Section 3.1.1) provided strong 
support for use of ramipril in high-risk patients with type 2 
diabetes. Hypertension was not a prerequisite for entry 
into the latter study. Compared with placebo, ramipril 
produced significant reductions in diabetes-related com- 
plications. The diabetic subgroup shared the reduction in 
cardiovascular events observed in the total cohort. More- 
over, in accordance with some other studies, the incidence 
of self-reported new cases of diabetes was significantly 
reduced in ramipril-treated patients (relative risk 0.68, 
P= 0.002). This finding is being examined hrther in a new 
study. Of theoretical interest is the fact that the renin- 
angiotensin system is present in the endocrine pancreas. 
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3.5.4 Angiotensin I1 receptor antagonists 

There are reports of improved insulin action with these agents 
in animal models and human studies. Losartan improves 
glucose tolerance and insulin sensitivity in the fiuctose-fed 
rat. Angiotensin I1 (subtype-1) receptor antagonists block 
cross-talk between insulin and the angiotensin I1 receptor. 
Losartan and inbesartan have protective effects in patients 
with type 2 diabetes and nephropathy. 

3.5.5 a,-Receptor blockers 

Doxazosin has been shown to improve insulin sensitivity, 
glucose tolerance and plasma lipid profiles in hypertensive 
patients with type 2 diabetes. Decreases in plasma plasmin- 
ogen activator inhibitor- 1 have also been reported. Thus, 
doxazosin ameliorates several components of the insulin- 

Some %L71ocker\ 
h ~ v e  f~vourablc 
effects 011  in\ulin 
sensitivit) and 
lipids resistance syndrome. 

3.5.6 Selective imidazoline receptor agonists 

These centrally-acting sympatholytic agents lower blood 
pressure and may have beneficial effects on other aspects 
of the insulin-resistance syndrome. Moxonidine improves 
insulin action and lowers fatty acid concentrations in ani- 
mal models of insulin resistance. In a placebo-controlled 
trial in obese hypertensive patients moxonidine 0.2 mg b.d. 
improved insulin-mediated glucose disposal in euglycaemic 
clamp studies; this effect was most evident in patients hav- 
ing the lowest insulin sensitivity index a t  baseline (Fig. 3.13) 
in whom insulin sensitivity improved by 21%. Fasting plasma 
glucose and insulin concentrations declined by approxim- 
ately 5 and lo%, respectively, in the latter group. 

Rilmenidine, another agent in this class, has also been 
shown to improve metabolic defects in insulin-resistant 
animals; effects on glucose and lipid metabolism in humans 
with diabetes appear to be neutral. 

3.5.7 Aspirin 

Aspirin is widely used in patients at high risk of cardiovas- 
cular events. Recent evidence shows that in addition to its 
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Fig. 3.13 Percentage changes in mean glucose uptake (M) and insulin sensitivity index 
(M/I) after 8 weeks' treatment with moxonidine 0.2 mg b.d. or placebo in patients with 
baseline M/I-values of0-3.6. (Redrawn with permission from Haenni, A. & Lithell, H .  
1999. Journal ofHypertension 17 (suppl. 3), S29-S35.) 

antiplatelet effects, aspirin at high doses can also improve 
insulin signalling in experimental insulin resistance. 

3.6 Experimental therapies 

In addition to these agents, several classes of drugs with 
insulin-sensitizing actions are currently in various stages 
of development. Others have been evaluated but discarded 
as potential therapies. Some of these agents are considered 
briefly here. 

3.6.1 D-chiro-inositol 

The compound, D-chiro-inositol, has recently been proposed 
as a potential therapy for type 2 diabetes on the basis of 
studies in women with polycystic ovary syndrome (Fig. 3.14). 

Based on the association between low tissue levels 
of chin-inositol and insulin resistance, 44 obese women 
with polycystic ovary syndrome were treated with oral D- 
chiru-inositol (1200 mg/day) or placebo for 6-8 weeks. A 
significant reduction in insulin levels following oral glu- 
cose challenge was observed in the group of 22 women 
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OH 

Fig. 3.14 Structure ofo-chiyo inositol. 

who received D- chiro-inositol. This was accompanied by a 
significant decrease in plasma testosterone concentration, 
triglycerides and blood pressure, compared with placebo; 
no adverse effects were observed. In addition, 19 of the 22 
women who received D-chiro-inositol ovulated as com- 
pared with two of the women in the placebo group. In sup- 
port of this suggestion, in six women with impaired glucose 
tolerance at  baseline, D-chiro-inositol significantly reduced 
the area under the plasma glucose curve, resulting in normal 
glucose tolerance; no significant improvement was noted in 
four similar women in the placebo group. 

