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Abstract

As obesity and diabetes reach epidemic proportions in the developed world, the role of insulin resistance and its consequences
are gaining prominence. Understanding the role of insulin in wide-ranging physiological processes and the influences on
its synthesis and secretion, alongside its actions from the molecular to the whole body level, has significant implications
for much chronic disease seen in Westernised populations today. This review provides an overview of insulin, its history,
structure, synthesis, secretion, actions and interactions followed by a discussion of insulin resistance and its associated clinical
manifestations. Specific areas of focus include the actions of insulin and manifestations of insulin resistance in specific organs
and tissues, physiological, environmental and pharmacological influences on insulin action and insulin resistance as well as
clinical syndromes associated with insulin resistance. Clinical and functional measures of insulin resistance are also covered.
Despite our incomplete understanding of the complex biological mechanisms of insulin action and insulin resistance, we need
to consider the dramatic social changes of the past century with respect to physical activity, diet, work, socialisation and sleep
patterns. Rapid globalisation, urbanisation and industrialisation have spawned epidemics of obesity, diabetes and their attendant

co-morbidities, as physical inactivity and dietary imbalance unmask latent predisposing genetic traits.

Introduction

With obesity and diabetes reaching epidemic proportions in
the developed world,! the role of insulin resistance and its
sequelae is gaining prominence. Understanding the role of
insulin across a wide range of physiological processes and the
influences on its synthesis and secretion, alongside its actions
from the molecular to the whole body level, has significant
implications for much chronic disease seen in Westernised
populations today. Consequently, more than a century after
scientists began to elucidate the role of the pancreas in
diabetes, the study of insulin and insulin resistance remain in
the forefront of medical research, relevant at all levels from
bench to bedside and to public health policy.

Scope of this Review

This review will include an overview of insulin, its history,
structure, synthesis, secretion, actions and interactions
followed by a discussion of insulin resistance and its
associated clinical manifestations. This latter section will
discuss the mechanisms and contexts, physiological and
pathological, of insulin resistance, and its assessment in the
clinical laboratory. Given the breadth of the topic, this review

will not be exhaustive, but will set the scene, bringing together
the diverse areas of current understanding of this continuously
emerging field.

Definitions and Concepts

Insulin is a peptide hormone secreted by the B cells of the
pancreatic islets of Langerhans and maintains normal
blood glucose levels by facilitating cellular glucose uptake,
regulating carbohydrate, lipid and protein metabolism and
promoting cell division and growth through its mitogenic
effects.

Insulin resistance is defined where a normal or elevated insulin
level produces an attenuated biological response;” classically
this refers to impaired sensitivity to insulin mediated glucose
disposal.?

Compensatory hyperinsulinaemia occurs when pancreatic
B cell secretion increases to maintain normal blood glucose
levels in the setting of peripheral insulin resistance in muscle
and adipose tissue.
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Insulin resistance syndrome refers to the cluster of
abnormalities and related physical outcomes that occur
more commonly in insulin resistant individuals. Given
tissue differences in insulin dependence and sensitivity,
manifestations of the insulin resistance syndrome are likely
to reflect the composite effects of excess insulin and variable
resistance to its actions.’

Metabolic syndrome represents the clinical diagnostic
entity identifying those individuals at high risk with respect
to the (cardiovascular) morbidity associated with insulin
resistance.’

The Discovery of Insulin

In 1889 German scientists Minkowski and von Mering
noted, from their experimental work with animals, that total
pancreatectomy led to the development of severe diabetes.*
They hypothesised that a substance secreted by the pancreas
was responsible for metabolic control. Others later refined this
hypothesis, noting diabetes to be associated with destruction
of the islets of Langerhans. While Minkowski, as well as
Zuelzer in Germany and Scott in the USA attempted, with
inconsistent results, to isolate and administer the missing
pancreatic islet substance, Belgian investigator de Meyer in
1909 proposed the name “insuline”, as did British researcher
Schaefer in 1916.

Finally in 1921, a decade later, insulin was finally isolated,
purified and available in a form capable of therapeutic
administration. In May 1921, Toronto surgeon Banting,
assisted by medical student Best, and under the supervision
of McLeod, Professor of Carbohydrate Metabolism, began
experiments in dogs. They administered chilled saline
extracts of pancreas intravenously to dogs rendered diabetic
by pancreatectomy and observed lowering of blood glucose.
In December 1921 this work was presented to the American
Physiological Association, and biochemist Collip, who had
joined the team, further demonstrated that this extract also
restored hepatic glycogen mobilisation and the capacity
to clear ketones. One month later, in January 1922 the first
human experiments began on a 14 year old diabetic boy
whose clinical symptoms and biochemical abnormalities
were essentially reversed by administration of the pancreatic
isolate. In May 1922, the active component had been named
insulin, and the results of these experiments presented to the
Association of American Physicians. Eli Lilly subsequently
began production of porcine insulin, enhancing purification
through iso-electric precipitation, making commercial
quantities by early 1923. The Nobel Prize was awarded in
1923 to Banting and McLeod.*
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Structure and Chemical Properties of Insulin

Insulin was found to be a polypeptide in 1928 with its amino
acid sequence identified in 1952. It is in fact a dipeptide,
containing A and B chains respectively, linked by disulphide
bridges, and containing 51 amino acids, with a molecular
weight of 5802. Its iso-electric point is pH 5.5.° The A chain
comprises 21 amino acids and the B chain 30 amino acids. The
A chain has an N-terminal helix linked to an anti-parallel C-
terminal helix; the B chain has a central helical segment. The
two chains are joined by 2 disulphide bonds, which join the
N- and C-terminal helices of the A chain to the central helix
of the B chain. In pro-insulin, a connecting peptide links the
N-terminus of the A chain to the C-terminus of the B chain.®

Synthesis and Release of Insulin

Insulin is coded on the short arm of chromosome 117 and
synthesised in the 3 cells of the pancreatic islets of Langherhans
as its precursor, proinsulin. Proinsulin is synthesised in
the ribosomes of the rough endoplasmic reticulum (RER)
from mRNA as pre-proinsulin. Pre-proinsulin is formed by
sequential synthesis of a signal peptide, the B chain, the
connecting (C) peptide and then the A chain comprising a single
chain of 100 amino acids. Removal of the signal peptide forms
proinsulin, which acquires its characteristic 3 dimensional
structure in the endoplasmic reticulum. Secretory vesicles
transfer proinsulin from the RER to the Golgi apparatus,
whose aqueous zinc and calcium rich environment favours
formation of soluble zinc-containing proinsulin hexamers.®
As immature storage vesicles form from the Golgi, enzymes
acting outside the Golgi convert proinsulin to insulin and C-
peptide.® Insulin forms zinc-containing hexamers which are
insoluble, precipitating as chemically stable crystals at pH
5.5. When mature granules are secreted into the circulation by
exocytosis, insulin, and an equimolar ratio of C-peptide are
released. Proinsulin and zinc typically comprise no more than
6% of the islet cell secretion.®

Insulin secretion from the islet cells into the portal veins
is characteristically pulsatile, reflecting the summation of
coordinate secretory bursts from millions of islet cells. An
ultradian oscillatory pattern of insulin release, in addition
to post meal variation, has been reported.’ In response to a
stimulus such as glucose, insulin secretion is characteristically
biphasic, with an initial rapid phase of insulin secretion,
followed by a less intense but more sustained release of the
hormone.'°

Factors Influencing Insulin Biosynthesis and Release

Insulin secretion may be influenced by alterations in
synthesis at the level of gene transcription, translation, and
post-translational modification in the Golgi as well as by
factors influencing insulin release from secretory granules.
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Longer-term modification may occur via influences on f3 cell
mass and differentiation.!! Given insulin’s pivotal role in
glucose utilisation and metabolism, it is not surprising that
glucose has multiple influences on insulin biosynthesis and
secretion. However, other factors such as amino acids, fatty
acids, acetylcholine, pituitary adenylate cyclase-activating
polypeptide (PACAP), glucose-dependent insulinotropic
polypeptide (GIP), glucagon-like peptide-1 (GLP-1), and
several other agonists, together in combination, also influence
these processes. '’

