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F O R E W O R D  

When Professor Ammon accepted to write a chapter on antidiabetics for 
Advances in Drug Research, he set himself to the task with great enthusiasm 
and dedication. His first priority was to enlist the help of a few distinguished 
colleagues whose fields of competence were complementary to his own. 
However, Ammon and his co-authors soon realized that what they had in 
mind would not fit into a single chapter, even a very large one. 

The present volume is the result of the writers' ambition towards 
comprehensiveness and timeliness. In one chapter after the other, they 
examine such facets as glucose homeostasis, clinical aspects of diabetes, 
mechanisms of insulin action, therapeutic use of insulin, insulin release and 
drugs that act on its secretion, agents that influence glucose uptake or 
absorption, and some novel drugs. The coverage is impressive in its breadth 
and depth, ranging from molecular physiology and pharmacology to pathol- 
ogy and therapy. 

For Advances in Drug Research, a monograph such as this one is a novelty. 
Whether and how much it will remain an exception will depend on a number 
of factors including the readers' response. 

BERNARD TESTA 
URS A. MEYER 
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PREFACE: 
ANTIDIABETIC AGENTS: RECENT ADVANCES IN THEIR 

MOLECULAR AND CLINICAL PHARMACOLOGY 

This book tries to give an overview on present knowledge about phar- 
macological and clinical aspects of antidiabetic drugs. In this connection it 
was found to be important to include chapters on the regulation of glucose 
homoeostasis and pathophysiology of Type-I and Type-II diabetes mellitus. 
Since diabetes mellitus is a disease of inadequate insulin secretion and 
inadequate action of insulin, especially in Type-II diabetes mellitus, special 
emphasis has been put on the molecular basis of insulin secretion and insulin 
actions. Several experts have contributed different topics. The clinical part 
was written by H. Laube, and insulin action by H. U. H~iring, M. Kellerer 
and L. Mosthaf. The secretory machinery and mechanisms of sulphonylurea 
actions were contributed by H. P. T. Ammon. The author of pharmaco- 
dynamics of other antidiabetic drugs, side effects and drug interactions is 
E. J. Verspohl and finally M. A. Wahl added the pharmacokinetic properties 
of antidiabetic agents. Only antidiabetic drugs on the market have been 
included. 

By discussing the pathophysiology of diabetes mellitus, the regulation of 
glucose homoeostasis and the molecular aspects of insulin action and 
secretion, this book aims to stimulate future considerations on possible 
concepts in the development of new antidiabetic drugs. 

H. P. T. AMMON 
H. U. H,~RING 
M. KELLERER 

H. LAUBE 
L. MOSTHAF 

E. J. VERSPOHL 
and M. A. WAHL 
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Introduction 

Diabetes is a life-threatening disease which can be found in all population 
groups and countries all over the world. Recent advances in the chemistry 
and molecular pharmacology of antidiabetic drugs have considerably im- 
proved the therapeutic situation and have increased chances to treat diabetic 
patients with "near normoglycaemia". Nevertheless, morbidity and mortality 
in diabetic patients have clearly not decreased and are now not much better 
than they were years ago. The diagnosis of diabetes mellitus still means a 
considerable reduction of life expectancy (30%) for the average untrained 
patient. This suggests that our basic knowledge of glucose homoeostasis and 
the advances in understanding of the pathophysiology of diabetes mellitus 
are still not sufficiently great or transformed into clinical practice to the 
benefit of our patients and therefore should be further improved. 
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1 Introduct ion 

The glucose regulatory system is one of the most important homoeostatic 
systems in physiology. Glucose homoeostasis is the sum of various processes 
that regulate the production and metabolism of glucose in vivo.  In healthy 
individuals, fuel homoeostasis and blood glucose levels are remarkably well 
maintained. The fundamental mechanism underlying the regulation of 
glucose homoeostasis, however, is rather complex. The maintenance of 
glucose homoeostasis depends on substrate supply, primarily glucose inges- 
tion and glucose uptake (peripheral and splanchnic), insulin secretion, 
hormonal counter-regulation and hepatic glucose efflux (gluconeogenesis and 
glycogenolysis). These processes are simultaneously ongoing and are coor- 
dinated physiologically to avoid hypo- and hyper-glycaemic states. In the 
postabsorptive state, normal blood glucose levels are maintained by hepatic 
glucose production from gluconeogenesis and glycolysis. Extrahepatic tissues 
utilize glucose, and corresponding amounts of glucose are provided by the 
liver, thus keeping glucose homoeostasis in balance. 

Giycogenolysis in the liver is the major source of rapid release of glucose 
in the fasting state (Fig. 1). Glucagon, catecholamines and the sympathetic 
nervous system stimulate glycogenolysis, with insulin having the opposite 
action. Glucose per  se suppresses glycogenolysis directly. The main substrates 
for gluconeogenesis are glycogenic amino acids, mainly alanine and glutamine 
from muscle protein, and lactate and pyruvate derived initially from 
triglycerides. 

Giuconeogenesis is stimulated by glucagon and supported by 
catecholamines. Gluconeogenesis is also stimulated by high fatty acid 
concentrations, and inhibited by insulin. The ratio of insulin to glucagon, 
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FIG. 1. Effects of lack of glucagon (O), catecholamine (11), growth hormone (A), 
and cortisol (�9 responses on counter-regulatory changes in glucose production 
(top) and glucose utilization (bottom) in non-diabetic volunteers. (Source: Gerich, 
1988.) 

however, is more important than the absolute concentration of either 
hormone alone. Insulin physiologically released in a pulsatile fashion-  the 
pulses lasting from 8 to 30 min (Hansen et al.,  1982; Waldah/iusl et al., 1984) 
- is the key regulatory factor of glucose homoeostasis. Conversely, the major 
regulator of insulin secretion is plasma glucose concentration. Insulin 
suppresses glucose output of the liver and stimulates glucose uptake by 
extrahepatic peripheral tissues, primarily muscle and adipose tissue. 

In the fasting state, glucose homoeostasis is maintained at the expense of 
other fuel sources, mainly free fatty acids (FFA). Lipolysis is initiated in 
adipose tissue, and triglycerides are hydrolysed to FFA and glycerol. 
Ketogenesis is increased. Ketones are synthesized in the liver from fatty acids 
and utilized progressively during prolonged starvation. An increased rate of 
fatty acid oxidation is stimulated through an increase in intrahepatic citrate 
and acetyl-CoA concentrations. Free fatty acids cause a decrease in glucose 
uptake and metabolism and subsequently a decrease in glucose utilization 
(glucose-fatty acid cycle; Fig. 2). 

The major stimuli to lipolysis are insulin deficiency and catecholamines. 
Lipolysis is also stimulated by the sympathetic nervous system through both 
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Glucose ~ L-Glycerol-3-Phosphate 

1 
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FIG. 2. Metabolic interrelationships between free fatty acid and glucose metabolism. 

(Source: Randle et al., 1963.) 

a- and/3-adrenergic actions. Muscle and liver as sites of/3-oxidation are the 
major consumers of circulating fatty acids. 

Following glucose ingestion a rapid rise in arterial glucose concentration, 
as well as splanchnic output, is seen as the result of glucose absorbed from 
the gut and passing through the liver. This is accompanied by a mean 50% 
suppression of endogenous glucose production. Normally 30% of the glucose 
load is retained by the liver and the remainder is translocated and available 
to peripheral tissues, with insulin-supported uptake into muscle and adipose 
tissue. Plasma glucose is the major regulator of insulin secretion. 

Our understanding of the fundamental mechanism underlying the complex 
regulation of glucose homoeostasis has been dramatically transformed 
recently by the realization that glucose transport in mammalian tissues is 
mediated by a family of structurally related, but genetically distinct, glucose 
transporter proteins. This, however, will be discussed in detail later. 

After ingestion of food, a small rise in serum insulin suppresses effectively 
fatty acid mobilization from adipose tissue but has little effect on glucose 
transport. A single intravenous injection of insulin does not decrease serum 
triglycerides. However, small amounts of insulin infused for a number of 
hours result in significant reduction, leading finally to an increase in insulin 
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NIDDM patients (---O---) during insulin clamp. *P<0.01. (Source: Golay et al. ,  
1988.) 

sensitivity. The inhibitory effect of insulin on FFA mobilization has to persist 
for a certain period of time, until the influx of lipoproteins from the liver 
can be demonstrated. Significant lowering of blood sugar will only be 
achieved at serum insulin levels of at least 30-40 mU 1-1. 

Insulin has long been thought to play a role in the general regulation of 
protein biosynthesis. It inhibits urea production and markedly suppresses the 
release of amino acids from the liver of non-fasting mammalians. Insulin has 
a direct effect in regulation of circulating amino acid levels. It lowers 
concentrations of valine, leucine, isoleucine, threonine, phenylalanine and 
tyrosine. It augments protein synthesis and participates in gluconeogenesis 
to maintain glucose homoeostasis (Fig. 3). Glucose homoeostasis is also 
influenced by physical training. The beneficial effect on glucose tolerance is 
mainly based on enhanced insulin sensitivity. 

Glucose homoeostasis is also influenced by the central nervous system. The 
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hypothalamo-autonomic nervous system coordinates visceral activities and 
modulates hormonal secretion, both through production of hypothalamic- 
releasing and -inhibiting hormones and by sending neural signals to the 
endocrine organs (Shimazu, 1981). Sympathetic denervation influences 
glucose homoeostasis. The effect of neural activation upon islet function has 
been explained by adrenergic and cholinergic neural inputs (Ahr~n et al.,  
1986). The role of the adrenergic system appears to be predominantly 
directed at the insulin response to acute stress. In contrast, during chronic 
stress where increased delivery of substrate is desired, the catecholamines 
play a minor role. Stress is characterized by an increase in fuel delivery to 
insulin-sensitive tissues. In this situation insulin secretion may be only mildly 
impaired and glucose uptake maximized (Ahr~n et al., 1986). 

2 Effect of Insulin Deficiency 

2.1 GLUCOSE 

The most dramatic manifestation of acute insulin deficiency is the effect on 
carbohydrate metabolism. Absolute or relative deficiency of insulin results 
in hyperglycaemia with an early increase in hepatic glucose output, which 
is evident within l h  of insulin withdrawal and is due to stimulated 
glycogenolysis and gluconeogenesis from glycerol, lactate and amino acids. 
This results in an increased concentration of extracellular glucose and 
excessive loss of glucose in the urine. At the same time, glucose uptake by 
extrahepatic tissues, primarily muscle and adipose tissue, is decreased (Fig. 
4). A diminished translocation of glucose in muscle and fat and lower 
oxidation and glycogen synthesis are prevalent. 

In the state of prolonged insulin deficiency, the metabolic situation is 
further aggravated by stress hormones and sympathetic nerve reaction. An 
increase in cortisol, catecholamines and growth hormone (GH) stimu- 
lates glycogenolysis and gluconeogenesis further (Bratusch-Marrain, 1983). 
Whereas in insulin deficiency hepatic glucose output is primarily increased, 
in insulin resistance it may be normal, and only peripheral glucose utilization 
may be decreased initially. This may be primarily due to a loss of 
insulin-stimulated glucose uptake and secondarily due to the glucose-fatty 
acid cycle (Randle et al., 1963). 

In diabetes mellitus, blood glucose homoeostasis and rate of lipolysis in 
adipose tissue appear to be associated. This relationship is most apparent 
in an insulin-deficient state, where glucose homoeostasis is maintained at the 
expense of other fuel sources, mainly FFA. Insulin deficiency initiates 
lipolysis. The increase in fatty acid oxidation further favours hepatic 
gluconeogenesis. 
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FIG. 4. Time-related change in total glucose uptake in controls ( ~ )  and in 
normal weight NIDDM patients (--O---) during insulin clamp. *P <0.01. (Source: 
Golay et al., 1988.) 

2.2 LIPIDS 

In insulin deficiency, basal plasma FFA levels and lipid oxidation are elevated 
and fail to decrease normally (DeFronzo, 1988). Fatty acid production rates 
are increased up to threefold. This reflects the deficiency of insulin in the 
presence of normal sympathetic nervous system activity and normal level of 
circulating catecholamines. 

With loss of insulin action and an excess of catabolic hormones, hydrolysis 
of triglycerides is markedly increased, glycerol supply rises and triglyceride 
turnover in plasma increases with a concomitant increase in ketoacid derived 
from hepatic oxidation of FFA. Fatty acids are partly oxidized to ketonic 
compounds. Ketone synthesis increases more than threefold in the state of 
insulin deficiency as the result of a low insulin/glucagon ratio and a high FFA 
supply to the liver. At low insulin levels, ketone uptake and utilization of 
peripheral tissue is also significantly reduced. 

In diabetic ketoacidosis, plasma ketone concentrations are often raised to 
200--300 times the normal fasting values because of additional impaired renal 
elimination. An excessive mobilization of FFA is due to an augmented 
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breakdown of triglycerides and to a reduced rate of utilization of FFA for 
esterification in adipose tissue. The increase in fatty acid oxidation favours 
hepatic gluconeogenesis. 