3.6.2 Non-thiazolidinedione PPAR-y agonists 

Members of this class of non-thiazolidinedione PPAR-y 
agonists with insulin-sensitizing, lipid lowering and blood 
pressure-lowering properties are currently in phase 111 
studies. No comparative studies with thiazolidinediones are 
available. 

3.6.3 a-Lipoic acid 

a-Lipoic (thioctic) acid is a potent lipophilic free radical 
scavenger which has been shown to improve glucose 
uptake in the muscle of insulin-resistant rodents and also 
to stimulate pyruvate dehydrogenase, thereby reducing 
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plasma concentrations of the gluconeogenic precursors, 
lactate and pyruvate. In a study of patients with type 2 
diabetes, using the modified frequently sampled intra- 
venous glucose tolerance test, a-lipoic acid (600 mg b.d. 
for 4 weeks) reduced fasting blood plasma lactate and 
pyruvate concentrations which were elevated at baseline 
compared with levels in non-diabetic controls. An improve- 
ment in insulin sensitivity was observed in the lean subgroup 
of the diabetic patients, an improvement in glucose- 
effectiveness (regarded as reflecting the ability of glucose 
to promote its own disappearance from the circulation, 
see Section 1.5.4) being observed in both lean and over- 
weight patients. However, as no treatment control group 
was included in this study these observations require 
confirmation. 

3.6.4 Insulin-like growth factor-1 

Recombinant insulin-like growth factor- 1 has been used 
successhlly in the treatment of ketoacidosis associated with 
rare conditions such as Rabson-Mendenhall syndrome (see 
Section 2.4) that are characterized by severe impairment 
of insulin action. Insulin-like growth factor-1 has also been 
evaluated as a potential treatment for type 2 diabetes 
but adverse clinical effects and mitogenic potential have 
hindered development. 

3.6.5 Vanadium salts 

A number of trace elements have been reported to exert 
insulin-like effects in muscle, liver and adipose tissue and 
enhance glucose metabolism independently of insulin. Of 
these, vanadium salts (e.g. bismalto-oxovanadium) have 
received the most attention. Vanadium activates serine/ 
threonine kinases involved in intracellular insulin signalling 
at sites distal to the insulin receptor, thereby preventing 
protein dephosphorylation through inhibition of tyrosine 
phosphatases. Vanadium compounds also have an anorec- 
tic effect which may have contributed to glucose-lowering 
effects observed in certain animal models. Initial clinical 
trials have reported a beneficial effect in type 2 diabetes. 
However, the toxicity of vanadium is well recognized. 
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Fig. 3.15 Structure of a novel non-peptidyl fungal metabolite, 
L 738281, that is a selective agonist at insulin receptors. 
(Reproduced with permission from Zhang, B. etal. 1999. Science 
284,9794-9797,) 

3.6.6 The search for new drugs 

In 1999, a novel non-peptidyl fungal metabolite (Fig. 3.15) 
was discovered which has insulin-mimetic activity in several 
biochemical and cellular assays. In contrast to vanadate, L 
738281 is selective for the insulin receptor. Although it 
would be premature to speculate whether this discovery 
might lead to a novel class of antidiabetic agents, the 
compound was identified during a systematic search for 
molecules with insulin receptor-activating activity. Such 
approaches offer the possibility of advances in therapy for 
insulin resistance. However, recent experience with trogli- 
tazone madates careful testing for toxicity in the preclinical 
and clinical stages of development. Other therapeutic 
approaches have included inhibitors of fatty acid oxida- 
tion, glucose-6-phosphatase inhibitors and antagonists of 
glucagon. None have resulted in viable treatments to date. 

3.7 Further reading 

American Diabetes Association ( 1999) Nutrition recommenda- 
tions and principles for people with diabetes mellitus. Diabetes 
Care22 (Suppl. l ) ,  S42S45. 
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thiazolidinedione therapy and, 144-5, 

see also haemoglobin, glycated 
146-8 

glycaemic index, 121 
glycogen, 57 
glycogen synthase, 9,39 

polymorphisnis, 88 
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g 1 y c o 1 y s i s 
anaerobic, 12 
muscle, fetal programming, 46 

glycosuria, 2 9  

Graves’ disease, 109 
growth hormone, 5 

deficiency, 110 
growth retardation, 52 

intrauterine, 44,45,52 

gout, 100-1 

haemoglobin, glycated (HbA,<) 
a-glucosidase inhibitors and, 156, 1 5 7  
antihypertensive therapy and, 168 
repaglinide therapy and, 154 
thiazolidinedione therapy and, 144, 146, 