Mechanisms of Insulin Secretion

Increased levels of glucose induce the “first phase” of
glucose-mediated insulin secretion by release of insulin from
secretory granules in the {3 cell. Glucose entry into the f3 cell
is sensed by glucokinase, which phosphorylates glucose to
glucose-6-phosphate (G6P), generating ATP.'> Closure of
K*-ATP-dependent  channels results in membrane
depolarization and activation of voltage dependent calcium
channels leading to an increase in intracellular calcium
concentration; this triggers pulsatile insulin secretion.'?
Augmentation of this response occurs by both a K'-ATP
channel-independent Ca?-dependent pathway and K*-ATP
channel-independent Ca*-independent pathways of glucose
action.'” Other mediators of insulin release include activation
of phospholipases and protein kinase C (e.g. by acetycholine)
and by stimulation of adenylyl cyclase activity and activation
of B cell protein kinase A, which potentiates insulin secretion.
This latter mechanism may be activated by hormones, such as
vasoactive intestinal peptide (VIP), PACAP, GLP-1, and GIP.
These factors appear to play a significant role in the second
phase of glucose mediated insulin secretion, after refilling of
secretory granules translocated from reserve pools.'°

Regulation and Mechanisms of Insulin Secretion at the
Cellular Level

Synthesis and secretion of insulin is regulated by both
nutrient and non-nutrient secretagogues, in the context of
environmental stimuli and the interplay of other hormones.®
Nutrient secretagogues such as glucose appear to trigger insulin
secretion from the B cell by increasing intracellular ATP and
closing of K*-ATP channels as outlined above. Generation of
cyclic AMP and other cellular energy intermediates is also
augmented, further enhancing insulin release. Glucose does
not require insulin action to enter the 3 cell (nor do fructose,
mannose or galactose).® Non-nutrient secretagogues may act
vianeural stimuli such as cholinergic and adrenergic pathways,
or through peptide hormones and cationic amino acids.

Neural Stimuli
1. Cholinergic Transmission
It has been well recognised that vagus nerve stimulation results

in pancreatic insulin secretion. This is thought to mediate the
so-called “cephalic phase” of insulin secretion, occurring
when food is seen, smelled or acutely ingested. Islet cell
cholinergic muscarinic receptors activate phospholipase C,
with subsequent intracellular events activating protein kinase
C, phospholipase A2 and mobilizing intracellular calcium.
Insulin secretion by these mechanisms does not occur in
the fasting state or if blood glucose levels are low, but may
augment the anabolic response to feeding.®

2. Adrenergic Pathway

Catecholamines, through a2-adrenoceptors, typically inhibit
insulin release during stress and exercise. The pancreas also has
-adrenoceptors, which enhance insulin secretion via cAMP,
but this effect appears to be minor. The a2-mediated effects
appear to act downstream to those of nutrient secretogogues.®

Peptide Hormones

A number of peptide hormones influence insulin secretion. The
gut hormones GLP-1'* and somatostatin enhance and inhibit
insulin action respectively. Their secretion is stimulated by
nutrients in the gut. Their mechanisms of action appear to be,
at least in part, mediated by cAMP generation and activation
of a cAMP-responsive protein kinase.® Leptin and adiponectin
appear to act in a similar fashion whereas acylation-stimulating
protein appears to work via glucose phosphorylation, calcium
influx and protein kinase C.'3

Amino Acids

The insulinotropic effect of the cationic amino acid arginine
is well established. L-ornithine has similar effects. Arginine’s
action is associated with an increase in potassium permeability
without any effect on proinsulin biosynthesis. Uptake of
arginine into the B cell is associated with depolarization of
the cell membrane and gating of voltage dependent calcium
channels.® Leucine, an essential branched chain amino acid, is a
potent enhancer of insulin secretion, allosterically stimulating
glutamate dehydrogenase and forming oa-ketoglutarate via
the Krebs cycle to generate ATP.'?> The major pathways and
influences on insulin secretion are presented schematically in
Figure 1.

Factors Influencing B Cell Mass

Longer term regulation of insulin secretion may be mediated
via effects on B cell mass. Growth hormone, prolactin,
placental lactogen and GLP-1 not only increase glucose-
stimulated insulin release and insulin gene expression, but
also increase P cell proliferation."'* For a comprehensive
review on this topic see Nielsen and Serup.'¢

Physiology of Insulin Secretion
Glucose is the principal stimulus for insulin secretion, though
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other macronutrients, hormones, humoral factors and neural
input may modify this response. Insulin, together with its
principal counter-regulatory hormone glucagon, regulates
blood glucose concentrations.!” Pancreatic B cells secrete
0.25-1.5 units of insulin per hour during the fasting (or basal)
state, sufficient to enable glucose insulin-dependent entry
into cells. This level prevents uncontrolled hydrolysis of
triglycerides and limits gluconeogenesis, thereby maintaining
normal fasting blood glucose levels. Basal insulin secretion
accounts for over 50% of total 24 hour insulin secretion.
Following secretion of insulin into the portal venous system,
60% is subsequently removed by the liver; so portal vein
insulin concentrations reaching the liver approach triple
that of the peripheral circulation. In healthy lean individuals
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Figure 1. Schematic presentation of insulin secretory pathways. Adapted from references: 10 & 14.

circulating venous (or arterial) fasting insulin concentrations
are about 3-15 mIU/L or 18-90 pmol/L."” Meal-related insulin
secretion accounts for the remaining fraction of the total daily
output.

Insulin Secretion in Response to Stimuli

Response to Glucose

In healthy individuals glucose stimulated pancreatic secretion
is biphasic. Intravenous administration of glucose is associated
with a rapid “first phase” of insulin release within 1 minute,
peaking at 3-5 minutes, and lasting about 10 minutes; the
slower onset “second phase” of insulin secretion begins
shortly after the glucose bolus but is not apparent until 10
minutes later, lasts the duration of the hyperglycaemia and is

Footnotes: Figure Abbreviations
Akt/PKB = protein kinase B

ATP = adenosine triphosphate

ADP = adenosine diphosphate

cAMP= cyclic adenosine monophosphate
DAG = diacylglycerol

GIP = gastric inhibitory peptide /
glucose-dependent insulinotropic polypeptide
Glucose- 6- P = glucose 6 phosphate
GLUT 2 = glucose transport protein 2
GLUT 4 = glucose transport protein 4
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GLP-1 = glucagon-like peptide 1

IRS = insulin receptor substrate

MAP kinase = mitogen activated protein kinase

PACAP = pituitary adenylate cyclase-activating polypeptide

PI3K = phosphatidylinositol 3-kinase

PIPD1 & 2 = phosphatidylinositol dependent protein kinases 1 & 2
PKC = protein kinase C

RAS = rat sarcoma protein

SHC =adaptor protein with src-homology

VIP= vasoactive intestinal peptide
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proportional to the glucose concentration immediately prior
to the glucose administration.'” The first phase of insulin
secretion represents release of insulin already synthesised
and stored in secretory granules; the second phase represents
secretion of both stored and newly synthesised insulin. Overall
insulin secretion relates to the total dose of glucose and its
rate of administration; maximal pancreatic response occurs
with 20 g of glucose given intravenously over 3 minutes in

humans.'®

In contrast to the reproducible pattern of insulin secretion in
response to intravenous glucose, insulin secretion following
oral glucose is much more variable. With an oral glucose
load, gastric emptying and gastrointestinal motility affect
glucose absorption, gastro-intestinal hormones and neural
input associated with glucose ingestion modify the insulin
response, and insulin secretion continues some time after
glucose ingestion."”

Response to Arginine

The response to arginine is well characterised. Arginine-
induced insulin secretion is proportional to the basal glucose
level and occurs 2-10 minutes after IV injection.!” Oral
ingestion of amino acids stimulates the secretion of insulin, as
well as growth hormone and glucagon. '’

Effects of Lipids

In the circulation, non-esterified fatty acids (NEFA) may
be derived from dietary lipids and released by the liver, or
synthesised in adipocytes, liver, skin and small intestine from
excess carbohydrate. NEFA not only increase hepatic glucose
output and reduce peripheral insulin sensitivity, but may also
modify glucose stimulated insulin secretion (GSIS). Acute
elevation of plasma NEFA is associated with an increase in
GSIS, dependent on the prevailing glucose concentration.
Chronic elevation of NEFA is associated with a decrease
in GSIS, and reduced insulin synthesis.?’ Ingestion of lipid
may also modify the insulin response to glucose by effects on
gastrointestinal hormones and gastric emptying.!

Response to Mixed Meal

This is a much more physiological stimulus for insulin
secretion. The pattern of insulin secretion will depend on the
relative proportions of various nutrients, the physical form
in which the component foods are ingested and those factors
influencing response to oral glucose alone.?*?