There is a diminished capacity of peripheral tissue to take up triglycerides 
in diabetes with insulin deficiency or in an insulin-resistant state. FFA and 
ketones depress glucose uptake and oxidation in muscle, contributing to 
hyperglycaemia and, as first noted by Randle et al. (1963), FFA inhibit 
pyruvate oxidation, glycolysis and possibly glucose transport. There is a 
reciprocal relationship between the metabolism of glucose and that of FFA, 
known as the glucose-fatty acid cycle. 

2.3 PROTEINS 

It was noted as early as 1889 that removal of the pancreas resulted, quite 
apart from the effects on carbohydrate metabolism, in an increase in amino 
acid release from muscles (v. Mering and Minkowski, 1889), with consequent 
increased loss of nitrogen in the urine and wasting of body tissues. Treatment 
with insulin prevents this excessive loss of protein (Chaikoff and Forker, 
1950). During insulin deficiency, muscle proteolysis provides gluconeogenic 
substrates for fuel for those tissues metabolizing glucose. Insulin deficiency 
is the signal for this process and its time constant is measurable in hours (slow 
insulin effect), thus avoiding hypoglycaemic reactions. 

Insulin stimulates protein biosynthesis by a mechanism which is not directly 
dependent upon its action in stimulating the uptake and accumulation of 
amino acids by the cells. Insulin increases the incorporation of amino acids 
into the protein of a number of tissues, an effect which is dependent on the 
presence of glucose. 

Regulation of Glucose Homoeostasis in Type-I Diabetes Mellitus 
(IDDM) 

3.1 HORMONES AND CYTOKININS 

In patients taking insulin, especially those with Type-I diabetes, an impaired 
glucose homoeostasis is common (Gerich, 1988). This is due to the 
independence of plasma glucose concentration and the availability of insulin 
and varies with dose, site of insulin injection, subcutaneous blood flow, 
insulin-antibody binding, insulin catabolism, diet and physical activity. 

More importantly, IDDM patients have a defective glucose counter- 
regulation. As Bolli and Perriello (1990) pointed out, counter-regulatory 
mechanisms in IDMM, compared with controls, are intact only in the first 
months after onset of diabetes. Thereafter, impaired insulin kinetics (due to 
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FIG. 5. Blood glucose and plasma counter-regulatory hormone levels before, during 
and after a constant intravenous insulin infusion. �9 -- P <~ 0.05 versus basal'C)= n.s. 
versus basal. (Source: Bolli et al., 1984c.) 

antibodies) and reduced counter-regulatory hormone response lead to a delay 
in recovery from hypoglycaemia. 

The most important counter-regulatory hormone defect is a reduced 
glucagon response which is almost universally present after approximately 
5 years of diabetes and is selective, because the secretory response to other 
stimuli is normal or even exaggerated (Gerich et al . ,  1973; Bratusch-Marrain, 
1983) (Fig. 5). Glucagon secretion is increased over basal levels leading to 
a decline in the insulin/glucagon ratio. The mechanism for this deficient 
response is not known. It is not due to autonomic neuropathy or changes 
in the/3-cell function (Gerich, 1988). Sustained hyperglucagonaemia has an 
effect on glucose homoeostasis for at least 2 hours after the initiation of 
a continuous infusion (Clarke et al . ,  1983) with higher blood glucose 
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concentrations and higher insulin requirements. As a consequence it is 
not the glucagon~ compensatory increase in glucose production 
but the suppression of glucose utilization that reverses insulin-induced 
hypoglycaemia in IDDM and, less severely, in NIDDM (Shilo et al.,  
1990). 

After 5-10 years of diabetes, glucose counter-regulation in IDDM becomes 
further impaired when adrenaline secretion also becomes deficient. This, 
however, can be attributed to diabetic autonomic neuropathy, because it is 
usually accompanied by reduced pancreatic polypeptide response (Cryer, 
1983; White et al.,  1985a; Gerich, 1988). 

Plasma GH and cortisol response appear to be appropriate in most IDDM 
patients. During prolonged insulin deficiency~ however, there is an increased 
secretion of glucocorticoids and stress hormones (Johnston and Alberti, 
1982). With long-standing diabetes, impaired secretory responses have also 
been noted (Boden et al.,  1981; Bolli et al., 1984a). 

The diabetogenic action of GH is not mediated by its effect on glucagon 
secretion, and GH is of little importance in the acute counter-regulation of 
insulin-induced changes in glucose homoeostasis (Adamson, 1981). A 
reduction in counter-regulatory hormone response in IDDM through success- 
ful intensive therapy, however, is still a controversial approach (Bergenstal 
et al.,  1983; Bolli et al.,  1984b; Simonson et al., 1984; Amiel et al. ,  
1987). 

Prostaglandins also seem to participate in glucose homoeostasis. Despite 
some controversy, the weight of evidence appears to favour an inhibitory role 
of prostaglandins when all in vivo and in vitro data are considered. The in 
vitro observation that prostaglandins has stimulatory effects on/3-cell function 
at normal glucose concentration, but inhibitory effects at high glucose 
concentration, may be an important clue for the ultimate resolution of this 
problem (Robertson, 1981). 

An interesting possible explanation for the abnormalities in glucose 
homoeostasis in viral and bacterial infections was offered by Shimizu et al. 
(1985), who observed a decrease in the production of insulin after administra- 
tion of interferon (IFN), suggesting that viral and bacterial infections with 
induced production of IFN may be responsible for abnormalities in car- 
bohydrate metabolism. 

Interleukin (IL-1), a cytokinin mainly produced by monocytes- 
macrophages, may also affect glucose homoeostasis (Gerich, 1988). Its 
hypoglycaemic effect was first observed in an insulin-resistant state, and this 
constitutes an example of the biological relevance of immune-neuroen- 
docrine interaction in glucose homoeostasis (Besedovsky and Del Rey, 
1989). 

IL-1/3 has a potentiating effect on insulin secretion, suggesting a priming 
effect on B-cell function and also a paracrine effect on A + B-cell function. 
IL-1/3 should be considered to be a physiological modulator of insulin and 
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glucagon secretion, e.g. during the acute phase response, but also as a 
pathogenic factor in Type-I diabetes mellitus (Wogensen et al . ,  1990). 

3.2 PHYSICAL EXERCISE 

Fuel homoeostasis and blood glucose levels are remarkably well maintained 
during physical exercise in healthy individuals. A decline in plasma insulin 
and an increase in glucagon are known to occur during intense and/or 
prolonged exercise. In diabetics, physical training improves glucose homoeo- 
stasis. In IDDM, however, the very basis for fuel homoeostasis adjustments, 
i.e. normal insulin production, is absent. Recent studies have pointed out 
that in trained diabetics, increased circulating insulin levels are present and 
may also contribute to the improvement in glucose homoeostasis (Rousseau- 
Migneron et al. ,  1988). 

The glucose homoeostatic response to exercise in IDDM, in contrast to 
healthy controls, is critically dependent on the adrenergic system (Simonson 
et al.,  1984). Thus, exercise in hyperinsulinaemic patients may result in 
hypoglycaemic reactions and, in hypoinsulinaemic diabetics, in increased 
blood glucose levels. There are many adjustments to the therapeutic regimen 
which an individual with IDDM can make in order to avoid changes in 
glucose homoeostasis during or after exercise. Thus, individualized recom- 
mendations for exact treatment modification in association with exercise are 
necessary. 

Exercise-induced glycogen depletion, with an increase in glucose storage 
and insulin-stimulated glucose disposal, both of which may add to post- 
exercise hypoglycaemia in Type-I diabetes, is associated with increased 
peripheral sensitivity to insulin. The finding, however, that exercise will have 
a long-term effect on the metabolic control of diabetes or prevent the 
development of complications of diabetes remains to be firmly established 
(Zinman and Vranic, 1985). 

Changes in glucose homoeostasis with an increase in blood glucose 
concentration, primarily in the early morning (dawn phenomenon), is a 
secondary phenomenon (Waldh~iusl, 1986) which reflects the state of insulin 
sensitivity, the size of the hepatic glycogen pool, lack of insulin and the 
availability of glycogenolytic and/or gluconeogenic counter-regulatory hor- 
mones. It is more frequent in Type-I diabetics, with an intake the preceding 
day of a hypercaloric diet, than in fasting patients. The dawn phenomenon 
is defined as an early-morning increase in plasma glucose concentration, 
without antecedent hypoglycaemia, in patients with IDDM or NIDDM 
(Somogyi, 1959). 

A rebound hyperglycaemia, caused by counter-regulatory hormones 
provoked by insulin-induced hypoglycaemia, is called the Somogyi 
phenomenon (Gerich, 1988). Attvall et al. (1987) have shown that prolonged 



R E G U L A T I O N  OF G L U C O S E  HOMOEOSTASIS  13 

insulin resistance occurs after hypoglycaemia in IDDM patients. Increase in 
cortisol, GH and catecholamines play a role in causing the prolonged 
post-hypoglycaemic insulin resistance. 

While GH is essential in this respect, the diabetogenic effect of cortisol 
is evident only in conjunction with GH (Kollind et al., 1987). Insulin 
resistance occurs for at least 12 hours after hypoglycaemic episodes in patients 
with IDDM. Adrenaline causes immediate insulin resistance, whereas GH 
exerts a sustained resistance only after a lag period of about 4 hours (Kollind, 
1988). 

It is important to prevent nocturnal hypoglycaemia, not only to protect 
brain function, but also to prevent insulin resistance. This may easily 
result in exaggerated hyperglycaemia and initiate the vicious c i r c l e -  
hypoglycaemia, hyperglycaemia, increase in insulin dose and risk of sub- 
sequent hypoglycaemia (Bolli and Perriello, 1990). The mechanism, fre- 
quency and even the existence of the Somogyi phenomenon, however, are 
all still controversial. 

Regulation of Glucose Homoeostasis in Type-ll Diabetes Mellitus 
(NIDDM) 

4.1 CHARACTERISTICS OF NIDDM 

NIDDM is a heterogeneous disorder that may be initiated by a defect in 
insulin action. A reduction in glucose clearance is one of the earliest 
abnormalities. At that time, the early phase of insulin secretion tends to be 
reduced, priming the insulin target tissues, primarily the liver, that are 
responsible for the maintenance of glucose homoeostasis. As the first phase 
of insulin secretion is impaired, the resulting postprandial hyperglycaemia 
initiates a hyperinsulinaemia, returning blood glucose to normal. In NIDDM, 
with a fasting glucose concentration up to 120mg/100 ml, insulin secretion 
is increased to twice normal with a fasting glucose concentration of 
80 mg/100 ml. 

As the pancreatic exhaustion continues, insulin response becomes insuffi- 
cient and the absolute amount of insulin decreases. Basal blood glucose 
begins to rise. Once the fasting blood glucose concentration exceeds 
120 mg/100 ml there is a further progressive decline in reactive insulin release 
in response to glucose. Basal insulin, however, still remains elevated. Finally, 
the early and late phases of insulin secretion disappear, and a decrease in 
the absolute amount of insulin is noted. 

At a glucose level of 150-160 mg/100 ml the amount of insulin secreted is 
similar to that of a normal non-diabetic individual. With a further increase 
in glucose to more than 160mg/100ml the insulin response becomes 
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insulinopenic, and markedly reduced when basal glucose exceeds 200- 
220 mg/100 ml. 

4.2 INSULIN SENSITIVITY 

Insulin controls glucose homoeostasis through three coordinated 
mechanisms, i.e. suppression of hepatic glucose production (HGP), 
stimulation of splanchnic (hepatic) glucose uptake and peripheral uptake. 
The tissues responsible for the insulin resistance in the basal state are quite 
different from those responsible for the insulin resistance in the 
insulin-stimulated (hyperinsulinaemic) state. 

Glucose, which is released by the liver, can be derived from either 
glycogenolysis or gluconeogenesis. However, while no defect in hepatic 
glucose uptake is demonstrable, the effects on HGP depend on insulin and 
glucose levels. 

At low glucose (hyperinsulinaemic) levels (120mg/100ml) a normal 
suppressive action of insulin on HGP is noted (Gerich et al., 1973). A 
normal rate of HGP, however, in the presence of fasting hyperglycaemia, 
and a plasma insulin concentration nearly twofold greater, demonstrates 
that a latent hepatic resistance to the suppressive action of insulin is already 
present early in the course of NIDDM. HGP still remains within normal 
range because of the suppressive effect of hyperglycaemia. Tissue glucose 
uptake, however, is markedly reduced. In diabetic subjects, the glucose 
uptake of muscle tissue is delayed and retarded. While in control subjects 
muscle glucose uptake accounts for 75% of the total glucose uptake, 
normal-weight NIDDM patients have a 50% reduction in insulin-mediated 
peripheral glucose uptake. Thus in the early stages of NIDDM, the site 
of insulin resistance is not at the level of the liver. The principal defect 
causing the elevated postprandial glucose is a defect in muscle glucose uptake 
(Fig. 6). 

The suppression of hepatic glucose uptake is very sensitive to small 
increments in plasma glucose. With more severe fasting hyperglycaemia, an 
augmented rate of HGP causes the progressive rise in plasma glucose 
concentration. 