147  
HAIR-AN syndrome, 51  
heart failure, 50, 1 11, 150 
Heart Outcomes Prevention Evaluation 

(HOPE) study, 123,169 
hepatic glucose production, 10 

in glucose clamp technique, 29-30,31 
in type 2 diabetes, 86 

hepatic lipase, 9 6  
hepatic nuclear factor- la gene mutation, 

88 
hepatotoxicity 

acarbose, 156 
troglitazone, 141, 148 

hexokinase, 38 
hexosamine pathway, 37 
high-density lipoprotein (HDL)-  

cholesterol 
in insulin resistance, 94 
thiazolidinedione therapy and, 144-5, 

146-8 
hirsutism, 5 1 
history, concept ofinsulin resistance, 15-17 
HLA associations, type 2 diabetes, 8 7  
homeostasis model assessment, 2 7  
homocysteine, plasma, 164 
hormone replacement therapy, 114 
hormones 

counter-regulatory, 5 ,37,  107-9 
deficiency states, 110 
regulation ofmetabolism, 3-5 

hormone-sensitive lipase, 13 
human immunodeficiency virus- 1 infection, 

human placental lactogen, 61 
hydrogen ions (H+),  12 
hydroxy methyl glutaryl coenzyme A 

inhibitors (statins), 97,165-6 
1 1 p- hydroxysteroid dehydrogenase, 79 

114 

hyperaldosteronism, primary, 92  
hyperandrogenism, 5 1 

pathophysiology, 104,105 
hypercortisolism, local, 79 
hyperglycaemia 

dyslipidaemia and, 9 7  
fasting, 19,20 
post-prandial, drugs regulating, 154, 155 
in pregnancy, 47 
transient, 107-8 
in type 2 diabetes, 85 

h yperinsulinaemia 
clinical significance, 21-4 
coronary heart disease and, 23,69-70 
dyslipidaemia and, 97 
fasting, 19,20 
fetal, 47 
obesity-associated, 74-5 
peripheral vascular disease and, 70 
in polycystic ovary syndrome, 104 
stroke risk, 70 
in type 2 diabetes, 8 5  

hyperinsulinaemic euglycaemic clamp see 

hyperlipidaemia, familial combined, 9 5  
hyperparathyroidism, 1 10 
hypertension 

drug therapy, 166-71 
essential, 50,90-4 

glucose clamp 

cardiovascular risk, 68 
insulin resistance and, 9 1 
microalbuminuria, 99-1 00 

fetal origins hypothesis, 44-5,94 
in insulin-resistance syndrome, 71,73 
mechanisms of insulin resistance, 92-4 
role of fatty acids, 40,s 1,94 
salt intake, 123  
in type 2 diabetes, 86,87,90,92-4 

Hypertension in Diabetes Study (HDS),  

Hypertension Optimal Treatment trial 

hypertriglyceridaemia, 94,95-6,97 
familial, 9 5  
in insulin-resistance syndrome, 7 3  
treatment, 166 

hyperuricaemia, 100-1 
hypoglycaemia, 2 7  

166,168 

(HOT),  167 

alcohol-induced, 128-9 
biguanide therapy and, 139 
exercise-induced, 58 ,127 ,128  
insulin-induced, 157-8 
thiazolidinedione-induced, 150 

hypokalaernia, 92 ,168  
hypopituitarism, 110 
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hypothalamo-pituitary-adrenal axis 

hypothalamus, leptin signalling, 41-2 
hypothyroidism, primary, 110 

ileal bypass surgery, 123-4 
imidapril, 169 
imidazolines, 155, 170 
immunosuppressant drugs 

activation, 46,80 

inducing insulin resistance, 20,114 
in type B insulin resistance, 67 

impaired fasting glucose, 81,82-3 
impaired glucose tolerance (IGT), 50, 

81-3 
clinical implications, 82 
definition, 81 
fetal origins hypothesis, 44 ,45  
insulin assays, 22 
low-dose incremental insulin infkion, 

metabolic abnormalities, 82 
type 2 diabetes risk, 82,89-90 

26 

inbesartan, 170 
D-chiro-inositol, 106,171-2 
insulin 

analogues, 159 
assays, 15-17,21,22 
atherogenesis and, 68-9 
biosynthesis, 5, 6 
dose-response curves, 14, 18,3  1 
homeostasis model assessment, 27  
low-dose incremental infusion, 25-7 
metabolic effects, 3-4,9-15 