Incretin Hormones

Nutrients in the GI tract stimulate the secretion of hormones
known as incretins which amplify glucose-induced insulin
release. These account for the greater insulin response to oral,
as opposed to intravenous, glucose. GIP and GLP-1 are the two

most important incretin hormones. GLP-1 also inhibits glucagon
release, delays gastric emptying and reduces appetite.2*

Effects of Neural and Hormonal Stimuli
See Table 1.

Insulin Receptors and Insulin Binding

Insulin mediates its actions through binding to insulin
receptors. The insulin receptor was first characterised in
1971. It consists of a heterotetramer consisting of 2 o and
2 B glycoprotein subunits linked by disulphide bonds and
is located on the cell membrane.> The gene coding for the
insulin receptor is located on the short arm of chromosome
19."7 Insulin binds to the extracellular o subunit, resulting in
conformational change enabling ATP to bind to the intracellular
component of the B subunit.?* ATP binding in turn triggers
phosphorylation of the  subunit conferring tyrosine kinase
activity. This enables tyrosine phosphorylation of intracellular
substrate proteins known as insulin responsive substrates
(IRS). The IRS can then bind other signalling molecules
which mediate further cellular actions of insulin.®

There are four known specifically-named IRS proteins. IRS
1 and 2 have widely overlapping tissue distribution. IRS 1
is phosphorylated by both the insulin receptor and insulin-
like growth factor 1 (IGF-1 see below) receptor, mediates the
mitogenic effects of insulin and couples glucose sensing to
insulin secretion with IRS 1 proposed to be the major IRS in
skeletal muscle. IRS 2, proposed to be the main IRS in liver,
mediates peripheral actions of insulin and growth of pancreatic
B cells.® IRS 3 and 4 are less well characterised. IRS 3 is
found only in adipose tissue, B cells and liver and IRS 4 in
thymus, brain and kidney.?*?” Phosphorylated IRS proteins
bind specific src-homology-2 domain proteins (SH2), which
include important enzymes such as phosphatidylinositol
3-kinase (PI 3-kinase) and phosphotyrosine phosphatase
SHPTP2 (or Syp), and other proteins that lack enzymatic
activity but which link IRS-1 and other intracellular signalling
systems, ¢.g. the adaptor protein Grb2 which connects with
the RAS (rat sarcoma protein) pathway.

PI 3-kinase promotes the translocation of glucose transporter
proteins, glycogen, lipid and protein synthesis, anti-lipolysis
and the control of hepatic gluconeogenesis.?” PI 3-kinase
acts via serine and threonine kinases such as Akt/protein
kinase B (PKB), protein kinase C (PKC) and PI dependent
protein kinases1& 2 (PIPD 1&2). The RAS pathway activates
transcription factors and stimulates the growth promoting
actions of insulin.?® Thus broadly, PI 3-kinase mediates
insulin’s metabolic effects, e.g. cellular glucose uptake, while
RAS significantly mediates insulin’s mitogenic effects!’?
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Table 1. Mediators of insulin secretion.

Stimulus Nutrient

Hormone Neural

Stimulatory Glucose
Amino acids

(Ketones)

Growth hormone -adrenergic
Glucagon
GLP-1
GIP

Secretin

Vagal
(parasympathetic)

Cholecystokinin
Gastrin
VIP

Gastrin releasing peptide

Inhibitory

Adrenocorticosteroids o-adrenergic
Somatostatin

Adrenalin

Noradrenalin

Galanin

Neuropeptide Y

Calcitonin gene-related peptide
(CGRP)

Prostaglandin E

Reference: Adapted from reference 17.

together with other less well described actions. These
pathways are presented schematically in Figure 2.

Glucose Transporter Proteins

Glucose enters cells in an ATP-independent manner by
means of glucose transporter proteins (GLUT), of which at
least 5 subtypes have been identified?®?° (Table 2). Differing
in characteristics such as Km for maximal glucose transport
and insulin dependency, they enable different cell types to
utilise glucose according to their specific functions. For
example, most brain cells, having GLUT 1 as the principal
transporter protein, are able to move glucose intracellularly
at very low blood glucose blood concentrations without the
need for insulin. Thus these neurons, which are principally
dependent on glucose for intracellular energy, are able to
extract it from the circulation and function despite the low
glucose and insulin levels seen during the fasting state. On the
other hand, adipose cells and muscle cells have GLUT 4 as
the major glucose transporter protein, which requires insulin
for its action and has a much higher Km for glucose. This
enables adipose tissue cells, whose function is to store excess
energy, to respond to the higher glucose levels characteristic
of the fed state, and allows glucose to enter the cells where
fatty acid and glycerol synthesis is stimulated and lipolysis
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suppressed. However, where glucose and insulin levels fall to
fasting values, glucose no longer enters the cells, promoting
lipolysis. In muscle cells, intracellular glucose transport
facilitates glycogen synthesis in the fed state.?’” PI 3-kinase
appears to be essential for the translocation of GLUT 4 to the
cell membrane in muscle cells and adipocytes; this facilitates
the downstream actions of this key intracellular enzyme.?

Actions of Insulin at the Cellular Level

Insulin’s actions at the cellular level encompass carbohydrate,
lipid and amino acid metabolism and mRNA transcription and
translation.

Carbohydrate Metabolism

Insulin acts at multiple steps in carbohydrate metabolism. Its
effect on facilitated diffusion of glucose into fat and muscle
cells via modulation of GLUT 4 translocation has been
discussed. Glycogen synthesis is increased, and glycogen
breakdown decreased, by dephosphorylation of glycogen
synthase and glycogen phosphorylase kinase respectively.
Glycolysis is stimulated and gluconeogenesis inhibited
by dephosphorylation of pyruvate kinase (PK) and 2,6
biphosphate kinase. Signalling intracellular energy abundance,
insulin enhances the irreversible conversion of pyruvate to
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Figure 2. Schematic presentation of insulin signalling pathways. Adapted from references: 25, 28 & 35. See Footnotes on

page 22 for Figure abbreviations.

Acetyl Co-A by activation of the intra-mitochondrial enzyme
complex pyruvate dehydrogenase. Acetyl-CoA may then be
directly oxidised via the Krebs’ cycle, or used for fatty acid
synthesis.*°

Lipid Metabolism

Insulin stimulates fatty acid synthesisinadiposetissue, liverand
lactating mammary glands along with formation and storage
of triglycerides in adipose tissue and liver. Fatty acid synthesis
is increased by activation and increased phosphorylation of
acetyl-CoA carboxylase, while fat oxidation is suppressed by
inhibition of carnitine acyltransferase. Triglyceride synthesis
is stimulated by esterification of glycerol phosphate, while
triglyceride breakdown is suppressed by dephosphorylation
of hormone sensitive lipase. Cholesterol synthesis is increased
by activation and dephosphorylation of HMG Co-A reductase
while cholesterol ester breakdown appears to be inhibited
by dephosphorylation of cholesterol esterase. Phospholipid
metabolism is also influenced by insulin.?®

Protein Synthesis

Insulin promotes protein synthesis in a range of tissues.
There are effects on transcription of specific mRNA, as
well as translation of mRNA into proteins in the ribosomes.
Examples of enhanced mRNA transcription include the
mRNA for glucokinase, PK, fatty acid synthase and albumin
in the liver, pyruvate carboxylase in the adipose tissue, casein
in the mammary gland and amylase in the pancreas. Insulin
action decreases mRNA for liver enzymes such as carbamoyl
phosphate synthetase, a key enzyme in the urea cycle. Effects
on translation are widespread and influenced by both insulin
itself and by various growth factors, e.g. IGF-1.""%

Other Ligands for the Insulin Receptor

Insulin-like growth factors (IGF) are so-called because
they have significant structural homology with proinsulin
but mainly mitogenic effects, significantly regulated by
growth hormone.>! IGF-1 and 2 are coded for on the long
arm of chromosome 12 and short arm of chromosome 11
respectively.’> They have specific receptors and bind with
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Table 2. Glucose transporter proteins.?*?’