If fasting glucose levels exceed 200-220 mg/100 ml and an insulinopenic 
state is present (basal state), an impairment of the ability of insulin to 
suppress HGP is noted (Gerich et al.,  1979). In that state, the liver now 
represents the major site of insulin resistance, leading finally to high fasting 
blood glucose concentrations. Chronic hyperglycaemia leads to insulin 
resistance through interference with the regulation of the glucose-transport 
system and desensitizes the /3-cell to acute glycaemic stimuli. Glucose 
oxidation (Berger et al., 1986) and glycogen formation (Gerich, 1985) are 
impaired and an excessive amount of glucose is converted to lactate, which 
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FIG. 6. Summary of glucose metabolism during euglycaemic insulin-clamp studies 
in NIDDM subjects and controls. (Source: DeFronzo, 1988.) 

is subsequently released and can serve as a substrate to drive gluconeogenesis 
by the liver. 

4.3 LIPIDS 

The increased fat mass in obese individuals, associated with enhanced 
lipolysis in insulin-resistant NIDDM, leads to elevated plasma FFA and 
stimulates lipid oxidation by peripheral tissues. In non-insulin-dependent 
diabetics, ketone formation, however, is not increased because sufficient 
insulin is available to restrain hepatic production and stimulate peripheral 
utilization. 

Elevated FFA oxidation restricts glucose oxidation in muscle and accounts 
for the defect in glucose oxidation and glucose storage in NIDDM. Lipid and 
glucose oxidation have been found to be inversely related to each other. 
These results suggest that elevated rates of lipid oxidation contribute to the 
defect in glucose oxidation and, to a lesser extent, glucose storage in 
insulin-resistant diabetics. In normal-weight NIDDM patients, however, lipid 
oxidation is not significantly increased. 

The treatment of obese NIDDM patients should primarily aim at a 
reduction in insulin resistance by hypocaloric diet (reducing hyperglycaemia), 
weight reduction (reducing hyperinsulinaemia) and a reduction in hyper- 
lipidaemia (with interruption of the fatty acid cycle). 
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1 Type-I Diabetes Mellitus 

1.1 AETIOLOGY 

Type-I diabetes is the result of an immunologically mediated genetically 
programmed destruction of the B-cells. This process may require many years 
and can be documented by several humoral and cellular immunological 
abnormalities preceding the clinical onset of the disease. Islet cell surface 
antibodies (ICA) and insulin autoantibodies (IAA) are often detected years 
before overt clinical symptoms start. A florid insulitis, however, has mainly 
been observed only close to the time of diagnosis (Bottazzo et al., 1985). 

There is also strong evidence of a genetic component in the aetiology of 
Type-I diabetes, with a close human leucocyte antigen (HLA)-DR associa- 
tion. The relative risk of becoming diabetic is six times higher for HLA-DR4 
and 14 times higher for HLA-DR3 + 4 but only 0.2 for HLA-DR2. At least 
one of the diabetic risk antigens is found in more than 80% of patients with 
Type-I diabetes but in only 30% of the general population. However, there 
is also evidence that HLA genes alone do not determine the disease and we 
are probably dealing with a multistage aetiology. Among monozygotic twins, 
there is a concordance value of only 30-50% for Type-I diabetes, pointing 
to a strong environmental factor. 

The incidence of Type-I diabetes rises from birth to 12 years of age and 
is most frequent around puberty. The pattern of age of onset, however, may 
vary widely and Type-I diabetes may also start in the 6th or even 7th decade 
of life (Jarret, 1991). 

The onset of the disease shows a striking seasonal variation with a high 
incidence rate in autumn and winter, suggesting a prominent role for 
environmental trigger factors in the genesis of Type-I diabetes. However, 
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attempts to relate the occurrence of the disease to common viral infections 
have failed (Yoon and Ray, 1985). 

New working hypotheses should take into account slow viruses as 
precipitating agents that are tropic for B-cells, acting close to the time of 
diagnosis (Bottazzo et al., 1985). 

The incidence of Type-I diabetes (insulitis) varies considerably in its 
geographic distribution among countries and has increased dramatically, up 
to 3 times during the past 3 decades in Finland. The highest rates of occurrence 
are found predominantly in the northern hemisphere. Finland has a leading 
position with 28 cases/100 000 per year. In contrast, there is a very low national 
incidence in France and Japan (0.8/100 000). This again suggests a predominant 
effect of environmental factors in the genesis of Type-I diabetes. 

The incidence rate of Type-I diabetes may also vary considerably over a 
narrow geographic range. In Israel, the Ashkenazi Jews are affected with 6.8 
new cases of Type-I diabetes per 100 000 per year while Arabs in Israel suffer 
only in 1.2/100000, pointing to an effect of different genetic background. 

1.2 CLINICAL SYMPTOMS 

The onset of the autoimmune disease Type-I diabetes has a protracted 
prodromal period. Overt symptoms such as hyperglycaemia occur only 
months and years after initial metabolic and immunological abnormalities 
such as impaired glucose tolerance, ICA and IAA are noted. 

Chances of detecting early symptomatic Type-I diabetic patients therefore 
depend on glucose studies of relatives and monitoring of a combination of 
immunological serum parameters and assessment of insulin secretion in 
persons who are at high risk. Clinical symptoms in Type-I diabetes usually 
start when more than 90% of vital B-cells are destroyed. Patients present 
acute with symptoms of hyperglycaemia such as polyuria, polydipsia, weight 
loss and tiredness (Table 1). Minor symptoms may include cramps, skin 
infections and blurred vision. The duration of these symptoms is usually very 
short and may last for only 1-2 weeks (Gill, 1991). 

The most dangerous acute symptom of Type-I diabetes is the ketoacidotic 
coma, which is noted as a first sign in 10% of newly diagnosed patients. 

The acute clinical symptoms in Type-I diabetes can only be treated with 
exogenous insulin. The metabolic situation will improve rapidly after the start 
of the treatment. Hyperglycaemia, ketonaemia, hypertriglyceridaemia and 
other metabolic complications, however, may continue in view of a still 
imperfect unphysiological insulin-application regimen. 

Next to the insulin pump, intensified conventional insulin therapy is the 
most effective way of imitating the homoeostatic regulation of blood glucose 
levels by means of several daily injections of clear insulin before meals and 
basal insulin to suppress gluconeogenesis during the night. 
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TABLE l a 

Symptoms of insulin-dependent diabetes 

Major symptoms Minor symptoms Features of 
ketoacidosis 

Thirst Cramps Nausea 
Polyuria Constipation Vomiting 
Weight loss Blurred vision Drowsiness 
Fatigue Candidiasis Abdominal pain 

Skin sepsis 

"Source: Gill (1991). 

A spontaneous temporary improvement in B-cell function can be observed 
during the "honeymoon period", which may last for a few weeks or months. 
But as the autoimmune destruction of the B-cells continues, insulin 
requirements increase again. Some patients may retain a few functioning 
B-cells with some endogenous insulin production in the long term, thus 
having better blood glucose control and being less prone to diabetic 
complications. 

1.3 NATURAL HISTORY AND PROGNOSIS 

The natural history of the disease is determined by the onset and extent of 
chronic diabetic complications. Microangiopathic changes are diabetes- 
specific, causing retinopathy, nephropathy and alterations in the peripheral 
and autonomous nervous system. Macroangiopathy, which is more typical 
for Type-II diabetes, leads predominantly to cardiovascular complications 
with coronary heart disease, myocardial infarction and peripheral vascular 
occlusion. 

For diabetic patients overall, the mortality risk is about twice that in the 
age-matched non-diabetic population. For Type-I, the overall life expectancy 
is reduced by about 30%. The most frequent cause of mortality in Type-I 
diabetes is nephropathy (Palmberg et al., 1981): 35% of Type-I diabetics die 
from renal failure, 15% from coronary heart disease and 15% from infectious 
disease. Type-I diabetics whose disease appears before puberty have a still 
higher risk of developing nephropathy, associated with premature death. 

After 5 years of diabetes, the risk of nephropathy rises rapidly. However, 
only a subset of patients are susceptible and only a small proportion develop 
total renal failure, predominantly those with a familial clustering and parents 
with hypertensive disease. 
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Nephropathy is initially manifested as a persistent urinary excretion of 
albumin, a decreasing glomerular filtration rate and increasing blood 
pressure. Once proteinuria occurs, patients have a poor prognosis. The 
median survival is about 10 years, which is determined by diastolic blood 
pressure, dietary protein intake and the severity of diabetes exposure. A 
family history of longevity, however, may be helpful and also regular clinical 
contact. 

The complication risk in Type-I diabetes is related not only to duration 
of the disease but also to the degree of glycaemic control, blood pressure 
and genetic susceptibility (Hanssen, 1991). The most frequent chronic 
complication in Type-I diabetes is diabetic background retinopathy, with a 
near-100% occurrence rate after 15 years diabetes duration. Manifestations 
of diabetes, however, can be found in all ocular structures (Table 1). 

The lesions of diabetic retinopathy can be divided into two major groups: 
background retinopathy and proliferative retinopathy. Microaneurysms are 
the hallmark of diabetic retinopathy. Once microaneurysms are present, 
multiple haemorrhages indicate increasing severity of diabetic retinopathy. 
Proliferative diabetic retinopathy carries a poor prognosis for vision and is 
the commonest sight-threatening lesion in IDDM. Diabetic retinopathy is 
now the leading cause of blindness in persons 25-74 years of age. Regular 
screening of patients is therefore crucial. 
Diabetic neuropathy is grouped into various types (Ward, 1991): 

(1) chronic insidious sensory neuropathy; 
(2) acute painful neuropathy; 
(3) proximal motor neuropathy; 
(4) diffuse motor neuropathy; 
(5) focal vascular neuropathy. 

The most common syndrome is sensory neuropathy with clinical signs of 
tingling, burning, cramps and pains, mainly in the legs and feet. 

Autonomic neuropathy presents clinically as damage to the cardiovascular, 
genitourinary and gastrointestinal tracts. The mortality rate appears to be 
high (50% in 3 years) resulting from renal failure and "sudden unexpected 
death". 

Despite the potential problems of Type-I diabetes, some patients do 
remarkably well and may survive 50 years or more without major complica- 
tions. Again, a family history of longevity and good metabolic control are 
important factors in achieving this goal. 

1.4 PROGNOSIS OF TYPE-I DIABETES MELLITUS 

The introduction of insulin by Banting and Best and colleagues (1922) 
dramatically improved the prognosis of Type-I diabetes. However, life 
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expectancy is still considerably lower than in non-diabetics. As shown by 
Green et al. (1985) relative mortality in insulin-dependent diabetes decreases 
with increasing age at diagnosis and increases with increased duration of 
diabetes to a maximum at 15-25 years, after which it declines. Up to the age 
of 20 years, acute hypo- and hyper-glycaemic complications lead the 
diabetes-related death rates in Type-I diabetes. Between 20 and 40 years of 
age, renal failure (microangiopathy) and then coronary heart disease 
(macroangiopathy) are the most frequent causes of death. 

Acute complication rates increase with low glycaemia, but decrease rapidly 
with intensified training programmes. Micro- and macro-vascular complica- 
tion rates can also be significantly reduced by improved metabolic control 
and low levels of glycosylated haemoglobin. As shown in the DCC Trial 
(1993), intensive therapy slows the progression of retinopathy by more than 
50%, reduces microalbuminuria by 39-54% and neuropathy by 60%. Severe 
hypoglycaemia, however, increases two- to three-fold. 

The prognosis of Type-I diabetes can be greatly improved by lowering 
glycaemia by intensive therapy. The risk of severe hypoglycaemic reactions, 
however, means that close blood-sugar monitoring is required. 

2 Type-ll Diabetes Mellitus 

2.1 AETIOLOGY 

Type-II diabetes mellitus is defined and classified as non-insulin-dependent, 
although many patients receive insulin to improve their glycaemic control; 
there is a relative deficit in insulin-secretory capacity. Maturity-onset diabetes 
of the young (MODY) and gestational diabetes are both variants of Type-II 
diabetes mellitus. There are two subgroups of Type-II: normal-weight type 
IIa and obese-type IIb. 

The prevalence of Type-II diabetes shows a large variation among 
populations, depending on ethnic, racial and social factors, age and genetic 
determinants. Pima-Indians have a rate of 50%, Eskimos far below 1% 
(Bennett, 1990) and Chinese and Africans less than 0.1%, which increases 
with urbanization and living standard. 

In Europe, two-thirds of all Type-II patients are overweight. Obesity and 
age are regarded as being the most important external risk factors. The 
average age of Type-II diabetics is 67 years, 70% of the patients being over 
70. The disease is characterized by reduced insulin-secretory capacity as the 
major defect in normal-weight (Type-IIa) patients and an additional insulin 
resistance in obese (Type-IIb) patients (O'Rahilly et al . ,  1986). Monozygotic 
twin studies where one twin already had Type-II diabetes revealed that 91% 
of the co-twins also developed Type-II diabetes. A strong genetic factor is 
demonstrated by some 40% of the patients having a first-degree relative with 
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NIDDM (Pyke and Nelson, 1976). In dizygotic co-twins only 7% more than 
the expected number in the general population were diabetic. 