glucose, 9, lo, 11-12 
ion transport, 15 
lipids, 13-14 
proteins, 14 

fasting, 19-24 
see also hyperinsulinaemia 

post-binding defects 

plasma 

post-binding defects see insulin receptor, 

primary structure, 4 
responsiveness, definition, 17-1 8 
signal uansduction, 7,8-9 

insulin action, in vivo assessment, 19-34 
complementary techniques, 3 1-4 
dynamic techniques - endogenous 

dynamic techniques -exogenous insulin, 

fasting insulin concentration. 19-24 

insulin, 24-5 

25-7 
" 

hyperinsulinaemic euglycaemic clamp, 
29-31 

insulin suppression test, 28-9 

mathematical modelling techniques, 

techniques, 24 

polymorphisms, 35,47, 104 
promoter polymorphisms, 35 

27-8 

insulin gene, 5 

insulin glargine, 159 
insulin-like growth factor- 1 

in puberty, 59 
receptor, 51 
treatment, 65,67, 173 

insulin receptor, 5-8 
agonists, 67, 174 
autoantibodies, 66 
binding studies, 31-2 
defects, 9,18, 104 
down-regulation, 9 
gene, 6-8 

knockout mice, 36 
mutations, 35,64-5,66 

post-binding defects, 9, 18,35-6,113 
post-binding signalling, 7,8-9 
structure, 5-8 
tissue expression, 8 
tyrosine kinase activity, 7,s 

impaired, 35 

knockout mice, 36 
mutations, 36 

insulin receptor substrate-1 ( IW- l ) ,  8-9,75 

insulin receptor substrates (IRs-l-4), 7, 

insulin resistance 
8 -9 

acquired forms, 37-44,107-11 
clinical features, 50-2 
definitions, 17-18 
genetics, 34-7 
history ofconcept, 15-17 
human disease and, 1-2 
mechanisms, 34-47 
miscellaneous inherited causes, 11 1-13 
pathophysiological enigma, 3 
physiological states, 1,59-63 
severe, syndromes of see severe insulin 

resistance syndromes 
in type 2 diabetes, 86-7 

insulin-resistance syndrome, 2,71-3 
cardiovascular risk, 68 
components, 73-107 
definition, 72-3 
diagnostic criteria, 73  
in hypertension, 91 
lipid-modifying drugs, 163 
metformin therapy, 135,135 
in normal weight individuals, 54 
synonyms, 68 
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insulin secretagogues, novel, 153-5 
insulin secretion 

defective pulsatility, 43 
defects, 23-4 
fetal, defects in, 47 
regulation, 4-5 
sulphonylurea-induced, 15 1 
in type 2 diabetes, 85-6 

definition, 17-18 
early studies, 15 
effects of obesity, 74 
factors influencing, 52-9 

modifiable, 54-5 
non-modifiable, 55-6 

index (Sl) ,  28 
in vivo assessment, 19-34 
normal variability, 52-6 
relative (R), 27 

insulin-sensitizing drugs, 131 
blood pressure lowering effects, 94 
experimental, 171-4 
in polycystic ovary syndrome, 106 
in severe insulin resistance syndromes, 67  
see also metformin; thiazolidinediones 

insulin sensitivity 

insulin suppression test, 28-9 
insulin therapy 

acarbose with, 156 
in adolescence, 59-60 
alcohol consumption and, 128-9 
atherogenesis and, 69 
exercise and, 127,128 
menstrual cycle and, 62 
metformin with, 141, 159-60 
myocardial infarction and, 69,109-10, 

in pregnancy, 61 
in severe insulin resistance syndromes, 

thiazolidinediones combined with, 141, 

in type 2 diabetes, 131,157-60 

153 

67 

143,146 

combination therapy, 159-60 
monotherapy, 158-9 
UK Prospective Diabetes Study, 136, 

136,137,158 
insulin tolerance test, 25 
interleukin 1 (IL-l) ,  40-1 
interleukin 6 (IL-6), 40-1,78 
interleukins, 40-1 
intrauterine growth retardation, 44,45,52 
intravenous glucose tolerance test, 25 

frequently sampled, 27-8 
normal variation, 53,54 

ion transport, 15 

ischaemic heart disease see coronary heart 
disease 

ischaemic preconditioning, sulphonylureas 
and, 152-3 

isophane insulin, 158-9 

jaw-wiring, 123 

ketoacidosis 
alcoholic, 129, 130 
diabetic, 108 

ketone body formation, 13-14 
kidney, glucose production, 10 
Klinefelter’s syndrome, 1 12 
knockout mouse models, 36 