ISOFORM Tissue Distribution Affinity for Km Characteristics Gene
Glucose location
GLUT1 Brain microvessels, Ubiquitous
Red blood cells High 1 mmol/L Chr 1
Placenta Basal transporter
Kidney
All tissues
GLUT 2 Liver High Km transporter
Kidney Low 15-20 mmol/L Chr3
B cell Insulin-independent
Small intestine
GLUT 3 Brain neurons Low Km transporter
Placenta High <1 mmol/L Chr 12
Foetal muscle Found in glucose-
All tissues dependent tissues
GLUT 4 Muscle cells Sequestered
Fat cells Medium 2.5-5 mmol/L intracellularly and Chr 17
Heart translocates to cell
surface in response to
insulin
GLUT 5 Small intestine High affinity for
Testes Medium 6 mmol/L fructose Chr 1

different affinities to the various IGF binding proteins. Insulin
can bind to the receptors for IGF-1 and 2 but with much lower
affinity (102 and 5x107) respectively. IGF-1 binds weakly
to the insulin receptor, with only 1.25x107 the affinity for
the IGF-1 receptor; it binds the IGF-2 receptor with 1/4 the
affinity for the IGF-2 receptor. IGF-2 does not bind to the
insulin receptor; it does bind the IGF-1 receptor but with 1/3
the affinity for the IGF-2 receptor.” Therefore overlap in
physiological functions is more limited in vivo.

Physiological Role of Insulin

Insulin is the pivotal hormone regulating cellular energy supply
and macronutrient balance, directing anabolic processes of the
fed state.?” Insulin is essential for the intra-cellular transport
of glucose into insulin-dependent tissues such as muscle and
adipose tissue. Signalling abundance of exogenous energy,
adipose tissue fat breakdown is suppressed and its synthesis
promoted. In muscle cells, glucose entry enables glycogen to
be synthesised and stored, and for carbohydrates, rather than
fatty acids (or amino acids) to be utilised as the immediately
available energy source for muscle contraction. Insulin
therefore promotes glycogen and lipid synthesis in muscle
cells, while suppressing lipolysis and gluconeogenesis from
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muscle amino acids. In the presence of an adequate supply of
amino acids, insulin is anabolic in muscle.?

Mechanisms of Insulin Resistance

Physiologically, at the whole body level, the actions of insulin
are influenced by the interplay of other hormones. Insulin,
though the dominant hormone driving metabolic processes in
the fed state, acts in concert with growth hormone and IGF-
1; growth hormone is secreted in response to insulin, among
other stimuli, preventing insulin-induced hypoglycaemia.
Other counter-regulatory hormones include glucagon,
glucocorticoids and catecholamines. These hormones drive
metabolic processes in the fasting state. Glucagon promotes
glycogenolysis, gluconeogenesis and ketogenesis. The ratio of
insulin to glucagon determines the degree of phosphorylation or
dephosphorylation of the relevant enzymes.? Catecholamines
promote lipolysis and glycogenolysis; glucocorticoids
promote muscle catabolism, gluconeogenesis and lipolysis.
Excess secretion of these hormones may contribute to insulin
resistance in particular settings, but does not account for the
vast majority of insulin resistant states.
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Insulin resistance in most cases is believed to be manifest at
the cellular level via post-receptor defects in insulin signalling.
Despite promising findings in experimental animals with
respect to a range of insulin signalling defects, their relevance
to human insulin resistance is presently unclear. Possible
mechanisms include down-regulation, deficiencies or genetic
polymorphisms of tyrosine phosphorylation of the insulin
receptor, IRS proteins or PIP-3 kinase, or may involve
abnormalities of GLUT 4 function.*

Sites of Insulin Action and Manifestations of Insulin
Resistance

The effects of insulin, insulin deficiency and insulin resistance
vary according to the physiological function of the tissues and
organs concerned, andtheirdependence oninsulin formetabolic
processes. Those tissues defined as insulin dependent, based
on intracellular glucose transport, are principally adipose
tissue and muscle. However, insulin’s actions are pleotropic
and widespread, as are the manifestations of insulin resistance
and the associated compensatory hyperinsulinaemia.’

Muscle

Glucose uptake into muscle is essentially insulin dependent via
GLUT4, and muscle accounts for about 60-70% of whole-body
insulin mediated uptake.** In the fed state insulin promotes
glycogen synthesis via activation of glycogen synthase. This
enables energy to be released anaerobically via glycolysis, e.g.
during intense muscular activity. Muscle cells do not rely on
glucose (or glycogen) for energy during the basal state, when
insulin levels are low. Insulin suppresses protein catabolism
while insulin deficiency promotes it, releasing amino acids
for gluconeogenesis. In starvation, protein synthesis is
reduced by 50%.% Whilst data regarding a direct anabolic
effect of insulin are inconsistent, it is clearly permissive,
modulating the phosphorylation status of intermediates in
the protein synthetic pathway. In experimental studies, the
insulin dose promoting protein synthesis is significantly
greater than the dose required to suppress proteolysis. Insulin
is anabolic in conjunction with growth hormone, IGF-1
and sufficient amino acids.** In insulin resistance, muscle
glycogen synthesis is impaired; this appears largely mediated
by reduced intracellular glucose translocation.?® In regard to
protein turnover, one study reported no difference between
insulin resistant type 2 diabetics and controls, though this was
at the expense of hyperinsulinaemia in this hyperinsulinemic
euglycemic clamp study.*®

Adipose Tissue

Intracellular glucose transport into adipocytes in the
postprandial state is insulin-dependent via GLUT 4; it is
estimated that adipose tissue accounts for about 10% of insulin
stimulated whole body glucose uptake.** Insulin stimulates

glucose uptake, promotes lipogenesis while suppressing
lipolysis, and hence free fatty acid flux into the bloodstream.
As adipocytes are not dependent on glucose in the basal state,
intracellular energy may be supplied by fatty acid oxidation
in insulin-deficient states, whilst liberating free fatty acids
into the circulation for direct utilization by other organs e.g.
the heart, or in the liver where they are converted to ketone
bodies. Ketone bodies provide an alternative energy substrate
for the brain during prolonged starvation.*

In insulin resistance the effects on adipose tissue are similar,
but in the liver the increased free fatty acid flux tends to
promote hepatic very low density lipoprotein (VLDL)
production®’ whilst ketogenesis typically remains suppressed
by the compensatory hyperinsulinaemia. Furthermore, since
lipoprotein lipase activity is insulin-dependent and impaired
by insulin resistance, peripheral uptake of triglycerides from
VLDL is also diminished. These mechanisms contribute to
the observed hypertriglyceridaemia of insulin resistance.*® In
addition to free fatty acids, adipose tissue secretes a number of
cytokines which have systemic effects on insulin resistance.
These include IL-6, TNFa, plasminogen activator inhibitor
1 (PAI-1), angiotensinogen and leptin which are associated
with increased insulin resistance, and adiponectin with
reduced insulin resistance.’* TNFa. and IL-6 impair insulin
signalling, lipolysis and endothelial function. IL-6 production
is enhanced by sympathetic nervous system activation, e.g.
stress.* Adipose tissue depots differ in their response to
insulin.® Adipocytes from diabetic and insulin resistant
individuals have reduced GLUT 4 translocation, impaired
intracellular signalling via reduced IRS-1 gene and protein
expression, impaired insulin-stimulated PIP-3 kinase and Akt
(protein kinase B).*

Liver

While glucose uptake into the liver is not insulin-dependent,
it accounts for about 30% of whole body insulin-mediated
glucose disposal,** with insulin being needed to facilitate
key metabolic processes. Through intracellular signalling
described above, glycogen synthesis is stimulated while
protein synthesis and lipoprotein metabolism are modulated.*
Gluconeogenesis and ketone body production are inhibited.
Mitogenic effects of insulin (and growth hormone) are
mediated via hepatic production of insulin-like growth factors
and potentially via suppression of sex-hormone binding
globulin (SHBG) production.?

Whilst in insulin deficiency, e.g. starvation, these processes
are more uniformly affected, this is not necessarily the case
with insulin resistance. Compensatory hyperinsulinaemia,
differential resistance and differential
requirements may dissociate these processes.’ Resistance to

insulin tissue
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insulin’s metabolic effects results in increased glucose output
via increased gluconeogenesis (as in starvation), however,
unlike starvation, compensatory hyperinsulinaemia depresses
SHBG production and promotes insulin’s mitogenic effects.
Alterations in lipoprotein metabolism represent a major
hepatic manifestation of insulin resistance. Increased free
fatty acid delivery, and reduced VLDL catabolism by insulin
resistant adipocytes, results in increased hepatic triglyceride
3% Hepatic synthesis of C-
reactive protein, fibrinogen and PAI-1 is induced in response
to adipocyte-derived pro-inflammatory cytokines such as
TNFo and IL-6. Insulin may also increase factor VII gene
expression.*

content and VLDL secretion.