There is a strong familial component of the susceptibility to Type-II 
diabetes, with nearly complete concordance in identical twins (Pyke, 
1979). 

Type-II diabetes may remain undetected for many years. In Europe and 
North America the ratio of undiagnosed to diagnosed cases may be as high 
as 1:1. Specific criteria have been adopted by WHO (1985a) for the diagnosis 
of Type-II diabetes mellitus. 

Concordance rates among monozygotic twins range from 55% to 100% 
compared with 17% in dizygotic twins. Type-II diabetes predisposition is best 
described as dependent on the inheritance of a single major gene in a 
co-dominant manner. Type-II diabetes is often associated with normal or high 
levels of circulating insulin, the absence of distinct HLA, insulin antibodies 
(lAB) and spontaneous ketoacidosis. 

It is now recognized that the development of Type-II diabetes requires a 
genetic component which predisposes to the disease, an abnormality in 
pancreatic B-cell function and the presence of insulin resistance in skeletal 
muscle, adipose tissue and the liver. Obesity is the most common condition 
associated with Type-II diabetes by hyperinsulinaemia and insulin resis- 
tance. 

2.2 CLINICAL SYMPTOMS 

The classic symptoms of metabolic disturbance are rare in Type-II diabetes 
and more insidious than in Type-I. Hyperglycaemia, thirst, polyuria and 
fatigue are the classic symptoms, but weight loss is infrequent and diagnosis 
is often made after intercurrent infections or as an incidental finding 
(Table 2). 

2.3 NATURAL HISTORY 

The natural history of Type-II diabetes mellitus is characterized by a 
progression of B-cell dysfunction. Many patients are initially well controlled 
by diet but, as the years go by, they need oral hypoglycaemic agents and 
eventually insulin for satisfactory glycaemic control. Some 17% of all Type-II 
diabetics are treated with insulin, and 5% of Type-II diabetics are switched 
to insulin each year (Marble and Camerini-Davalos, 1961). The point at 
which a patient should be put on a insulin regimen, however, is not always 
easy to assess and may be determined by life expectancy, morbidity and 
compliance of the patient. 
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TABLE 2 '~ 
Modes of detection of NIDDM 

Mode of detection Percentage detected 

Diabetic symptoms 
Incidental finding (usually glycosuria) 
Infections (e.g. candidiasis) 
Complications (e.g. retinopathy) detected by an optician 

53 
29 
16 
2 

aSource: UK Prospective Diabetes Study (1988). 

2.4 PROGNOSIS OF TYPE-II DIABETES MELLITUS 

Morbidity and mortality in Type-II diabetes is characterized mainly by 
problems related to macroangiopathy. This, however, is not specific for 
Type-II, but for the age at which Type-II diabetes mainly appears. 

Type-II diabetes is frequently accompanied by other macroangiopathic risk 
factors. Arterial hypertension can be found in 65%, hypertriglyceridaemia 
in 60% and hypercholesterolaemia in 35% of patients. The multimetabolic 
syndrome caused by insulin resistance and hyperinsulinaemia leads to 
increased macrovascular risk the endpoint of which is death from coronary 
heart disease. 

Life expectancy is reduced by 5-10 years in Type-lI diabetes compared with 
the non-diabetic population. The mortality risk, however, is not related to 
the duration of the disease (Nathan et al. ,  1986) but to the additional presence 
of other risk factors. In patients over the age of 75 at the time of diagnosis, 
mortality from diabetes is similar to that of age-matched non-diabetics. 
Coronary heart disease is the main cause of death in 58% of all Type-II 
diabetics (WHO, 1985b), followed by cerebrovascular accidents in 12%. 
Nephropathy is the cause of death in only 3%. 

Microvascular complications are far less prominent in Type-II than in 
Type-I diabetes mellitus. Retinopathy is present in only 17%, and cataracts 
in 14% of patients. 

The prevalence of diabetic neuropathy rises from 7.5% at the time of 
diagnosis to 50% after 25 years and seems to be directly related to the 
duration of diabetes. The commonest type is a symmetric sensory and 
autonomic polyneuropathy. Once symptomatic autonomic neuropathy is 
present the prognosis for survival is substantially diminished. The clinically 
silent phase of diabetic nephropathy in Type-II diabetes may last 5-10 years. 
It is characterized by rising urinary albumin excretion caused by a capillary 
lesion in the glomerulus. Microalbuminuria varies and can be found in 
15-60% of all Type-II diabetics; it is defined by an excretion rate between 
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15 and 250p, gmin -l .  In patients with microalbuminuria, coronary heart 
disease and proliferative retinopathy increase severalfold; without special 
care about 50% of the patients with persistent proteinuria will die within 7 
years from uraemia, myocardial infarction or cerebral vascular accidents. 
Antihypertensive therapy, however, can slow down progressive renal failure. 
Early identification of endangered patients and appropriate therapy is 
therefore essential for a good prognosis. 
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I Insulin Actions 

In su l in  ac t i on  is i n i t i a t ed  by b i n d i n g  of  the  h o r m o n e  to its specif ic  r e c e p t o r  

at t he  p l a s m a  m e m b r a n e .  Th i s  i n d u c e s  a b r o a d  s p e c t r u m  of  d i s t inc t  e f fec ts  

at  a n u m b e r  o f  d i f f e r e n t  t a r g e t  cel ls ,  p r e d o m i n a n t l y  in m u s c l e ,  l iver  a n d  

fat.  T h e s e  c e l l u l a r  insu l in  effects  can  be  d i v i d e d  in to  fou r  c a t e g o r i e s :  
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(1) stimulation of membrane transport processes (ions, glucose, amino 
acids); (2) anabolic effects including the stimulation of glycogen synthesis, 
lipogenesis and protein synthesis; (3) anticatabolic effects such as the 
inhibition of lipolysis, proteolysis and glycogenolysis; (4) growth-promoting 
effects in certain cell types, i.e. stimulation of RNA and DNA synthesis in 
concert with the other above-described anabolic effects. Insulin action 
involves rapid events (seconds to minutes) such as the stimulation of ion and 
glucose transport, stimulation of phospholipid turnover, generation of 
mediators and enzyme regulation including glycogen synthase, pyruvate 
dehydrogenase, triacylglycerol lipase and phosphorylase among others. 
Insulin also stimulates slow events (minutes to hours) such as the activation 
of amino acid transport, protein and lipid synthesis or stimulation of RNA 
and DNA synthesis. It is believed that all these different effects are initiated 
by binding of insulin to a single type of receptor, whereas a branching of 
signal transduction occurs at a post-binding or even post-receptor level. The 
existence of a specific insulin receptor was postulated over 25 years ago in 
the original studies of Cuatrecasas (1971), Freychet et al. (1971) and Kono 
and Barham (1971) who demonstrated specific saturable binding of 125I- 
labelled insulin to cell surfaces. Since then a large number of studies have 
been performed to characterize the structure and function of the insulin 
receptor. 

2 Insulin Receptor 

2.1 STRUCTURE 

The insulin receptor is a transmembrane glycoprotein of approximately 
400kDa and comprises two a-subunits of molecular mass 135 kDa each 
(Goldfine, 1987) and two 95 kDa/3-subunits (Jacobs and Cuatrecasas, 1981). 
The two a- and/3-subunits form a heterotetrameric protein complex which 
is linked by disulphide bonds (Fig. 7). The a-subunit of the insulin receptor 
consists of 719 or 731 amino acids (Ebina et al., 1985; Ullrich et al., 1985), 
it is entirely extracellular and contains the insulin-binding site. Both 
a-subunits are covalently linked via disulphide bonds. The /3-subunit is a 
transmembrane protein with a 194-amino acid extracellular domain that is 
glycosylated, a 23-amino acid transmembrane domain, a 403-amino acid 
cytoplasmic sequence (Fig. 7), which contains a well-preserved tyrosine 
kinase domain similar to that found in several oncogenes (ros, src, D r B B 2 )  
(Anderson et al., 1985; Semba et al., 1985; Matsushime et al., 1986), and 
a unique C-terminal tail. Both the a- and the/3-subunits are glycosylated at 
their N-terminal region (Hedo et al., 1981; Deutsch et al., 1983; Ronnet et 
al., 1984; Ullrich et al., 1985). 
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Fl6. 7. Model of the insulin receptor protein. 

2.2 THE INSULIN RECEPTOR GENE AND INSULIN RECEPTOR PROCESSING 

The cDNA of the human insulin receptor was isolated by Ebina et al. (1985) 
and Ullrich et al. (1985). The gene spans more than 150 kb and contains 22 
exons on chromosome 19, 11 coding for the ce-subunit and 11 for the 
/3-subunit. Seino et al. (1989) suggested that exon 1 encodes the signal 
peptide, exon 2 the binding region and exon 3 the so-called cysteine-rich 
region. Exon 11 contains the site for alternative splicing which gives rise to 
two preproreceptor isoforms, exon 12 contains the proreceptor processing 
site, exon 15 the transmembrane region, exons 17-21 encode the tyrosine 
kinase domain and exon 22 encodes the C-terminal tail (Yang-Feng et al.,  
1985). 

The insulin receptor is synthesized as a preproreceptor of 1370 amino acids. 
The proreceptor (molecular mass 190 kDa on SDS-PAGE) is glycosylated 
(Kahn, 1985) in the Golgi region, proteolytically cleaved into mature ce- and 
~3-subunits, and inserted in the plasma membrane (Fehlmann et al.,  1982) 
or degraded. The half-life of the insulin receptor was determined to be 7-12 
hours (Kahn, 1985). 
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2.3 ISOFORMS OF THE INSULIN RECEPTOR 

The a-subunit of the insulin receptor exists in two isoforms of either 719 or 
731 amino acids, which are derived from a 1370- or a 1382-amino acid 
common preproreceptor by proteolytic processing. Two cDNAs encoding a 
preproreceptor of either 1370 (Ullrich et al. ,  1985) or 1382 (Ebina et al . ,  1985) 
amino acids were originally described. The length difference results from 
alternative splicing of exon 11. The presence or absence of a 36 bp segment 
(amino acids 718-729) in the cDNA sequence following the codon for amino 
acid 717 determines the length of the insulin receptor isoform A ( -exon 11) 
or isoform B (+exon 11). 

Both isoforms of the insulin receptor are expressed in a tissue-specific 
pattern (Moiler et al. ,  1989; Mosthaf et al. ,  1990). Most of the functional 
properties of the two receptor isoforms are identical (Carrascosa et al . ,  1991; 
Kellerer et al . ,  1991a, 1992; McClain, 1991; Yamaguchi et al. ,  1991), while 
some characteristics such as binding affinity (Mosthaf et al. ,  1990), in- 
ternalization (Yamaguchi et al. ,  1991), recycling and down-regulation (Vogt 
et al. ,  1991a) appear to be different. However, at present, no specific 
differences in the biological functions of the two isoforms have been 
discovered. 

The tissue-specific expression patterns of the isoforms were studied in 
NIDDM and severe insulin resistance. Conflicting results have been reported. 
While we and others found evidence at both the protein and mRNA levels 
for an altered isoform pattern (Mosthaf et al. ,  1991; Kellerer et al . ,  1993a), 
this finding was not confirmed by other investigators (Benecke et al . ,  1992; 
Hansen et al. ,  1992). The reason for the discordant results is unclear. 
Although the biological significance of an altered insulin receptor isoform 
expression in NIDDM cannot be interpreted at present, it is interesting to 
note that in a prediabetic population the altered expression of the receptor 
isoforms in the skeletal muscle was associated with skeletal muscle insulin 
resistance (Mosthaf et al . ,  1993). This suggests that altered splicing of mRNA 
for the proreceptor might be associated with development of skeletal muscle 
insulin resistance. 

2.4 HOMOLOGY OF INSULIN- AND INSULIN-LIKE GROWTH FACTOR I (IGF-I) 

RECEPTOR 

The insulin and IGF-I receptors are similar in their structure, both being 
heterotetrameric glycoproteins (a-/3/3-a) (Massague and Czech, 1982). They 
show high sequence homology particularly in the domain that encodes the 
tyrosine kinase of the/3-subunit (approx. 80%) (Ullrich et al. ,  1986). Their 
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specific ligands, insulin and IGF-I, also show significant homology of 
approximately 50% (Rinderknecht and Humbel, 1978). IGF-I binds to the 
insulin receptor with 10-100-fold lower affinity than to its own receptor. The 
same was observed with insulin which also binds with 50-100-fold lower 
affinity to the IGF-I receptor (Czech, 1985). Insulin binding to the IGF-I 
receptor stimulates the tyrosine kinase of this receptor and parallel results 
have been found after binding of IGF-I to the insulin receptor (Czech, 1985). 
The IGF-I receptor also exists in at least two different isoforms as the result 
of alternative splicing of RNA (Abbott et al., 1992). 