L 738281 (non-peptidyl fungal 
metabolite), 174 

lactate metabolism, 12,138-9 
lactic acidosis, biguanide-induced, 138 
lamin A/C (LMNA) mutations, 66 
large vessel compliance, 94 
Laurence-Moon-Bardet-Biedl syndrome, 

LDL cholesterol see low-density lipoprotein 

leprechaunism, 64 
Ieptin, 35,41-2,143 

administration, 161-3 
obesity and, 42,77 

112 

(LDL)-cholesterol 

lifestyle recommendations, 119-31 
linkage studies, 34 
lipase 

hepatic, 96 
hormone-sensitive, 13 
pancreatic, inhibitor, 161 
see also lipoprotein lipase 

metabolism, 13-14 

modifying drugs, 97,163-6 
oxidation rates, 33 
plasma 

lipids 

thiazolidinediones and, 141-3 

antihypertensive therapy and, 168 
in menopausal women, 63 
orlistat therapy and, 161, 162 
thiazolidinedione therapy and, 144-5, 

see also dyslipidaemia 
146-8 

lipoatrophy 
acquired total, 6 5  
congenital generalized, 65 

lipodystrophy, 52,65-6 
cephalothoracic, 65-6 
Dunnigan-type familial, 66 
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lipodystrophy (cont.) 
face-sparing, 6 5  
protease-inhibitor-associated, 1 14 
treatment, 67,164 

a-lipoic acid, 172-3 
lipolysis 

in insulin resistance, 95 
in vivo assessment, 31,32,33 
regulation by insulin, 13 
in visceral adipocytes, 80 

lipoprotein lipase, 80,95-6,163 
lipotoxicity, 38-40,81 
liver 

cirrhosis, 11 1 
disease, drugs contraindicated, 139, 148 
glucose production see hepatic glucose 

production 
non-alcoholic steatohepatitis, 73, 106-7 
see also hepatotoxicity 

losartan, 101,170 
low-density lipoprotein (LDL)-cholesterol 

orlistatand, 161, 162 
small and dense, 94, 96,97 
statin therapy and, 165 
thiazolidinedione therapy and, 144-5 
in type 2 diabetes, 97 

low-dose incremental insulin infusion, 25-7 
luteinizing hormone, 104,105 

macrosomia, fetal, 47 
macrovascular disease, in type 2 diabetes, 

magnesium, 123 
malnutrition-related diabetes, 90 
mathematical modelling techniques, 27-8 
maturity-onset diabetes of young, 86 
mechanisms ofinsulin resistance, 34-47 
meglitinide, 153 

menopause, 62-3 
menstrual cycle, 62 
metabolic programming, intrauterine, 2, 

44-7 
metabolic syndrome see insulin-resistance 

syndrome 
metabolism 

84-5 

analogues, 153-5 

actions of insulin see insulin, metabolic 

hormonal regulation, 3-5 

acarbose with, 156 
adverse eEects, 137-40 
contraindications, 138-9 
drug interactions, 140 
effects on cardiovascular risk, 94,135 

eKects 

metformin, 132-40 

exercise and, 128 
indications, 133, 151 
insulin therapy with, 141,159-60 
mode ofaction, 133-5 
in non-alcoholic steatohepatitis, 107 
pharmacokinetics, 137 
in polycystic ovary syndrome, 106, 133 
repaglinide with, 154 
in severe insulin resistance syndromes, 67 
thiazolidinediones with, 141, 143, 

UK Prospective Diabetes Study, 135-7 
145-8 

metoprolol, 168 
microalbuminuria, 73,86,87,98-I00 
microdialysis, adipose tissue, 34 
miglitol, 156-7 
migrants, type 2 diabetes, 88 
minimal model, Bergman’s, 27-8 
mitiglinide, 153 
morpholinoguanides, 155 
moxonidine, 170, 171 
muscle, skeletal 

biopsy, 33 
vascular changes, 57 

M-values, 28,30 
normal variation, 52-3 

myocardial infarction 
acute metabolic decompensation, 107 
in diabetes, 108-9 
exercise risks, 127 
impaired fibrinolysis and, 101 
insulin therapy and, 69,108-9,153 

myotonic dystrophy, Z6,50,112 

nateglinide, 155 
National Institute for Clinical Excellence 

(NICE), 141 
nesidioblastosis, 47 
neurodegenerative disorders, 112-1 3 
neuropeptide Y, 42 
neurotransmitters, regulation of energy 

balance, 77 
nicotine replacement, 59 
nifedipine, 168-9 
nitrendipine, 167, 169 
nitric oxide, 93,98 
non-alcoholic steatohepatitis, 73, 106-7 
non-pharmacological management, 