Endothelium and Vasculature

Insulin and its actions play an important role in various
aspects of endothelial function, e.g. nitric oxide production,
while insulin resistance is strongly associated with endothelial
dysfunction. Whether these associations are causal, ormediated
by common mechanisms, awaits clarification. The functions
of vascular endothelial cells are critical to many aspects of
cardiovascular biology, with endothelial dysfunction being
seen at a very early stage of atherosclerosis and its associated
clinical risk factors. Endothelial cells not only provide the
physical lining of the blood vessels but secrete various factors
influencing vessel tone, platelet function, coagulation and
fibrinolysis. Clinical problems develop when these processes
are in imbalance.

Nitric oxide (NO) is the major factor in large arteries mediating
endothelial dependent relaxation. It also inhibits platelet
aggregation, cell adhesion and smooth muscle cell proliferation.
NO is synthesised from L-arginine, molecular oxygen and
NADPH, via the activity of endothelial enzyme nitric oxide
synthase (eNOS), and its cofactors tetrahydrobiopterin, flavin
adenine dinucleotide and flavin mononucleotide. Interestingly,
arginine is a potent secretatogue for insulin and there is a final
common pathway for the intracellular signalling of both eNOS
and insulin. Insulin enhances tetrahydrobiopterin production by
stimulating its biosynthetic enzyme GTP cyclohydrolase, and
stimulates eNOS by calcium-independent phosphorylation of
eNOS at serine and threonine residues via PIP-3 kinase and Akt
(protein kinase B). Thus nitric oxide production is enhanced.
Insulin also promotes release of the vasoconstrictor endothelin
while TNFo decreases eNOS expression and induces von
Willebrand Factorrelease. Ininsulinresistance tetrahydrobiopterin
levels are reduced, the pathways for eNOS stimulation are down-
regulated, and vasodilator responses to insulin and cholinergic
agonists are impaired. Insulin’s ability to counteract the TNFa.-
mediated Akt dephosphorylation in endothelial cells is also lost.
Free fatty acids, elevated in insulin resistant states, also inhibit
eNOS activity, decreasing NO production.
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The compensatory hyperinsulinaemia that accompanies
insulin resistance is associated with increased levels of pro-
coagulant factors such as PAI-1. These factors are thought to
contribute to the enhanced platelet aggregation seen in insulin
resistant states. Endothelin 1 secretion is stimulated by insulin
and elevated in insulin resistant states. Endothelin 1, a potent
vasoconstrictor also inhibits insulin signalling via PIP-3 kinase
and competes with NO resulting in endothelial dysfunction.
Whilst the metabolic effects of insulin are variably affected
in insulin resistance, the mitogenic properties, mediated via
the MAP (mitogen activated protein) kinase pathway, remain
intact. These mitogenic effects of insulin on endothelial
smooth muscle cell proliferation probably contribute to
atherosclerosis.*

Brain

While the brain is not insulin-dependent so far as intracellular
glucose uptake is concerned, insulin receptors have been
located in the brain and are concentrated in the olfactory
bulb, hypothalamus, hippocampus,® retina and vessels of
the choroid plexus, as well as in regions of the striatum and
cerebral cortex e.g. medial temporal lobes. Insulin is believed
to actas aneuropeptide, involved in satiety, appetite regulation,
olfaction, memory and cognition.*! It may be actively
transported from the bloodstream or locally synthesised.
Insulin also appears to act through other appetite regulating
neurotransmitters and peptides. Leptin and insulin appear to
share a common signalling pathway in the hypothalamus.*
There is suggestion of a potential link to Alzheimer’s disease,
given insulin’s role in normal cognitive functioning and in
the regulation of amyloid precursor protein and beta-amyloid
itself.*> The possibility that syndromes associated with
insulin resistance in the periphery, such as obesity and type
2 diabetes, may also be associated with insulin resistance in
the brain, with dysregulation of appetite and body weight, is
intriguing.*!

Pancreas
Pancreatic 3 cells possess receptors for both insulin and IGF-
1. Insulin may have a role in regulating glucose-stimulated
insulin secretion, possibly via glucose sensing or  cell
growth.*?

Pituitary

Insulin receptors are found in the anterior pituitary gland**
and are found in association with B endorphin, consistent
with a role in food intake regulation.*’ Insulin acts in concert
with other hormones. Insulin stimulates growth hormone
production from the pituitary gland, which in turn promotes
IGF-1 production by the liver.
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Kidney

The kidney does not require insulin for glucose transport.
Insulin receptors are found in the proximal tubules; insulin
regulates mineral transport and gluconeogenesis in the kidney.
Insulin is degraded in the kidney.*® In vivo, physiological
concentrations of insulin reduce urinary sodium excretion.*’

Gonads

Insulin receptors are found in the ovary and appear to have
a role in enhancing steroidogenesis.*® Insulin and IGF-1 act
synergistically with FSH to enhance oestrogen production by
granulosa cells and with LH to enhance androgen production
by thecal stromal cells.*’ They have also been found in the
rat testis where insulin may act synergistically with LH on
steroidogenesis. >

Bone

Insulin appears to be anabolic in bone. Insulin receptors are
found in osteoblasts and osteoclasts. Insulin stimulates bone
formation by osteoblasts and is also reported to suppress
osteoclast function.>!

Physiological Influences on Insulin Action and Insulin
Resistance

Diet and Starvation

Insulin levels are low in the basal state, as during starvation,
facilitating mobilisation of fatty acids and glycerol from
adipose tissue and amino acids from muscle.” While insulin
levels are typically higher in the fed state, the degree of
insulin sensitivity may be influenced by the composition
of the diet. Chronic excess energy consumption promotes
hyperinsulinaemia and insulin resistance through stimulation
ofinsulin secretion, triglyceride synthesis and fat accumulation
with down-regulation of insulin receptors and post receptor
signalling."’

High fat diets tend to be associated with insulin resistance,
particularly with respect to saturated fat’’> and trans-fatty
acids. Fatty acid composition is thought to play a role in the
long term development of insulin resistance, via effects on the
composition of membrane lipids. Long chain polyunsaturated
fatty acids play a physiological role in maintaining cell
membrane fluidity and cell signalling; they also influence
gene expression and are endogenous ligands for peroxisome
proliferator receptors.>* Epidemiological studies report an
association between the ratio of omega 6 to omega 3 fatty
acids and the prevalence of type 2 diabetes.’®> There is some
experimental work to support this hypothesis; though long
chain omega-3 fatty acids in pharmacological doses have
been thought to impair glucose tolerance,’® meta-analyses do
not confirm this.®’

High carbohydrate diets are generally associated with improved
insulin sensitivity in the short term. Insulin secretion depends
on the type and physical form of the carbohydrates consumed.
The glycaemic index (GI) of a food refers to the area under the
curve for blood glucose concentration versus time, relative to
an equivalent dose of glucose. The Gl is lower where digestion,
absorption and/or conversion to glucose occur more slowly.
The rate of insulin secretion tends to be lower when low GI
foods are consumed. Not all carbohydrates (in their purified
form) are equivalent in their insulin response.® For example,
fructose tends not to elicit as marked an insulin response as
glucose. Chronic overfeeding with sucrose has been reported
to increase visceral adipose tissue deposition in rodents, which
may have long-term implications for insulin resistance.>’
Whilst there is concern that high carbohydrate diets may
exacerbate the clinical manifestations of the insulin resistance
syndrome, this likely depends on the type of carbohydrate and
intake of dietary fibre which has a favourable effect.®

Dietary fibre has indirect effects on insulin secretion and
action. Effects on gut motility and transit time, gastrointestinal
hormone secretion e.g. GIP°" GLP-1,> and colonic
fermentation yielding short chain fatty acids which suppress
hepatic gluconeogenesis, have all been reported.®> Resistant
starch, which is not digested in the small intestine but passes
to the large bowel acts as a substrate for colonic fermentation
(like dietary fibre) and has been reported to decrease post-
prandial glucose and insulin responses, improve whole body
insulin sensitivity, lower triglycerides and HDL, increase
satiety and reduce fat storage.®

Protein ingestion stimulates insulin secretion, favouring
anabolism; it possibly mediates its effect on satiety this way.
It also stimulates glucagon secretion from the a cells of the
pancreas and promotes gluconeogenesis.®

Moderate alcohol consumption has been reported to augment
the postprandial increment in insulin and reduce the postprandial
increment in glucose following a low carbohydrate meal.*®
Population studies report a U-shaped curve with respect to level
of alcohol consumption and insulin resistance.’