As a consequence of structural similarities, the insulin and IGF-I receptors 
are immunologically related (Soos and Siddle, 1989). The two receptors seem 
to share common signalling elements (White et al., 1985b,c; Kadowaki et al., 
1987; Shemer et al., 1987). Although the insulin receptor predominantly 
induces metabolic effects, it also induces growth-promoting effects in specific 
cell types (King and Kahn, 1984). Conversely, the IGF-I receptor primarily 
elicits growth-promoting effects although it is able to induce metabolic effects 
such as, for example, stimulation of glucose uptake and muscle glycogen 
synthesis (Meuli and Froesch, 1977; Poggi et al., 1979). However, these 
effects can only be measured at much higher IGF-I concentrations than would 
be necessary for the respective insulin effects (Froesch and Zapf, 1985; Jacob 
et al., 1989; Rosetti et al., 1991). 

Furthermore, the insulin and IGF-I receptors form hybrid heterotetrameric 
receptors. The hybrid receptor consists of an insulin receptor heterodimer 
(a,/3) and an IGF-I heterodimer (c~,/3) which are connected via disulphide 
bonds (Soos et al., 1990; Moxham and Jacobs, 1992). Such hybrid receptors 
are not only formed in vitro, but also occur naturally in intact cells and bind 
insulin and IGF-I with high affinity (Moxham et al., 1989; Soos and Siddle, 
1989). Studies with different cell models suggested that low concentrations 
of IGF-I and insulin are able to stimulate both/3-subunits of an insulin/IGF-I 
receptor hybrid (Moxham et al., 1989). These naturally occurring hybrid 
receptors could give new insights into the specific forms of insulin resistance. 
This is suggested by studies with hybrid receptors that consist of mutated 
kinase-inactive a,/3-insulin receptor dimers or IGF-I receptor dimers. A 
transdominant inhibition of the kinase-inactive u,/3 dimer to the kinase-active 
wild-type c~,/3 dimer was observed (Frattali et al., 1992). Furthermore, studies 
with chimeric insulin receptors in which residues 191-290 of the IGF-I 
receptor replaced the corresponding domain of the insulin receptor gave 
interesting results, conferring on insulin and IGF-Iligand specificity and 
affinity. The creation of such a chimeric receptor results in a markedly 
increased affinity for insulin and IGF-I compared with the wild-type insulin 
receptor (SchMfer et al., 1993). Thus, the existence of such chimeric insulin 
receptors might imply new possibilities for alteration of ligand specificity and 
affinity (Sch~iffer et al., 1993). 
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FIG. 8. Functional domains of the insulin receptor. 

2.5 FUNCTIONAL DOMAINS OF THE INSULIN RECEPTOR 

2.5.1 Functional Domains o f  the a-Subunit  

Insulin binds with high affinity to the a-subunit of its receptor. The exact 
binding site has, however, not been defined. Syndromes of extreme insulin 
resistance have revealed several important domains for ligand binding 
(Fig. 8). 

It was suggested that the binding domain is located between amino acids 
83 and 103 (DeMeyts et al., 1988, 1989). Furthermore the so-called 
cysteine-rich region, a 23 kDa fragment spanning amino acids 205-316 (Yip 
et al., 1988) which is encoded by exon 3, was implicated in insulin binding 
(Rafaeloff et al., 1989) and specificity for ligand binding. The lysine at 
position 460 appears to be involved in positive and negative cooperativity 
of insulin-receptor interaction (Kadowaki et al., 1989). 

The 12 amino acids at the C-terminus of the a-subunit also appear to play 
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a role in insulin binding, since the presence of these amino acids (insulin 
receptor isoform B) results in a decrease in insulin affinity. 

The coupling of the a-subunit to the extracellular part of the/3-subunit occurs 
through disulphide bonds. There is some evidence from tryptic cleavage 
experiments (Frias and Waugh, 1989) that the amino acids involved in the 
disulphide coupling are located in positions 435,468 or 524 in the a-chain. 

2.5.2 Functional Domains  o f  the [3-Subunit 

In 1982 it was first shown that the/3-subunit of the insulin receptor contains an 
intrinsic tyrosine-specific kinase (Kasuga et al., 1982a). Binding of insulin to 
intact hepatoma cells (Kasuga et al., 1982b), IM9 lymphocytes (Kasuga et al., 
1982a), adipocytes (H~ring et al., 1982b) and liver cells (Van Obberghen and 
Kowalski, 1982) leads to phosphorylation of the /3-subunit of the insulin 
receptor. In the intact cell the phosphorylation occurs at tyrosine and serine 
residues (Kasuga et al., 1982b; H~ring et al., 1984). The mechanism for insulin 
signal transduction through the receptor is not fully understood, but many 
studies with mutated or truncated insulin receptors have provided indirect 
evidence for functional properties of distinct regions of the insulin receptor 
(Fig. 8). 

The transmembrane domain of the /3-subunit seems to be involved in 
regulation of the catalytic domain, since substitution or mutation of this 
region constitutively stimulates the insulin receptor tyrosine kinase (Yamada 
et al., 1992). The juxtamembrane domain of the/3-subunit is located between 
the transmembrane region and the ATP-binding domain. It is encoded by 
exon 16 and spans the 23 amino acids 944-966, which shows a high degree of 
homology with an analogous region of the low-density lipoprotein (LDL) 
receptor (Seino et al., 1989). It includes two potential tyrosine-phosphoryla- 
tion sites at amino acids 953 and 960. Tyr-960 which is weakly phosphorylated 
(Tavare and Denton, 1988; Tavare et al., 1988) appears to be important for 
substrate binding (White et al.. 1988a); it is, however, not necessary 
for autophosphorylation of the receptor /3-subunit. Moreover, the juxta- 
membrane region seems to be required to allow the internalization of the 
insulin receptor (Backer et al., 1991a). 

The ATP-binding region of the receptor is located around Lys-1018 (Ebina 
et al., 1987) and Gly-996 (Odawara et al., 1989). The cytoplasmic sequence of 
the insulin receptor contains 13 tyrosine residues and it is believed that at least 
six of these tyrosines become phosphorylated (White et al., 1984, 1985c, 
1988a; Tornqvist et al., 1987, 1988; Tavare and Denton, 1988; Tavare et al., 
1988; Tornqvist and Avruch, 1988) after insulin stimulation. The triplet of 
tyrosines at 1146, 1150 and 1151 in the preserved tyrosine kinase region, which 
contains 50-60% of the phosphate after insulin stimulation (Tornqvist et al., 
1988; White et al., 1988b), are crucial for autoactivation (Ellis et al., 1986). 
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The function of Tyr-1316 and -1322 at the C-terminus, which contains 20-30% 
of the phosphate (Tornqvist et al. ,  1988; White et al . ,  1988b), is not known. 
They are obviously not important for kinase activity, but may be related to 
growth signals (Debant et al. ,  1988). Moreover studies with proteolytically 
truncated receptor at the C-terminus suggest a role for this region in the 
specificity for signal transmission of the insulin receptor. Related receptors 
such as the IGF-I receptor and the "insulin receptor-related receptor" lack 
some of these tyrosine-phosphorylation sites at the C-terminus. 

The removal of the C-terminal tail does not alter kinase activity, en- 
docytosis, degradation or binding properties (Goren et al . ,  1987; Herrera et 
al . ,  1988; Maegawa et al. ,  1988; McClain et al. ,  1988). It might, however, be 
the site of serine phosphorylation at amino acids 1293 and 1294 (Lewis et al . ,  
1989) and threonine phosphorylation at 1336, which may inhibit kinase 
activity through a conformational change. Thr-1336 seems to be a major site 
for phosphorylation by protein kinase C (PKC), and is probably important for 
regulation of receptor cell surface expression and turnover (Czech, 1985). 

3.1 

3 Signal Transduction 

BASIC CHARACTERISTICS OF TRANSMEMBRANE SIGNALLING THROUGH THE 

INSULIN RECEPTOR KINASE 

The model of the insulin receptor kinase as a signal transducer across the 
plasma membrane is based on a great number of studies which were initiated 
by the original finding of Kasuga et al. (1982a), who showed that insulin 
stimulation of intact cells leads to phosphorylation of the /3-subunit of the 
insulin receptor. It is believed that further signal transduction then occurs 
through phosphorylation of other cellular proteins at tyrosine residues which 
could transmit the insulin signal to the effector systems of the target cell 
(White et al. ,  1985b,c). In addition, it is speculated that the autophosphory- 
lated receptor/3-subunit may interact directly with regulatory proteins or with 
enzymes that could be modulated in a non-covalent way, for example by 
complex formation and conformational changes (Riedel et al. ,  1986; Schles- 
singer, 1988). 

3.2 AUTOACTIVATION OF THE RECEPTOR KINASE BY TYROSINE PHOSPHORYLATION: 

THE AUTOPHOSPHORYLATION CASCADE 

It appears that after kinase activation a signal amplification occurs through 
autophosphorylation. Several tyrosine residues in the/3-subunit are involved 
in the autophosphorylation reaction including Tyr-l146, -1150 and -1151 in 
the regulatory region and Tyr-1316 and -1322 at the C-terminus (Tornqvist 
et al . ,  1987, 1988; Tavare et al. ,  1988; White et al. ,  1988b). Autophosphoryla- 
tion proceeds through a sequential mechanism in which Tyr-l146 and either 
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FIG. 9. Model of the signal flow through the insulin receptor. 

Tyr-ll50 or Tyr-ll51 are phosphorylated first, generating a diphosphotyrosyl 
region. However, this partial autophosphorylation does not activate the 
phosphotransferase, and complete autophosphorylation of all three tyrosine 
residues in the regulatory region forming a triphosphotyrosine domain is 
required for full activation (White et al. ,  1988b; Flores-Riveros et al . ,  1989; 
Wilden et al.,  1990). 

Phosphorylation of the C-terminus does not activate the intrinsic tyrosine 
kinase. Moreover, diphosphorylation of the regulatory region is poorly 
associated with activation of the kinase. In contrast, triphosphorylation of 
the regulatory region is closely associated with kinase activation, representing 
full activation (White et al. ,  1988b) and probably reflecting a further allosteric 
change (Fig. 9). The original idea of the autophosphorylation cascade has 
been confirmed more recently in several cell systems (Ellis et al. ,  1986; White 
et al. ,  1988b). Furthermore, it is now clear that transphosphorylation of 
receptor/3-subunits can also occur (Schlessinger, 1988). 

3.3 SIGNAL TRANSFER FROM THE c~- TO THE /3-SUBUNIT 

Interactions between insulin and its receptor probably occur, as outlined 
above, at amino acids 83-103 and 205-316. It is speculated that binding of 
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insulin to its receptor induces dimerization and a conformational change in 
the receptor a-subunit (Kahn, 1985; Sweet et al., 1987; Johnson et al., 1988; 
O'Hare and Pilch, 1988; Debant et al., 1989), resulting in autophosphoryla- 
tion of the intracellular insulin receptor /3-subunit (Fig. 9). Very similar 
structural changes in the receptor molecule can be induced by certain 
insulin-mimetic antibodies which are able to stimulate the insulin receptor 
tyrosine kinase as well (Brindle et al., 1990; Steele-Perkins and Roth, 
1990). 

There is increasing evidence that the conformational change in the 
a-subunit is transduced to the/3-subunit and modulates the tyrosine kinase 
activity of the/3-subunit. The coupling of the c~-subunit to the extracellular 
part of the/3-subunit occurs through disulphide bonds. Following the idea 
that the unoccupied c~-subunit functions as an inhibitor of the /3-subunit 
(Herrera et al., 1988; Shoelson et al., 1988), it seems possible that the 
insulin-binding-induced conformational change in the c~-subunit is transduced 
to the/3-subunit and releases the catalytic domain from inhibition. 

Several findings support this interpretation. (1) Antibodies against specific 
regions of the c~-subunit are able to alter the kinase activity in the/3-subunit. 
(2) Antibodies against the extracellular domain of the/3-subunit can stimulate 
(Prigent et al., 1990) or inhibit (Gherzi et al., 1989) the tyrosine kinase, 
pointing towards a role for the extracellular domain as a transducer element. 
(3) The possible functional importance of conformational changes is further 
underlined by the observation that ATP binding to the/3-subunit also causes 
a conformational change (Maddux and Goldfine, 1990). (4) Removal of the 
insulin-receptor-binding domain by proteolytic cleavage activates the insulin 
receptor tyrosine kinase as does insulin (Shoelson et al., 1988). We have 
recently obtained further support for such kinase modulation through the 
a-subunit structure by comparing the two receptor types human insulin 
receptor (HIR)-A and HIR-B which differ only in the C-terminal sequence 
of the a-subunit (Kellerer et al., 1992). We found that HIR-B exhibits higher 
autophosphorylation and substrate phosphorylation activities in vitro, sug- 
gesting that the c~-subunit of HIR-A is a more efficient inhibitor of basal and 
insulin-stimulated kinase activity (Kellerer et al., 1992). Similarly, it was 
shown that a mutation at Phe-382 in the c~-subunit reduces the kinase activity 
of the/3-subunit suggesting that in this case a conformational change in the 
a-subunit also occurs which increases its inhibitory function (Taylor et al., 
1990). 