119-30 
nuclear magnetic spectroscopy, 34,46 
nutrition therapy, medical, 119-24 

obesity, 73-8 
antidiabetic therapy, 133,151 
P3-adrenergic receptor mutations, 36 
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blood pressure and, 9 1 
cardiovascular risk, 7 6 , 7 7  
causes, 77 
central see central (visceral, truncal) 

obesity 
definition, 75-6 
drug therapy, 160-3 
glucose clamp studies, 74-5 
GLUT-4 function, 38 
insulin sensitivity and, 74  
leptin and, 42 ,77  
in low-birth-weight individuals, 45  
molecular defects in insulin action, 75 
resistin levels, 4 2  
tissue enzyme activities, 43-4 
tumour necrosis factor-a and, 40 ,75  
type 2 diabetes and, 78 ,86  
weight reduction, 119-24 
see also body mass index 

ob gene, 41 
ob/obmouse, 42 ,86 ,107  
oedema, thiazolidinedione-associated, 1 50 
oestrogen 

deficiency, 62-3 
replacement therapy, 114 

omega-3 fatty acids, 166 
oral contraceptives, 113  
oral glucose tolerance test, 24 ,28  

insulin assays, 16-17 
interpretation, 81 

orlistat, 161, 162 
overweight 

antidiabetic drug therapy, 133, 136 
definition, 75-6 
see also obesity 

oxidative stress, 97,98 
oxygen uptake, maximal ( V02max), 56-7 

pancreatic agenesis, 47 
pancreatic carcinoma, 9 0  
pancreatic lipase inhibitor, 161 
parturition, 61 
pen injectors, insulin, 158 
peripheral neuropathy, diabetic, 127 
peripheral vascular disease, 1-2,70 

contraindicating metformin, 139 
in type 2 diabetes, 84 

peroxisome-proliferator-activator receptor- 

peroxisome-proliferator-activator receptor- 
a (PPAR-a) ,  164 

y (PPAR-y), 149 
mutations, 105 
non-thiazolidinedione agonists, 172 
retinoid X receptor complex, 114,142 
thiazolidinedione actions, 141-2, 143 

phaeochromocytoma, 109 
pharmacological therapy see drug therapy 
phenformin, 132 

adverse effects, 138 
University Group Diabetes Program, 

137,152 
phenteramine, 160,161 
phosphatidylinositol-3 kinase (PIS-kinase), 

7,9 
gene polymorphism, 36 

phosphoenolpyruvate carboxykinase, 44 
phosphofructokinase, 38 
physical activity (exercise), 56-8,124-8 

benefits, 124-5 
calorie restriction with, 121,  124 
cautions, 127 ,128  
in chronic renal failure, 11 0 
in diabetic patients, 58, 128 
frequency, intensity and duration, 126 
physiology of acute, 57-8 
for prevention of rype 2 diabetes, 125-6 
in severe insulin resistance syndromes, 66 

physical inactivity, 5 7 , 7 4  
physiological states of insulin resistance, 1, 

Pima Indians, 34 ,36 ,47 ,84 ,91  
pioglitazone, 140, 141 

59-63 

adverse e t k t s ,  148-50 
anti-atherogenic effects, 150  
combination therapy, 143,145,146-8, 

indications, 141 
monotherapy, 144-5,146 
pharmacokinetics, 149 

160 

placental weight, 44 
plasmin, I 0 2  
plasminogen activator-inhibitor- 1,s 1, 

polycystic ovary syndrome, 50 ,51 ,  102-6 
102-3,120,170 

epidemiology, 102 
genetics, 104-5 
management, 106,120,133,171-2 
metabolic features, 103-4, 105 
obesity and, 78 

polygenic inheritance 
insulin resistance, 34-5 
type 2 diabetes, 88 

ponderal index, at birth, 46 
positron emission tomography (PET), 34 
postmenopausal women, 62 -3 
potassium 

channels, ATP-dependent, 15 1,152-3 
metabolism, hypertension and, 92  
supplements, 123  
transport, effects ofinsulin, 1 5  
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PPAR see peroxisome-proliferator-activator 