Micronutrients of potential importance include zinc,
chromium and possibly iron. Zinc appears to be important
in insulin biosynthesis and secretion, and is concentrated in
the pancreas.® Chromium deficiency has been associated with
glucose intolerance and insulin resistance in patients on long-
term parenteral nutrition, though work in this area has been
hampered by difficulties in accurate measurement of the trace
concentrations of this element in body fluids.®® The active
form of chromium is an oligopeptide called chromomodulin
which enhances the tyrosine kinase activity of the occupied
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insulin receptor. The chromium ion is transported in the
bloodstream on transferrin.®” Iron accumulation is associated
with impaired insulin sensitivity and type 2 diabetes, and
features of the metabolic syndrome.”” Whether the adverse
effects of iron accumulation are compounded by the potential
resultant deleterious effects on chromium metabolism has
not been addressed. In addition to the effects of nutrient
components of the diet, individual foods and their component
phytochemicals may also influence insulin secretion and

Exercise & Physical Activity

Since Chauveu & Kaufman’s remarkable observation in
1887 that “When a horse chews on hay the concentration of
glucose in the blood draining its masseter muscle substantially
decreases”* a large body of evidence supports the role of
exercise in improving insulin sensitivity and its beneficial
outcomes in insulin resistant states. Epidemiological studies
such as the US Physicians Health Study have reported
substantial decreases in the relative risk of type 2 diabetes with
lifelong regular physical activity.”> Large scale randomised
controlled clinical trials such as the Diabetes Prevention
Program’® and the Finnish Prevention Study’’ demonstrate a
58% reduction in progression of impaired glucose tolerance
to type 2 diabetes by intensive lifestyle modification which
included a minimum of 20-30 minutes of exercise per day.
Acute exercise increases GLUT 4 translocation to sarcolemmal
membrane, whereas chronic exercise training increases Glut
4 mRNA expression.”® In addition to this insulin-dependent
mechanism, enhanced glucose uptake into exercising muscle
occurs by multiple insulin independent mechanisms.””Exercise
training appears to enhance insulin sensitivity by increased
post-receptor insulin signalling;*° increased insulin-mediated
glucose transport appears to be related to enhanced signal
transduction at the level of IRS proteins and PI 3-kinase.”™

Stress

Insulin resistance is typically seen in the catabolic stress of
severe illness with implications for morbidity and mortality.
Mechanisms include activation of the hypothalamo-pituitary
adrenal (HPA) axis resulting in marked elevation of counter-
regulatory hormones, as well as the effects of inflammatory
cytokines.®! The latter impair insulin receptor signalling in
skeletal muscle, liver and adipose tissue; intermediates such
as IkB kinase, MAP kinase, ceramides and ganglioside GM3
affect several key signal transduction pathways. Important
examples include the inhibition of insulin receptor kinase
activity via serine phosphorylation of IRS-1, with downstream
effects on PI-3 kinase, and thereby GLUT 4 translocation, as
well as direct effects on PI-3 kinase, Akt/protein kinase B
and protein kinase C.%* The potential significance of chronic
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psychosocial stress in the development of the metabolic
syndrome has recently been reviewed.®

Sleep and Sleep Deprivation

Acute sleep deprivation in healthy young adults has been
reported to raise fasting blood glucose concentrations in
association with altered diurnal cortisol secretion and reduced
heart rate variability.3* These effects suggest increased
counter-regulatory hormone secretion via hyper-arousal with
activation of the hypothalamo-pituitary adrenal axis.®® There
is also accumulating evidence that chronic sleep deprivation
may impact on insulin and insulin resistance. Recent
epidemiological studies report that reduced sleep duration
is associated with increased BMI.®® Sleep deprivation is
associated with decreased plasma concentrations of leptin,
the adipocyte peptide hormone regulating fat mass and
appetite, and increased concentrations of ghrelin, which
increases appetite.®” Growth hormone is secreted during slow
wave sleep, sleep declines with age® and growth hormone
deficiency in adults has been associated with central adiposity
and insulin resistance,®® but whether sleep deprivation
acts through these mechanisms is not clearly established.
Obstructive sleep apnoea (OSA), where sleep disturbance
results from obstruction to breathing during sleep, is associated
with impaired glucose tolerance independent of adiposity,”
and improves with continuous positive airway pressure
treatment®’ but whether this is due to resolution of hypoxia
and hypercapnia, or to effects on sleep quality, is unclear.

Pregnancy

Normal pregnancy is characterised by insulin resistance
which is greatest in the third trimester. This appears to be
an adaptive response, diverting glucose and lipids to the
developing foetus®? and thought due to the combined effects
of human placental lactogen, progesterone, oestradiol and
cortisol, which act as counter-regulatory hormones to insulin.
Exaggeration of the insulin resistance normally seen in
pregnancy is associated with gestational diabetes mellitus and
gestational hypertension.”

Obesity

Increased adipose tissue, especially that in an upper body or
“android” deposition, was first associated with diabetes and
vascular disease by French endocrinologist Jean Vague in
1956.%* Insulin resistance increases with increasing body mass
index, waist circumference and in particular waist-hip ratio.”
These reflect increased adiposity especially increased levels of
visceral adipose tissue. Visceral adipose tissue refers to intra-
abdominal fat around the intestines and correlates with liver
fat. Visceral adipose tissue has metabolic characteristics which
differ from that of subcutaneous fat. It is more metabolically
active with regard to free fatty acid turnover; the increased
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flux of free fatty acids promotes insulin resistance at a cellular
level and increases hepatic VLDL production.’® Omental pre-
adipocytes have increased 11- hydroxysteroid dehydrogenase
type 1 activity, initially thought to promote insulin resistance
by the effects of locally produced active glucocorticoid, via
conversion of cortisone to cortisol, though the significance of
these findings in vivo is debated.”®

Adipose tissue produces a number of cytokines which have
been associated with insulin resistance, including those
with pro-inflammatory activity e.g. TNFa, interleukins, and
PAI-1. There are regional differences in adipocyte cytokine
production. Interestingly recent reports suggest improvements
in insulin resistance by high dose aspirin, supporting the
authors’ hypothesis regarding the role of the serine kinase
IkB kinase-f (IKK-Ep) as an intracellular mediator of insulin
resistance in muscle. Muscle insulin resistance is associated
with increased intramyocellular triglyceride, derived from
adipose tissue lipolysis.””

The insulin resistance seen in obesity is believed to involve
primarily muscle and liver, with increased adipocyte-derived free
fatty acids promoting triglyceride accumulation in these tissues.””
This is more likely where adipocytes are insulin resistant.* Free
fatty acid flux is greater from visceral adipose tissue and more
likely in those individuals with genetically mediated adipocyte
insulin resistance.”® Whilst individual differences in the effects
of increasing adiposity exist, weight gain worsens and weight
loss improves insulin resistance in those so predisposed.”

Pharmacological Influences on Insulin Action and Insulin
Resistance

A wide range of pharmacological agents have been associated
with impaired glucose tolerance. Antihypertensive agents
such as diuretics and [-blockers, corticosteroids, oral
contraceptives, nicotinic acid and antipsychotic agents have
been reported to impair glucose tolerance!°*!?! as have
the anti-retroviral protease inhibitors used to treat human
immunodeficiency virus infection.!®? The mechanisms vary;
B-blockers impair insulin secretion from the pancreas by
blockade of B-adrenoceptors, thiazide diuretics are thought
to act by depleting potassium levels, corticosteroids and oral
contraceptives have counter-regulatory hormonal activity,'"!
and the HIV-1 protease inhibitors result in partial lipodystrophy
with loss of peripheral subcutaneous fat and accumulation of
truncal adipose tissue leading to insulin resistance.'®?