3.4 POST-KINASE SIGNAL TRANSDUCTION: TYROSINE-PHOSPHORYLATED PROTEINS 

3.4.1 The Search for  Tyrosine-phosphorylated Proteins 

For a long time the search for tyrosine-phosphorylated proteins which might 
serve as a substrate for the insulin receptor kinase was unsuccessful. White 
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et al. (1985b) were the first to use a phosphotyrosine-specific antibody to 
identify tyrosine-phosphorylated proteins in the intact cell. They found a 
185 kDa protein in hepatoma cells which was rapidly phosphorylated on 
tyrosine residues after insulin stimulation of the cell (White et al., 1985b). 
Using the same experimental approach, a number of different proteins 
(Rees-Jones and Taylor, 1985; Sedoul et al., 1985; Bernier et al., 1987; H~ring 
et al., 1987; Izumi et al., 1987; Machicao et al., 1987; Hoffmann et al., 1988; 
Madoff et al., 1988; Margolis et al., 1988; Momomura et al., 1988) were 
identified which fulfil the criteria of putative signal-transmitting substrate 
proteins, i.e. rapid phosphorylation in the intact cell upon stimulation by 
physiological insulin concentrations. 

We found 46 (H~iring et al., 1987) and 180 kDa proteins (Machicao et al., 
1987) in the plasma membrane, both with unknown function. In the cytosol 
a number of bands were found. The originally described 185 kDa protein was, 
meanwhile, found in many cells. Furthermore, a 115-120 kDa protein is seen 
in many cell and membrane systems (Rees-Jones and Taylor, 1985; Sedoul 
et al., 1985; Machicao et al., 1987). There is a 120 kDa protein in hepatocytes 
(Sedoul et al., 1985), which appears to be involved in bile duct function 
(Margolis et al., 1988). In fat cells (H~ring et al., 1987), hepatoma cells and 
transfected cells, we found a 60 kDa protein which is particularly interesting 
as it might function as a serine kinase (Obermaier-Kusser et al., 1988a). 
Furthermore, there is a 15 kDa protein (Bernier et al., 1987), which was 
identified as an abundant cell protein of the cytoskeleton (Hoffmann et al., 
1988). In addition, calmodulin, which is an in vitro substrate of the insulin 
receptor kinase (H~iring et al., 1985; Laurino et al., 1988; Nong et al., 1988), 
becomes phosphorylated in the intact cell. So far, signal transduction with 
respect to specific insulin effects, has not been demonstrated through any 
of these proteins except for the 185 kDa protein. This protein was sequenced 
and cloned (Rothenberg et al., 1991; Sun et al., 1991) and demonstrated to 
function as a docking protein which links the insulin receptor to other 
signal-transducing elements in the cell. 

3.4.2 Insulin Receptor  Substrate-1 (IRS-1) in Post-kinase Signalling 

The first evidence of a cellular substrate of the insulin receptor kinase came 
from White et al. (1985b) who described a 185 kDa phosphoprotein in Fao 
hepatoma cells which was rapidly phosphorylated upon insulin stimulation. 
pp185, recently renamed IRS-1, is a cytosolic protein with at least 30 potential 
serine/threonine- and 10 potential tyrosine-phosphorylation sites (Sun et al., 
1991). Six of these tyrosine-phosphorylation sites lie in the amino acid 
sequence motif Tyr-Met-Xaa-Met which is recognized in its phosphorylated 
form by the SH2 (src homology 2) domain of the phosphatidylinositol 
3-kinase (PI 3-kinase) (Sun et al., 1991). 
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IRS-1 is highly phosphorylated on serine residues in the basal state; insulin 
stimulation leads to additional tyrosine phosphorylation and an increase in 
serine phosphorylation (Sun et al., 1991, 1992). Mutated kinase-negative 
insulin receptors that cannot be autophosphorylated after ligand binding are 
completely unable to phosphorylate IRS-I (Chou et al.,  1987). Thus 
phosphorylation of the insulin receptor kinase seems to be a prerequisite for 
IRS-1 phosphorylation at tyrosine residues (White et al., 1988a; Wilden et 
al.,  1990; Backer et al., 1991b). After insulin stimulation, IRS-1 is rapidly 
tyrosine phosphorylated and thereby associated with PI 3-kinase (Backer et 
al.,  1991b). It is believed that this association leads to activation of PI 3-kinase 
which results in phosphorylation of phosphatidylinositol molecules (Cantley 
et al. , 1991). 

Several studies suggest that PI 3-kinase activation and lipid phosphoryla- 
tion play a role in cell growth (Cantley et al., 1991; Myers et al. ,  1993). 
Although some functional properties of IRS-1 have been defined, we can 
presume that not all of the functions of IRS-1 have been discovered. The 
role of IRS-1 is probably not restricted to its function as a docking protein 
for PI 3-kinase; it might rather play a multifunctional role as a signalling 
element for growth-promoting and metabolic effects. IRS-1 is a substrate for 
the insulin receptor as well as for the structure- and sequence-related IGF-I 
(Izumi et al., 1987; Kadowaki et al., 1987; Myers et al., 1993); in contrast, 
it appears not to be a substrate for the platelet-derived growth factor (PDGF) 
and epidermal growth factor (EGF) receptors (Kadowaki et al.,  1987; 
Escobedo et al., 1991). IRS-1 has been identified in many different cell types 
(Kahn et al., 1993), animal tissues (Momomura et al., 1988; Tobe et al., 1990) 
and in human muscle (Kellerer et al., 1993b) as a major target for insulin. 
This might also suggest its general role as a signalling element in different 
cell types. 

3.4 .3  IRS-1 Couples  the Insulin Receptor  to Phospho l ip id  Kinases 

The existence of a phospholipid kinase activity associated with the insulin 
receptor (Machicao and Wieland, 1984; Sale et al., 1986; Carrascosa et al., 
1988) has proved controversial in the past. In the meantime, activation of 
a PI 3-kinase by the insulin, IGF-I, EGF and PDGF receptors could be 
demonstrated among other growth factor receptors (Kaplan et al., 1987; 
Auger et al., 1989; Varticovski et al., 1989; Endemann et al., 1990; Ruderman 
et al., 1990). 

PI 3-kinase is composed of an 85 kDa regulatory subunit and a 110 kDa 
catalytic subunit. Two isoforms of the 85 kDa regulatory subunit have been 
identified which are both able to bind phosphorylated proteins via their SH2 
domains (Augustine et al., 1990; Backer et al., 1992). Activation of PI 
3-kinase results in phosphorylation of phosphatidylinositol molecules. PI 
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3-kinase has been found to be activated by the insulin receptor as well as 
by several growth factor receptors such as those of IGF-I, EGF, colony- 
stimulating factor (CSF) and PDGF, suggesting a role in signal transduction 
for all of these receptors (Kaplan et al., 1987; Auger et al., 1989; Varticovski 
et al., 1989; Endemann et al., 1990; Ruderman et al., 1990). Several studies 
indicate that PI 3-kinase activation is involved in cell growth (Cantley et al., 
1991; Myers et al., 1993). We have recently shown that both receptor isoforms 
HIR-A and HIR-B are able to stimulate PI 3-kinase (Carrascosa et al., 1991). 
It appears possible that insulin-stimulated phospholipid phosphorylation 
plays a role in a signal-transmitting system that involves the activation of a 
phospholipase and subsequently the release of second-messenger products 
cleaved from membrane phospholipids. The characterization of IRS-1 has 
finally provided a basis for understanding the mechanism of insulin receptor 
interactions with phospholipid kinases. 

3.4.4 IRS-1 Couples the Insulin Receptor Tyrosine Kinase to a 
Ras-activated Signalling Cascade o f  Serine Kinases 

It has been known for a long time that a number of enzymes are regulated 
by insulin through phosphorylation and dephosphorylation at serine residues 
(Kahn, 1985). Therefore, a signal transduction from the tyrosine-specific 
insulin receptor kinase to a serine-specific kinase must occur. The serine 
kinase that might fulfil both functions in the insulin signal-transduction chain 
has not yet been identified; however, there are several possible candidates 
for these so called "switch kinases" (Fig. 10). 

Recent studies suggest that Ras might function as a switch between tyrosine 
and serine kinases (for a review see Satoh et al., 1992). Ras is a GTP-binding 
protein which is able to interact with and to activate a serine kinase cascade 
in different cell types (Skolnik et al., 1993a,b; Vojtek et al., 1993). It appears 
to be involved in mitogenic signal transduction and possibly also other 
signalling pathways, such as the regulation of glycogen synthesis. This serine 
kinase cascade includes the so-called mitogen-activated protein kinases 
(MAPKKK, MAPKK and MAPK), also recently called extracellular-signal- 
regulated kinases (ERKS), (receptor-activated kinases) (Satoh et al., 1992; 
Vojtek et al., 1993). 

Studies in Caenorhabditis elegans, Drosophila and different mammalian cell 
systems have demonstrated that receptor tyrosine kinases (Let-23 in C. 
elegans, Sevenless in Drosophila and different growth hormone receptors such 
as the EGF receptor and PDGF receptor in mammalian cells) couple to 
adaptor proteins which contain SH2 and SH3 domains (Sem-5 in C. elegans, 
Drk in Drosophila, Grb2 in mammalian cells) (Egan et al., 1993; Li et 
al., 1993). The SH2 domains of these coupling proteins recognize phos- 
photyrosine-containing domains in the tyrosine kinase receptors. These 
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FiG. 10. Downstream elements of insulin receptor signalling. PTP, phosphotyrosine 
phosphatase" 1C, phosphatase 1C" 1D, phosphatase I 1D. 

adaptor proteins are able to form complexes with GDP-GTP exchanger 
proteins (Sos in Drosophila and mSos 1,2 in mammalian cells). These proteins 
catalyse the exchange of GDP for GTP in Ras which at the same time activates 
Ras function. GTP-Ras is then able to activate serine kinases such as Raf. Ras 
contains an endogenous GTPase activity which inactivates the complex to 
Ras-GDP. This endogenous GTPase activity is again modulated by other 
proteins like GTPase-activating protein (GAP) or NF1. 

Recently, it was demonstrated that the insulin receptor tyrosine kinase uses 
IRS-1 to interact with these adaptor and GTP-exchanger proteins (Baltens- 
perger et al., 1993; Skolnik et al., 1993b). It appears that in insulin-responsive 
cells the insulin receptor interacts with a complex formed by IRS-1, Grb2 
and Sos leading to activation of Ras (Skolnik et al., 1993a). It is at present 
unclear whether this pathway is only involved in the generation of mitogenic 
signals by the insulin receptor or whether this coupling to a serine kinase 
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cascade is also involved in modulation of key enzymes of cell metabolism 
such as glycogen synthase. 

3.4.5 Phosphatases 

After insulin binding, protein phosphory|ation and dephosphorylation appear 
to play a pivotal role in further signal transmission from the insulin receptor 
to the effector systems (Goldstein, 1992). Since at the post-kinase level 
tyrosine phosphorylation of substrate proteins is involved in insulin signalling, 
an important role for tyrosine phosphatases in the regulation of post-kinase 
signalling mechanisms has to be assumed (Goldstein, 1992). 

Tyrosine-specific phosphatases must be involved in the regulation of the 
autophosphorylation status of the insulin receptor controlling its signalling 
activity. The same mechanism is likely to be relevant for IRS-1 and other 
tyrosine-phosphorylated signal-transduction elements. The tyrosine phos- 
phatase that specifically controls the insulin receptor and IRS-1 has, however, 
not so far been identified. It is believed that the insulin signal-transmission 
mechanism switches at some point in the signalling chain from tyrosine 
phosphorylation to serine phosphorylation (Lewis et al., 1990; Goldstein, 
1992). At this level of the signal-transduction chain, serine phosphatases play 
an important role. A previously characterized enzyme in this context 
is protein phosphatase 1 (PP-1). Insulin stimulates a serine/threonine 
kinase which activates this protein phosphatase by serine phosphorylation 
(Goldstein, 1992). Subsequently, PP-1 is able to dephosphorylate glycogen 
synthase and thereby activates this enzyme (see also section 4.1). Thus insulin 
is able to promote increased as well as decreased phosphorylation of 
signalling proteins which are probably involved in regulation of distinct 
biological effects of insulin (Ballou and Fisher, 1986; Baltensperger et al., 
1992; Goldstein, 1992). 

The above may be of pathophysiological relevance as a decreased basal 
and insulin-stimulated glycogen phosphatase activity and phosphorylase 
phosphatase activity (Type-1 protein phosphatase, PP-1) in the skeletal 
muscle of insulin-resistant individuals has been found (Freymond et al., 1988; 
Kida et al., 1990, 1992; Damsbo et al., 1991). Other studies suggest increased 
phosphotyrosine phosphatase activity in patients with NIDDM who show 
decreased autoactivation of the insulin receptor kinase (McGuire et al., 
1991). 