Prader-Willi syndrome, 112 
prandial glucose regulators, 154, 155 
pravastatin, 166 
precocious pseudo-puberty, 52 
prediabetic conditions 

receptor 

insulin-sensitizing drugs, 132 
see also impaired glucose tolerance; 

polycystic ovary syndrome 
pregnancy 

glucocorticoid therapy, 43-4,62 
insulin resistance in, 59,60-2 
see also fetal origins hypothesis 

preproinsulin, 5 
prevention, type 2 diabetes, 89-90, 

progesterone, 61 
progestogens, 114 
proinsulin, S,6 

proinsulin-like molecules, 6 ,21,22 

prolactinoma, 109 
propranolol, 29 
protease-inhibitor-associated 

protein 

125-6 

in insulin assays, 2 1 ,22  

in type 2 diabetes, 8 5  

lipodystrophy, 114 

dietary intake, 122 
dietary restriction, in pregnancy, 43-4 
metabolism, regulation by insulin, 14 

protein 9 gene mutations, 112 
protein kinase C, 94 
protein tyrosine phosphatase lB,  77  
proteinuria, clinical, 99 
puberty, 59-60 
pulmonary disease, chronic, 139 
pyruvate dehydrogenase, 9,38,172-3 

Rabson-Mendenhall syndrome, 65 ,67 ,  

racial differences see ethnic ditferences 
radioimmunoassays, insulin, 15-17,21 
ramipril, 169 
Randle (glucose-fatty acid) cycle, 38,39  
ras pathway, 7 
Reaven’s syndrome see insulin- resistance 

renal failure 

1 7 3  

syndrome 

chronic, SO, 1 10 
contraindicating metformin, 138-9 

repaglinide, 153-5 
reserpine, 167 
resistance training, 126 
resistin, 3S,42, 143  

retinoid X receptor, 114, 142 
reverse transcriptase inhibitors, 114 
rihenidine, 170 
ritodrine, 62,  I 1 3  
rosiglitazone, 140, 141 

adverse effects, 148-50 
anti-atherogenic effects, 150 
combination therapy, 145 ,146 ,  160 
indications, 141 
monotherapy, 1444,146 
pharmacokinetics, 149 

rosuvastatin, 166 

salicylic acid cream, 5 1 
salt intake, 123  
secondary diabetes, YO 
sedentary lifestyle, 57 
selective imidazoline receptor agonists, 

sepsis, severe, 107 ,139  
severe insulin resistance syndromes, 35, 

170 

63-7 
treatment, 66-7, 173 

sex differences, insulin sensitivity, 56 ,60  
sex-hormone binding globulin, 104, 106 
ShC, 7 
sibutraniine, 160-1 
signs, physical, of insulin resistance, 50-2 
simvastatin, 165-6 
skin tags, multiple, 49 
sleep deprivation, 5 6  
smoking, cigarette, 98,  130-1 

cessation, 59, 13 1 
insulin sensitivity and, 58 
passive, 131 

retention, insulin-stimulated, 92 
transport, etfects ofinsulin, 15 

sodium-lithium counter-transport, 
erythrocyte, 91 

somatostatin, 29 
somatostatinoma, 109 
spironolactonc, 106 
statins, 97, 165-6 
steatohepatitis, non-alcoholic, 73, 106-7 
stress, chronic, visceral adiposity and, 80 
stroke, 70 ,76  
subcutaneous insulin resistance syndrome, 

6 7  
substrate 

sodium 

balance studies, 33 
oxidation rates, 32-3 

succinate esters, 155 
sucrase inhibitor, 157 
sudden death, 127, 168 
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sulphonylureas, 131-2, 151-3 
acarbose with, 156 
alcohol consumption and, 128-9 
in Bergman’s minimal model, 28  
cardiovascular safety, 69, 152-3 
exercise in patients on, 58,128 
glycaemic control and, 136, 137 
indications, 15 1 
insulin therapy with, 159 
mode ofaction, 151-2 
in severe insulin resistance syndromes, 

thiazolidinediones with, 141, 143, 

UK Prospective Diabetes Study, 136, 

67 

146-8 

137,153 
surgical options, in obesity, 123-4 
sweetening agents, artificial, 121 
sympathetic activation, insulin-induced, 

Syndrome X, 2,71-3 

SYST EUR, 167 
Systolic Hypertension in the Elderly 

Program (SHEP), 167 

92-3 

see also insulin-resistance syndrome 

tacrolimus, 20, 114 
thermogencsis, 77  
thiazide diuretics, 167-8 

hyperuricaeniia induced by, 101 
insulin resistance induced by, 37, 113, 

167 
thiazolidiiiedioiies, 13  1, 140-8 

adverse ettkcts, 148-50 
anti-atherogenic etkcts, 150 
combination therapy, 145-8, 160 
indications, 141 
mode ofaction, 141-3 
nionotherapy, 143 - 5 
in non-alcoholic stcatohepatitis, 106 
pharmacokinctics, 149 
in polycystic ovary syndrome, 106 
in severe insulin resistance syndromes, 