Aside from insulin itself, a number of agents are used
therapeutically to modulate insulin action. These include
sulphonylureas, which stimulate insulin secretion from the
[B-cell by activation of the sulphylurea receptor adjoining the
K*-ATP channel at the cell membrane.'? They are used in type

2 diabetes where residual B cell function exists. Other agents
act by reducing insulin resistance. Metformin, a biguanide,
reduces hepatic glucose output and to a lesser extent
peripheral insulin resistance and is used in type 2 diabetes
and polycystic ovarian syndrome (PCOS). Its cellular actions
are less well characterised. Recently, a class of agonists for
peroxisome proliferator gamma receptors has been available
and these agents are more potent than metformin in reducing
peripheral insulin resistance. They promote the differentiation
of subcutaneous adipocytes and favour redistribution of
triglycerides from hepatic and visceral adipose fat depots to the
periphery. They improve insulin resistance in adipose tissue
but not in muscle. Thiazolidinediones such as rosiglitazone
and pioglitazone are used in type 2 diabetes'® and have been
effective in PCOS.%® However, there are concerns regarding
the safety of thiazolidinediones in pregnancy; moreover the
long term pregnancy outcome of all these insulin-sensitizing
agents, including metformin, is unknown.'®

The Insulin Resistance Syndrome

The insulin resistance syndrome describes the cluster of
abnormalities which occur more frequently in insulin resistant
individuals. These include glucose intolerance, dyslipidacmia,
endothelial dysfunction and elevated procoagulant factors,
haemodynamic changes, elevated inflammatory markers,
abnormal uric acid metabolism, increased ovarian testosterone
secretion and sleep-disordered breathing.? Clinical syndromes
associated with insulin resistance include type 2 diabetes,
cardiovascular disease, essential hypertension, polycystic
ovary syndrome, non-alcoholic fatty liver disease, certain
forms of cancer and sleep apnoea.’

Clinical Syndromes Associated with Insulin Resistance
Type 2 diabetes and the Metabolic Syndrome would be the
most common clinical syndromes associated with insulin
resistance. Others include hypertension, PCOS, non-alcoholic
fatty liver disease, certain forms of cancer and OSA,* which
some authors consider a component of the metabolic syndrome
per se. There are also relatively common conditions where
insulin resistance is a secondary phenomenon; these include
acute illness, hepatic cirrhosis, renal failure, pregnancy,
hyperthyroidism, Cushing’s disease and Cushing’s syndrome
as well as acromegaly and phacochromocytoma which are
less common.? In many of these, the insulin resistance is due
to increased production of counter-regulatory hormones.

However there are also a large number of generally rare
disorders where insulin resistance is a major clinical feature.?*!%
(Table 3) Though individually rare, these conditions may
provide insight into the mechanisms of insulin resistance in
other settings. Typically they are characterised by disturbances
in organ systems where insulin action plays a critical role.
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Uncommon Conditions Associated with Insulin Resistance
The lipodystrophies represent a group of disorders typified by
lack of subcutaneous adipose tissue, which may be inherited or
acquired (e.g. secondary to treatment with protease inhibitors
for HIV). They are associated with fat accumulation in liver
and muscle and insulin resistance. Transplanting deposits
of subcutaneous adipose tissue has been shown to improve
insulin resistance in animal models of these disorders. For a
recent review on this topic see Garg & Misra.'%

Inherited metabolic disorders such as mitochondrial disorders
and glycogen storage diseases affect muscle and liver in
particular, and are associated with diabetes and insulin
resistance respectively. In mitochondrial disorders there
is frequently pancreatic failure reflecting failure of 3 cell
energy generation which contributes to the development
of diabetes;'"” however impaired fatty acid oxidation may
contribute to defects in insulin action at the cellular level.””
Interestingly diabetic patients with MELAS (Myoclonus,
Elipepsy, Lactic Acidosis and Stroke-like episodes) seem
to do better on a high fat diet,'® but also therefore, a low
carbohydrate diet, which minimises accumulation of lactate
resulting from incomplete metabolism of pyruvate in the Krebs
Cycle. Recently increased intramyocellular lipid and reduced
mitochondrial phosphorylation has been reported in lean
insulin-resistant offspring of patients with Type 2 diabetes,
suggesting subtle mitochondrial dysfunction may be more
widespread in this disorder.'” In glycogen storage disease
type I the adult manifestations are striking clinically for their
overlap with the Metabolic Syndrome.!% Insulin resistance in
this group has recently been documented,'!® and likely relates
to the hepatic fat accumulation that occurs in this condition.
The topic of genetic syndromes causing diabetes, including
those resulting in insulin resistance, is extensively reviewed
by Scheuner et al.'!!

Table 3. Uncommon genetic disorders associated with
insulin resistance.?*?

Down’s Syndrome

Turner’s Syndrome

Klinefelter’s Syndrome
Thalassaemia

Haemochromatosis
Lipodystrophy

Progeria

Huntington’s Chorea

Myotonic dystrophy

Friedrich’s ataxia
Laurence-Moon-Biedel syndrome
Glycogen storage diseases type [ & III
Mitochondrial disorders (?)
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Common Conditions Associated with Insulin Resistance
Type 2 Diabetes (T2DM)

Following pioneering work by Bornstein!!? and the Nobel
Prize-winning work of Yalow and Berson,'? the first insulin
assays became widely available in the late 1960s;*® it was
subsequently confirmed that diabetic patients with so-called
or maturity onset or type 2 diabetes had normal or increased
plasma insulin levels. Insulin resistance was reported to
be a characteristic feature of T2DM in the early 1970s.> A
progressive inability of the B cells to compensate for the
prevailing insulin resistance by sufficient hyperinsulinaemia,
heralds the clinical onset of this disorder.* While twin studies
and linkage analyses are consistent with a strong genetic
component in the development of type 2 diabetes, several
decades of research have failed to identify a predominant
genetic abnormality in the majority of cases.” The aetiology
of T2DM is thought to be polygenic, with environmental
factors being superimposed upon this basic predisposition.

Insulin resistance typically predates the development of
diabetes and is commonly found in unaffected first-degree
relatives.” The morbidity of the disorder relates both to the
severity of hyperglycaemia and the metabolic consequences of
insulin resistance itself. The primary defects in insulin action
appear to be in muscle cells and adipocytes, with impaired
GLUT 4 translocation resulting in impaired insulin-mediated
glucose transport.?

Compensatory hyperinsulinaecmia develops initially, but the
first phase of insulin secretion is lost early in the disorder.
Additional environmental and physiological stresses such as
pregnancy, weight gain, physical inactivity and medications
may worsen the insulin resistance. As the 3 cells fail to
compensate for the prevailing insulin resistance, impaired
glucose tolerance and diabetes develops. As glucose levels
rise, B cell function deteriorates further, with diminishing
sensitivity to glucose and worsening hyperglycaemia. The
pancreatic islet cell mass is reported to be reduced in size
in diabetic patients; humoral and endocrine factors may be
important in maintaining islet cell mass.! In contrast to most
forms of type 2 diabetes, the genetic basis of Maturity Onset
diabetes of the Young (MODY) has been well characterised
and relates to defects in glucokinase, hence intracellular
glucose transport.?

Metabolic Syndrome

Jean Vague’s early observations in the 1950s were
rediscovered some three decades later, when in 1988 it was
proposed that individuals with glucose intolerance, elevated
triglycerides, low HDL cholesterol and essential hypertension
were at greatly increased cardiovascular risk.? The underlying
connection with insulin resistance was not fully appreciated



Insulin and Insulin Resistance

at the time and it was initially referred to as Syndrome X,
but later as the Metabolic Syndrome. The Adult Treatment
Panel III of the National Cholesterol Advisory Panel defines
Metabolic syndrome as the “constellation of lipid and non-
lipid risk factors of metabolic origin”. Their diagnostic criteria
for metabolic syndrome require three of the following:

¢ Abdominal obesity
¢ Men: waist circumference >40 inches (102 cm )
+ Women: waist circumference >35 inches (88 cm)
Fasting glucose > 110 <126 mg/dL (6.1-7.0 mmol/L)
Blood pressure > 130/80 mmHg
Triglycerides >150 mg/dL (>1.7 mmol/L)
HDL cholesterol
¢ Men <40 mg/dL (<1.0 mmol/L)
¢  Women <50 mg/dL (<1.3 mmol/L)

* & o o

It has been estimated that in the United States some 25%
of adults have the syndrome.’ In addition to an underlying
genetic predisposition to insulin resistance, physical inactivity
and excess energy intake are considered the main risk factors,
with an unknown contribution from other factors such as
chronic stress''* and sleep deprivation.'"”