3.4.6 Serine Kinases Modulating the Insulin Receptor Functions 

It is believed that the insulin receptor kinase might activate other serine- 
specific kinases which have a dual function, i.e. further transduction of the 
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insulin signal to other effector systems and, in a feedback mechanism, 
inhibition of the first steps of insulin signalling at the level of the insulin 
receptor. Current opinions on the role of serine kinases in "downstream 
signalling" are discussed above. The role of serine kinases as "feedback 
inhibitors" of the insulin receptor will be discussed in the following section. 
We and others have shown that serine phosphorylation, in particular by PKC 
and cAMP kinase, counteracts the effects of tyrosine phosphorylation at the 
level of the receptor kinase (Jacobs et al.,  1983; Takayama et al.,  1984, 1988; 
H~ring et al., 1986a,b; Obermaier et al., 1987) and at a post-kinase level 
(Kellerer et al.,  1990). The physiological significance of the serine phos- 
phorylation might therefore be termination of the insulin signal or a 
mechanism to rapidly modulate the sensitivity of cells toward insulin signals. 

In this context interest is focused on PKC, which plays a key role in 
mediating signals generated by hormones, growth factors and neurotransmit- 
ters (Nishizuka, 1988). Several isoforms of PKC have been described which 
show distinct sensitivity to Ca 2+ and phospholipid-degradation products 
(Nishizuka, 1988). Their specific function, however, is not defined. It has 
been demonstrated previously that phorbol esters are potent activators of 
PKC and induce inhibition of the catalytic domain of the insulin receptor 
probably via serine phosphorylation of the insulin receptor fl-subunit (Miiller 
et al. , 1991). 

Insulin-dependent activation of PKC has also been demonstrated in several 
studies. The following mechanism was suggested for transduction of the 
insulin signal to PKC isoforms: insulin stimulates at the post-kinase level a 
specific GTP-binding protein (G-protein) and subsequently a phospholipase 
C (PLC) (Exton et al.,  1991). This results in hydrolysis of phosphatidylinositol 
which generates diacylglycerol. The second messenger, diacylglycerol, is a 
potent activator of PKC (Housley, 1991). We recently demonstrated that 
hyperglycaemia reduces insulin receptor kinase activity in vitro and in vivo 
(Miiller et al.,  1991; Berti et al.,  1994). Indirect evidence was obtained that 
this effect might be mediated by PKC. Insulin, as well as high glucose levels, 
is able to induce translocation of four PKC isoforms in rat-1 fibroblasts 
overexpressing the insulin receptor (Berti et al.,  1994). Moreover our recent 
results suggest a direct association of PKC with the insulin receptor upon 
insulin stimulation (Berti et al.,  1994). All these data together strongly 
suggest a regulatory role for PKC for insulin signal transduction. 

3 .4 .7  G T P - b i n d i n g  Proteins 

The role of the G-protein Ras in insulin signalling has already been discussed. 
Besides Ras, the family of heterotrimeric G-proteins might also be relevant 
in insulin action. These G-proteins are composed of a a-, 13- and y-subunits. 
The a-subunit has a high-affinity binding site for GDP or GTP. GTP binding 
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to the a-subunit induces its dissociation from the /3- and 7-subunits. The 
a-subunit can thereby gain regulatory functions for signalling proteins 
(Taylor, 1990a). The role of heterotrimeric G-proteins in post-kinase signal 
transduction has long been a topic for discussion. The evidence suggesting 
a role for these G-proteins in insulin signalling consists of the following: (1) 
an effect of insulin on ADP-ribosylation has been demonstrated (Heyworth 
and Houslay, 1983; Heyworth et al., 1985; Rothenberg and Kahn, 1988); (2) 
G-protein expression was altered in streptozotocin-induced diabetes (Gawler 
et al., 1987); (3) G-proteins serve in vitro as substrates for the insulin receptor 
kinase (Zick et al., 1986; O'Brian et al., 1987; Krupinski et al., 1988; 
Rothenberg and Kahn, 1988); (4) G-proteins are able to modulate insulin 
receptor kinase activity (O'Brian et al., 1987; Rothenberg and Kahn, 1988; 
Kellerer et al., 1991b). 

We have shown that stimulation of G-proteins produces insulin-like effects 
(Obermaier-Kusser et al., 1988b), and have identified a 40 kDa G-proteins 
in adipocytes with characteristics distinct from Gia and Gs-a that is activated 
by the insulin receptor (Kellerer et al., 1991b). Jo et al. (1990) also described 
a G-protein of a similar size which co-purifies with the insulin receptor. The 
molecular mass of this G-protein is also around 40 kDa, but a different 
susceptibility to cholera toxin and pertussis toxin was found. It is still unclear 
which effector systems might be activated by these G-proteins even though 
PLC is a good candidate. It is, however, interesting to note that these 
insulin-receptor-associated G-proteins are able to inhibit the binding and 
kinase function of the insulin receptor, possibly in a negative feedback 
manner (Kellerer et al., 1991b). 

3.4.8 Phospholipases and Release o f  Chemical Mediators f rom Membrane  
Glycolipids 

The action of insulin on PLC has caused long-standing controversy. However, 
earlier reports on the stimulatory effects of insulin on PLC (Koepfer- 
Hobelsberger and Wieland, 1984; Fox et al., 1987) have more recently been 
confirmed by others (Egan et al., 1990; Yoshimoto et al., 1990; Cooper et 
al., 1990a). We could show that this putative insulin-activated PLC is also 
under the negative control of PKC (Kellerer et al., 1990) and may be activated 
by both receptor (HIR-A and HIR-B) isoforms. It is believed that the 
substrates of these phospholipases are membrane glycolipids. On activation 
of PLC, inositol phospho-oligosaccharides (IPOs) might be released from the 
plasma membrane. Despite the many different effects of these IPOs on 
isolated cells and enzymes (Kelly et al., 1986, 1987; Saltiel and Cuatrecasas, 
1986; Saltiel et al., 1986; Alemany et al., 1987; Mato et al., 1987; Saltiel, 1987; 
Standaert et al., 1988; Mato, 1989; Kellerer et al., 1993c), their physiological 
role is still being discussed. 
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We recently demonstrated that IPOs released from rat-1 fibroblasts 
overexpressing the human insulin receptor are able to stimulate glucose 
transport and lipogenesis (Kellerer et al. ,  1993c). As most of these glycolipids 
are located on the outside of the cell (Mato, 1989), this system might not 
be involved in intracellular signalling but might be important for cell-cell 
signalling. Unfortunately, precise structural data on these putative insulin 
second messengers is lacking. However, evidence was recently presented that 
several isoforms of these molecules exist which are differentially regulated 
(Gaulton, 1991). 

4 Effector Systems of Insulin Signals: A Limited Selection 

4.1 GLUCOSE UPTAKE AND METABOLISM: GLYCOGEN SYNTHASE 

Despite our increasing knowledge about the post-kinase signalling systems 
described above, the exact mechanism linking the insulin receptor to 
particular effector systems remains obscure. Among the most important and 
intensively studied effector systems of the metabolic insulin signal are the 
glucose-transport system and the key enzyme of glycogen synthesis, glycogen 
synthase. These two effector systems have also been extensively studied in 
the context of the pathogenesis of NIDDM. 

Glycogen synthase activity is regulated by phosphorylation and dephos- 
phorylation. A number of serine-specific kinases phosphorylate glycogen 
synthase at different residues (Dent et al. ,  1990; Lavoinne et al. ,  1991), and 
at least two phosphatases regulate the dephosphorylation. Dephosphoryla- 
tion converts the enzyme from a glucose-6-phosphate-dependent form to a 
glucose-6-phosphate-independent form. Insulin activates the enzyme by 
activating glycogen synthase phosphatase and inhibiting the cAMP-depend- 
ent kinase, one of the glycogen synthase kinases (Lamer, 1983). The 
inhibition of cAMP-dependent kinase appears to lower the phosphorylation 
of glycogen synthase phosphatase-inhibitor-I leading to activation of glycogen 
synthase phosphatase (Lamer, 1983). Although there is no experimental 
proof, it is speculated that the MAPK cascade might also be involved in 
insulin signalling to glycogen synthases. 

It is generally found that the insulin effect on glycogen synthase from 
skeletal muscle of NIDDM patients is reduced (Bogardus et al. ,  1984; 
Mandarino et al. ,  1987; Freymond et al. ,  1988; Wright et al. ,  1988; Eriksson 
et al. ,  1989; Gerich et al. ,  1990; Nyomba et al. ,  1990). Conversely, it has been 
reported that the activation of the dependent enzyme form by glucose 
6-phosphate is normal (Damsbo et al. ,  1991), suggesting that no defect of 
the enzyme itself exists in NIDDM. It has been shown by nuclear magnetic 
resonance technology that the decreased effect of insulin on the enzyme is 
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indeed relevant in vivo,  causing a decreased rate of glycogen synthesis 
(Shulman et al.,  1990). 

4.2 THE GLUCOSE TRANSPORTER 

4.2.1 Structure 

From the work of Garcia de Herreros and Birnbaum (1989), Mueckler 
(1990), Fukumoto et al. (1988) and others, it is clear that five different 
isoforms of the glucose-transporter protein exist. This family of five 
structurally related glucose-transporter proteins have been named GLUT-1 
to GLUT-5. They show tissue-specific expression (Table 3) which presumably 
adapts to tissue-specific demands for glucose utilization (Mueckler et al.,  
1985; Birnbaum et al., 1986; Kayano et al.,  1988; Thorens et al.,  1988; 
Birnbaum, 1989; Charron et al.,  1989; Fukumoto et al.,  1989; James et al. ,  
1989; Kaestner et al.,  1989). Of these glucose-transporter isoforms GLUT-4 
and to a lesser extent GLUT-1 are insulin-sensitive glucose transporters and 
are expressed abundantly in skeletal muscle and fat which are major insulin 
target tissues (Charron et al.,  1989; Fukumoto et al., 1989; James et al.,  1989; 
Kaestner et al., 1989). 

Most tissues express more than one isoform (Table 3). The different 
glucose transporters have distinct K m values for glucose (Table 3). This might 
reflect the tissue-specific demand. For example, GLUT-1 and GLUT-3 with 
relatively low K m values for glucose may mediate basal glucose uptake 
(Birnbaum et al.,  1986; Kayano et al.,  1988). In contrast, GLUT-2 with a 
high K m for glucose is expressed primarily in liver which is exposed to 
relatively high glucose levels (Fukumoto et al., 1988; Thorens et al.,  1988). 
Therefore tissue-specific isoform expression of GLUT presumably allows a 
cell-specific response to glucose uptake and metabolism. 

A model of the glucose-transporter protein structure in the plasma 
membrane was created as described by Mueckler et al. (1985). This 
two-dimensional structure model in Fig. 11 shows 12 membrane-spanning 
regions with the N- and C-terminal regions located inside the plasma 
membrane. The molecular structure reveals two big loops, one in the 
extracellular region between transmembrane regions 1 and 2, the other in 
the intracellular part between transmembrane regions 6 and 7. Highest 
homology was found between the membrane-spanning segments whereas the 
homology in the big intracellular loop and the N- and C-terminal regions was 
rather low between the different glucose-transporter isoforms (Bell et al. ,  
1990). It was speculated that the segments with high homology between all 
five glucose-transporter isoforms have a common general function, for 
example the formation of a pore for the transport of glucose from the 
extracellular to the intracellular pool (Kasanicki and Pilch, 1990). However, 
the domain for glucose binding has not been identified. 
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TABLE 3 
Distribution and properties of glucose transporters 

Glucose Tissue Number of Chromosomal Homology to Appropriate 
transporter amino acids  location GLUT-4 Km for 

(%) glucose (mM) 

GLUT-1 Erythrocyte, 492 lp35-31.3 76 2-20 
placenta, 
brain 

GLUT-2 Liver, 524 3q26 67 2(I-40 
kidney 

GLUT-3 Brain, 496 12p13 69 ') 
placenta, 
kidney 

GLUT-4 Muscle, fat 509 17p13 2-10 
GLUT-5 Small 501 lp31 41 9 

intestine 

4.2.2 Glucose-transporter Function and Regulation 

The transport and utilization of glucose is one of the most important sources 
of energy in organisms. Defects in this transport system can give rise to 
diseases such as diabetes mellitus (Friedman et al., 1991; Rothmann et al., 
1992; Vogt et al., 1992). Although the glucose-transport mechanism is being 
studied extensively, there are still many unanswered questions concerning 
the molecular mechanisms of signal transmission to the glucose-transporter 
proteins and their activation. 

Insulin stimulates glucose transport in typical target tissues such as muscle 
and adipose tissue. Muscle and fat express predominantly the insulin sensitive 
GLUT-4 (Fukumoto et al., 1989). Insulin stimulation induces recruitment of 
GLUT-4 from the intracellular pool to the plasma membrane (Wardzala et 
al., 1978; Cushman and Wardzala, 1980; Suzuki and Kono, 1980; Kono et 
al., 1981). 

Recently, increasing evidence for a possible glucose-transport-mediating 
function for small G-proteins has been produced. Such G-proteins are 
identified in low-density microsomes (Cormont et al., 1991) where most of 
the GLUT-4 protein is located before stimulation with insulin. 