6 7  
thioctic acid (a-lipoic acid), 172-3 
thrifty gcnotype hypothesis, 88-9 
thrifty phenotypc hypothesis, 46 
thyrotoxicosis, 109 
tissue enzyme activities, 43-4 
tissue selective insulin resistance, 5 1-2 
tobacco use, 58-9, 130-1 
a-tocopherol, 98 
tolbutaniide, 28, 152 
tr‘icc elements, 122-3 
tricarbosylic acid cycle, 12 

triglycerides 
coronary heart disease and, 23 
in hyperinsulinaemia and 

hyperglycaemia, 9 7  
very low-density lipoprotein, 9 5  

trisomy 21  (Down’s syndrome), 11 1-12 
troglitazone, 140-1, 143-4 

adverse effects, 141,148,149 
blood pressure lowering effects, 94 
combination therapy, 143, 145-6, 154, 

nionotherapy, 1 4 3 , 1 4 7  
in polycystic ovary syndrome, 106 

160 

truncal obesity see central (visceral, truncal) 

tumour necrosis factor-a, 40 ,75 ,  1 1  1, 143 
Turner’s syndrome, 112 
type 1 diabetes 

in adolescence, 59-60 
menstrual cycle and, 62 
microalbuminuria, 100 
pregnancy in, 61  

acute metabolic decompensation, 109 
aetiology, 1 ,9 ,86-8 
alcohol consumption, 128-30 
antihypertensive drugs, 166-71 
cardiovascular risk, 68,84-5 
central obesity and, 76  
clinical and metabolic features, 83 
drug-induced, 113-14 
drug therapy, 131-57 
dyslipidaemia, 96,97 
endothelial dysfunction, 98 
epidemiology, 82-3 
exercise in, 58,128 
fetal origins hypothesis, 4 4 , 4 5 , 8 7  
genetics, 34-5,87-8 
health risks, 1-2 
hypertension in, 86, 87,90,92-4 
insulin rcsistance, 86-7 
insulin -resistant/scnsitivc subgroups, 

insulin therapy J ~ V  insulin therapy, in type 

lipid-modifiiing drugs, 163, 164 
in menopausal women, 62 
microalbuniinuria, 100 
non-pharmacological management, 

119-30 
obesity and, 78 ,86  
pathophysiology, 38,857 
polycystic ovary syndrome and, 104 
prediction, 2 1 ,82,89-90 
pregnancy in, 61 

obesity 

type 2 diabetes, 50,71,83-90 

86-7 

2 diabetes 
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type 2 diabetes (cont.) 
prevention, 89-90, 125-6 
prognosis, 84 
resistin levels, 42 
tissue enzyme activities, 43-4 
tobacco smoking, 130-1 
tumour necrosis factor-a and, 40 

type 3 diabetes, 86 
type A insulin resistance, 35,66 

treatment, 67  
type B insulin resistance, 66,67 
type C insulin resistance, 35,66 

ultralente insulin, 159 
uncoupling proteins, 35,77 
United Kingdom Prospective Diabetes 

Study(UKPDS), 135-7,156,158 
blood pressure substudy, 166 
cardiovascular risk reduction, 69, 135, 

weight loss, 120 
153 

University Group Diabetes Program 

uric acid, plasma, 100-1 

vanadium salts, 173 
vascular actions, insulin, 93  
vasodilatation, 93,98 
vastus lateralis muscle biopsy, 33 
verapamil, 169 
very low-density lipoprotein triglycerides, 

(UGDP), 137,151,152 

95 

Veterans AtTairs High-density Lipoprotein 
Cholesterol Intervention Trial (VA- 
HIT), 163 

visceral obesity see central (visceral, truncal) 
obesity 

vitamins, antioxidant, 123 
voglibose, 157 
von Willebrand factor, 98 

waist:hip ratio, 73,76 
waist circumference, 73, 78 
walking, brisk, 126 
weight 

at 12 months, 44 
gain 

insulin therapy-associated, 157, 

sulphonylurea-induced, 15 1 
thiazolidinedione-induced, 144-5, 

158 

149-50 
reduction, 119-24 

calorie restriction, 12 1-2 
health benefits, 78,120,125 
long-term success, 120 
in non-alcoholic steatohepatitis, 

in polycystic ovary syndrome, 106, 
106 

120 
see also birthweight 

Werner's syndrome, 112 

Zucker (fa/@) rat, 40,42 
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