Dyslipidaemia

The lipid abnormalities associated with insulin resistance
affect all lipid fractions. They are characterised by elevated
fasting triglyceride levels, elevated postprandial triglyceride-
rich remnant lipoproteins, low HDL cholesterol, and small
dense LDL particles. This pattern correlates strongly with
cardiovascular risk, and treatment decreases this risk.?
Apolipoprotein B (apo B) is typically associated with
LDL cholesterol; however, in insulin resistant atherogenic
dyslipidaemia, in response to increased delivery of free fatty
acids to the liver, there is an overproduction of apo B and
increased VLDL triglyceride synthesis. This includes VLDL
particles which contain apo B. Low HDL cholesterol levels
are an independent risk factor for cardiovascular disease;
the low HDL seen in atherogenic dyslipidaemia relates to a
reduced HDL particle size. The low HDL particle size relates
to exchange of VLDL triglycerides for cholesterol esters in
LDL and HDL via cholesterol ester transfer protein. When
the triglycerides in LDL and HDL undergo hydrolysis, small,
cholesterol depleted LDL and HDL remain.''® Small dense
LDL particles are reported to be more atherogenic possibly
because of their increased propensity to oxidation and greater
proportion of apo B. Compared with non-insulin resistant
states, a given LDL cholesterol level represents a greater
number of apo B containing small dense LDL particles and
this confers increased risk.!"’

Hypertension

Essential hypertension has been associated with insulin
resistance in up to 50% of cases.'!"There is a strong correlation
ofblood pressure with body weight. The significance of insulin
resistance in hypertension is subject to some controversy, as
50% of essential hypertensives appear not to have insulin
resistance. Proposed mechanisms have included increased
renal sodium retention and increased sympathetic nervous
system activity from compensatory hyperinsulinaemia.’
However endothelial dysfunction from resistance to insulin-
mediated nitric oxide formation is thought to be of clearer
significance.!!8.11°

PCOS

Convincing evidence links
pathogenesis of this, the most common endocrine disorder
of premenopausal women.* The severity of genetic defects in
insulin sensitivity may perhaps determine the probability of
developing PCOS for a given body mass index. Genetically
determined defects in transduction of the insulin signal have
been described in PCOS, with insulin resistance preceding

insulin resistance to the

the clinical manifestations. Further deterioration in insulin
sensitivity occurs with the adolescent growth spurt and the
development of obesity.'?* The ovarian dysfunction relates
to the effects of compensatory hyperinsulinaemia increasing
pituitary LH secretion and androgen production by the theca
cells of the ovary. Aromatisation of androgens in the setting of
obesity increases production of oestrogens, further impairing
the function of the hypothalamo-pituitary gonadal axis.
Hyperinsulinaemia also suppresses SHBG production by the
liver, further elevating free androgens. Elevated androgens
in turn further aggravate insulin resistance.'’® Therapeutic
modalities which reduce insulin resistance typically result in
improvements in ovarian function. These include weight loss,
exercise and insulin-sensitizing pharmacological agents such
as metformin and troglitazone.?

Non-alcoholic Fatty Liver Disease (NAFLD)

NAFLD is becoming increasingly recognised with different
countries reporting prevalence rates 10-24% of the general
population; however amongst obese individuals, 50-75% are
affected. 25-50% of obese children are affected. NAFLD may
progress to non-alcoholic steatohepatosis, steatohepatitis,
fibrosis or cirrhosis, representing increasing liver damage.
Over a follow-up period of 3.5-11 years, 28% of patients with
NAFLD had progressive liver damage.'?! Peripheral insulin
resistance in fat and muscle lead to increased delivery of free
fatty acids to the liver, increasing triglyceride synthesis. Fatty
liver develops when hepatic triglyceride synthesis exceeds
hepatic synthesis and export of VLDL triglyceride.’
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Cancer

Insulin resistance with compensatory hyperinsulinaemia has
been implicated in the actiology of certain cancers, including
colon, endometrial, possibly pancreatic and renal-cell
cancers'?? and breast cancer.’ In the case of colonic cancer it
is proposed that insulin resistance leads to hyperinsulinaemia
with elevated IGF-1 levels promoting intestinal epithelial
cell proliferation; alterations in NF-kB and peroxisome
proliferator activated receptor signalling may also influence
colonocyte kinetics.!** In addition to mitogenic effects of
insulin itself, the effects of insulin resistance on ovarian
function and sex hormone metabolism, along with low levels
of SHBG potentially elevating bio-available hormone levels,
may also contribute to carcinogenesis.'?*

0S4

OSA is generally regarded as a complication of obesity
manifested by mechanical obstruction to the upper respiratory
tract during sleep. However there is some evidence suggesting
that OSA may be a systemic condition related to insulin
resistance.> However the resultant sleep fragmentation and
hyperarousal may promote insulin resistance via activation of
the HPA axis.!?® Sympathetic nervous system hyperactivity
has also been reported in OSA.'?° Treatment of OSA by nasal
continuous positive airway pressure preferentially decreases
visceral adipose tissue.!?” Whilst these studies do not
preclude insulin resistance as a contributor to OSA, there are
several mechanisms, described above, by which OSA might
contribute to insulin resistance.

Measurement of Insulin and Insulin Resistance

There are a variety of approaches to the laboratory assessment
of insulin resistance. Over the years the limited specificity of
older radio-immunoassays that cross-react with proinsulin
have reduced the credibility of measuring insulin resistance
in clinical settings. Current assays have improved specificity
and precision. A comprehensive review of insulin assays is
beyond the scope of this review and the reader is encouraged
to consult Sapin'?® in this regard. Insulin resistance may be
measured by looking directly at insulin mediated glucose
uptake in the basal or post-stimulated state, by inference
from the relative concentrations of glucose and insulin, or by
looking at surrogate markers of insulin action.

Research Methods

The most accepted methods for measuring insulin resistance
are limited to research settings due to their invasiveness and
complexity. The clamp studies specifically measure insulin
mediated glucose uptake under controlled conditions. These
include the euglycaemic clamp (considered the gold standard)
and the hyperinsulinaemic clamp. Less invasive are the insulin
sensitivity test and short insulin tolerance test. Less direct
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methods include assessments of insulin resistance based on
mathematical modelling include the Homeostasis Assessment
Model (HOMA)'? and the Quantitative Insulin Sensitivity
Check Index (QUICKI), Continuous Infusion of Glucose
with Model Assessment (CIGMA), Frequently Sampled
Intravenous Glucose Tolerance Test and minimal modelling.
These methods have been recently reviewed.'*’

Clinical Methods

Most of the methods outlined above have limited applicability
in clinical settings. The most widely used approach would be to
measure fasting plasma insulin. While additional information
may be obtained with HOMA and QUICKI, by incorporating
the simultaneous fasting glucose into the equation, it has
been argued that most of the variance in insulin resistance
is reflected in the insulin level alone.'*! Belfiore et al have
developed Insulin Sensitivity Indices based on basal and
OGTT-induced insulin, glucose and free fatty acid levels;
these are a practical measure of whole body insulin resistance
in the clinical setting and are unique in measuring sensitivity
to insulin-mediated suppression of free fatty acid levels.
They can be applied to either basal or post OGTT glucose
and insulin levels. Although this method is performed under
physiological conditions, unlike the euglycaemic clamp
technique, the authors report values for r of 0.93 to 0.99 for
the correlations between the methods.'*

Functional Measures of Insulin Resistance

Another approach is to identify insulin resistant patients, based
on functional markers of insulin resistance. McLoughlin et
al were able to identify insulin resistant individuals from an
overweight-obese cohort by looking at plasma triglyceride
concentration, ratio of triglyceride to high-density lipoprotein
cholesterol concentrations and insulin concentration. Using
cut points of 1.47 mmol/L for triglyceride, 1.8 mmol/L for
the triglyceride-high-density lipoprotein cholesterol ratio and
109 pmol/L (16 mIU/L) for insulin, they achieved comparable
sensitivity and specificity to the Adult Treatment Panel III to

diagnose the metabolic syndrome.'3

Concluding Comments

A century or more since research into this field began in
earnest neither the significance nor the medical and scientific
interest in this area has waned. Instead, rapid globalisation,
urbanisation and industrialisation have spawned epidemics
of obesity, diabetes and their attendant co-morbidities, as
physical inactivity and “convenience” foods unmask latent
predisposing genetic traits. The biological mechanisms
are intricate and complex and incompletely understood.
However, taking a step back, we may need to consider the
dramatic social changes of the past century with respect to
physical activity, diet, work, socialisation and sleep patterns.



Insulin and Insulin Resistance

Aside from the challenges that remain in unravelling
the genetic and mechanistic factors, perhaps a greater
challenge, is creatively, to adapt contemporary lifestyles
to our genetic make-up and physiological requirements.
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