4.2.3 The Fat Cell Model  

A classic cell model widely used to study the signal flow from the receptor 
to the glucose-transport system is the isolated adipocyte where activation and 
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FIG. 11. Model of the glucose-transporter protein integrated into the plasma 
membrane. 

deactivation of the glucose-transport system can be easily studied (H~iring 
et al. ,  1981, 1982a). More than 10 years ago it was shown in this cell model 
by Cushman and Wardzala (1980) and Kono et al. (1981) that insulin induces 
translocation of glucose carriers from intracellular membranes to the plasma 
membrane. It seems to be accepted that autophosphorylation of the insulin 
receptor is essential for stimulation of GLUT-4. Insulin induces an acute 
20M0-fold stimulation of glucose uptake rate in muscle and fat (Martz et al. ,  
1986; Toyoda et al . ,  1987; Joost et al. ,  1988). However, data from many 
different groups, including our own, suggest that a simple translocation model 
is not sufficient to explain the effect of insulin on GLUT-4 (Joost et al. ,  1986; 
Kahn and Cushman, 1987; Karnieli et al . ,  1987; Matthaei et al. ,  1987; 
Mtihlbacher et al . ,  1988; Obermaier-Kusser et al. ,  1989). A combined model 
involving translocation and activation of the glucose carriers where separate 
signalling chains activate the two steps (Obermaier-Kusser et al. ,  1989) has 
been suggested. 

Several pharmacological substances that act like insulin have been valuable 
tools for testing which post-kinase signal transducers are involved in the 
insulin signal from the receptor to the translocation step or the activation 
step. We have found that the effect of insulin on glucose translocation can 
be mimicked by phorbol esters (Mfihlbacher et al. ,  1988; Vogt et al. ,  1990, 
1991b). As phorbol esters activate PKC, it is very likely that this enzyme is 
somehow involved in the signal between the receptor and the translocation 
process. The phorbol ester effect is restricted to the translocation of 
GLUT-4 (Vogt et al . ,  1990), not GLUT-I,  suggesting distinct translocation 
mechanisms for the two carrier types (Vogt et al. ,  1991b). We used other 
pharmacological tools to investigate which signal-transducing elements are 
involved in the second signal-transmitting chain leading from the insulin 
receptor to carrier activation. As aluminium chloride (Obermaier-Kusser et 
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al., 1988b), exogenously added PLC (Obermaier-Kusser et al., 1988b) and 
a mixture of exogenously added IPOs (Obermaier-Kusser et al., 1989; 
Machicao et al., 1990) can all mimick the effect of insulin on carrier activity, 
it might be speculated that carrier-activating signal transmission involves a 
sequence of G-proteins, PLC and the release of IPOs. 

4.2.4 Glucose Transporter in Skeletal Muscle 

The skeletal muscle accounts for approx. 85% of postprandial glucose 
utilization and is the most important tissue for insulin-dependent glucose 
uptake. However, glucose-transport mechanisms have not been studied in 
skeletal muscle as extensively as in fat cells, because of difficulties in 
measuring insulin-stimulated glucose transport in this tissue type. In skeletal 
muscle two glucose-transporter isoforms (GLUT-1 and GLUT-4) are ex- 
pressed (Charron et al., 1989; Fukumoto et al., 1989; James et al., 1989; 
Kaestner et al., 1989). In the basal state GLUT-1 is found predominantly 
in the plasma membrane and its amount increases in the plasma membrane 
in response to insulin (James et al., 1988). In contrast, GLUT-4 is identified 
primarily in intracellular vesicles in the basal state and increases dramatically 
in the plasma membrane after insulin stimulation (Klip et al., 1987; James 
et al., 1988). It has been proposed that GLUT-1 is primarily responsible for 
basal glucose transport whereas GLUT-4 is responsible for postprandial 
insulin-stimulated glucose uptake in skeletal muscle (James et al., 1988). 

Another unique feature of the skeletal muscle glucose transporter (GLUT- 
4) is its response to acute exercise. Several studies have demonstrated that 
electric stimulation of muscle as well as physical exercise results in increased 
glucose uptake in skeletal muscle (Ivy and Holloszy, 1981; Holloszy et al., 
1986). This increase in glucose uptake is parallelled by an increasing number 
of GLUT-4 molecules in the plasma membrane. Other studies suggest not 
only an increase in glucose transporters in the plasma membrane after 
exercise but also an increase in intrinsic carrier activity. 

4.2.5 Alterations o f  the Insulin-signalling Cascade in Type-ll  Diabetes 
Mellitus 

Insulin resistance, in particular in skeletal muscle, plays a pivotal role in the 
pathogenesis of NIDDM. Several abnormalities of the insulin-signalling chain 
have been found. At the receptor level a decreased tyrosine kinase activity 
has been described which appears to be due to a regulatory event (reviewed 
by H~.ring, 1991). Relevant mutations of the insulin receptor were not found 
(reviewed by H~iring and Mehnert, 1993). Abnormalities at the level of 
glycogen synthase were observed as discussed above. There is also some 
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evidence for irregularity of glucose transport in skeletal muscle. Nuclear 
magnetic resonance studies suggest that in muscle of NIDDM subjects 
glucose transport is decreased (Rothmann et al. ,  1992). 

The molecular mechanism has not been elucidated. The question of 
whether an abnormality of the glucose-transport system contributes to the 
insulin resistance in NIDDM patients was first addressed in adipocytes. In 
these studies both a decreased expression of the relevant glucose-transporter 
isoform (GLUT-4) and a decreased translocation to the plasma membrane 
and activation of glucose carriers was found (Garvey et al . ,  1988). A number 
of studies have since addressed the question of whether alterations in 
GLUT-4 expression can be detected at the level of the skeletal muscle. The 
majority of the data suggest that the expression of GLUT-4 in skeletal muscle 
is not significantly decreased (reviewed by H~ring and Mehnert, 1993). 

The functional properties of the glucose transporters are not known as no 
studies on translocation or activation of GLUT-4 from NIDDM patients have 
been published. In skeletal muscle biopsies from musculus vastus lateralis, 
normal expression of GLUT-4 both at the mRNA and protein level was 
described (Handberg et al. ,  1990; Pedersen et al. ,  1990). In contrast, our data 
obtained from musculus gastrocnemius suggested a decreased level of 
GLUT-4 (Vogt et al. ,  1992). 

Ultimately, it will be important to know whether GLUT-4 levels in plasma 
membranes and transverse tubules after insulin stimulation are altered. In 
the basal state, at least, we observed an altered subcellular distribution of 
GLUT-4 in gastrocnemius muscle. The discrepancy between results might 
be a consequence of the different muscle types studied or, more likely, 
different patient characteristics. In our study patients were clearly older and 
had a longer duration of NIDDM than in the other studies where no 
abnormality was detected. This suggests that changes in GLUT-4 expression 
might be a very late phenomenon in the development of skeletal muscle 
insulin resistance and may not be considered as a primary defect in 
the development of NIDDM. Furthermore no mutation of the glucose- 
transporter gene could be detected in patients with NIDDM (O'Rahilly et 
al. ,  1991). Thus, it seems that the impaired glucose uptake in NIDDM is due 
to unknown modulatory factors of the glucose transporter. Overall insulin 
resistance in NIDDM is probably due to a synergistic effect of impaired 
receptor signalling together with regulatory events of the glucose transporter 
and the signalling chain to glycogen synthase. 
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Insulin is used for the treatment of Type-I and for Type-II diabetes mellitus, 
when other therapeutic measures, i.e. appropriate diet and oral antidiabetics, 
are not sufficient to produce normoglycaemia. The physiological actions of 
insulin including recent advances in our knowledge on signal transduction 
have been discussed above (chapter 4). Since treatment of diabetes with 
insulin attempts only to supplement inadequate insulin secretion, this chapter 
will concentrate on pharmacokinetics, unwanted effects and clinical applica- 
tions of insulin and its pharmaceutical preparations. 

1 Chemistry 

The insulin molecule consists of two chains, the A-chain with 21 amino acids 
and the B-chain with 30 amino acids (Fig. 12). They are interconnected by 
two intermolecular disulphide bridges between amino acids A7 and B7 and 
A20 and B19. A third disulphide bridge connects amino acids 6 and 11 on 
chain A, giving an intramolecular loop. It is synthesized as a single-chain 
precursor, preproinsulin, which is converted to proinsulin after the molecule 
has been translocated to the endoplasmic reticulum. There, the C-peptide, 
which connects the A- and B-chains, is cut away forming the active insulin 
(Briggs and Gierasch, 1986; Bailyes et al. ,  1993). The most often used insulins 
in therapeutics (Fig. 12), bovine, porcine and human insulin, exhibit 
differences in their amino acid sequences; bovine insulin contains Ala instead 
of Thr in position 8 and Val instead of Ile in position 10 of the A-chain, and 
both bovine and porcine insulin differ from human insulin by an Ala instead 
of Thr in position 30 of the B-chain. 

The positions of the three bridges, the N- and C-terminal sequences on 
the A-chain and the hydrophobic residues in the C-terminal region of the 
B-chain are invariant with respect to other species. 

The insulin molecule contains six amino acid residues that can carry a 
positive charge and 10 that can carry a negative charge. The net charge is zero 
at pH 5.5 (Brange, 1987). The solubility of insulin is dependent on the pH of 
the solvent, being practically insoluble in water at pH 5.4 but easily soluble at 
pH less than 4. In alkaline media, solubility is dependent on the concentration 
of zinc ions and the species of insulin origin (Schlichtkrull, 1958). 

Insulin is able to form at least six different crystalline modifications, either 
zinc-free or with two or four zinc ions per hexamer. The addition of 
protamine and phenol also affects the structure of the crystal (for a review 
see Brange, 1987). 

2 Preparations 

The preparations marketed can be divided into three types: (1) the 
short-acting or rapid-acting insulins, (2) the intermediate-acting insulins and 
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FIG. 12. Differences in the amino acid sequence of bovine, porcine and human 
insulin. 

(3) the slow-acting or long-lasting insulins. To obtain special preparations, 
short- and intermediate-acting insulins may be mixed together. 

The short-acting insulins are the soluble forms, which have an onset of 
action after about 30 min to 1 h, a peak activity at about 2-5 h, and a duration 
of about 6-8 h. Generally, they are of the regular crystalline zinc insulin-type 
and dissolved in neutral buffer. Apart from use for acute control of blood 
glucose levels, they are used in combination with intermediate-acting insulins 
and in subcutaneous insulin pump systems. Although the absorption of the 
Semilente insulin (a prompt-acting insulin zinc suspension) is similar to that 
of regular insulin, its duration of action is longer (Table 4). 
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TABLE 4 
Properties of insulins 

Protein Zinc Buffer 
(mg per 
100u) 

Action (h) 

Onset Peak Duration 

Rapid-acting insulin 
Regular Clear - 0.01-0.04 - 0.3-0.7 2-4 5-8 

(crystalline) 

Semilente Cloudy - 0.2-0.25 Acetate 0.5-1.0 2-8 12-16 
Intermediate-acting 

insulin 

Isophane Cloudy Protein 0.01-4).(14 Phosphate 1-2 6-12 18-24 
Lente Cloudy - 0.2-4).25 Acetate 1-2 6-12 18-24 

Slow-acting insulin 
Ultralente Cloudy - 0.2-4).25 Acetate 4-6 16-18 20-36 
Protamine Cloudy Protein 0.2-0.25 Phosphate 4-6 14-20 24-36 

Intermediate-acting insulins are either the neutral protamine Hagedorn 
insulin (NPH isophane insulin suspension) or the Lente insulin (insulin zinc 
suspension); the former is a suspension of the insulin-protamine-zinc 
complex in a phosphate buffer and the latter is a mixture of crystallized and 
amorphous insulin in acetate buffer. These preparations have an onset of 
action within about 2 h, peak activity after about 4-12 h, and a duration of 
up to 24 h (Table 4). Commercially available mixtures of soluble insulins and 
isophane insulins have activities that would normally place them within the 
intermediate-acting category. Mixed insulin-zinc suspensions are sometimes 
classified as either intermediate- or long-acting as the duration of action may 
be up to 30h. 

Long-acting insulins include crystalline insulin-zinc suspensions and 
protamine-zinc-insulins. These generally have an onset after about 4 h and 
a duration of up to 36 h. 

3 Application of Insulins 

The particular insulin employed, such as human or animal, the type of 
formulation, the route of administration, and the frequency of administration 
must be chosen to suit the needs of the individual patient. The dose must 
also be determined for each patient, and, although a precise dose range 
cannot be given, a total dose in excess of about 80 units daily would be 
unusual and may indicate the presence of a form of insulin resistance 
(Martindale, 1989). 

The short-acting insulins are usually injected between 30 and 45 min before 
meals. The intermediate-acting insulins should be given once a day before 
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breakfast or twice a day, the long-lasting insulins are given three times on 
the first day as a loading dose and then as one or two injections per day, 
the dosage being adapted as required to maintain near normoglycaemic blood 
glucose levels (Kahn and Schechter, 1990). 

4 Pharmacokinetics 

4.1 INTRODUCTION 

Although the pharmacokinetical parameters of exogenously administered 
insulin resemble those of physiological insulin, it differs from physiological 
secretion of insulin in at least two major ways: the kinetics of absorption of 
subcutaneously or intramuscularly administered insulins are relatively slow 
and thus do not mimic the normal rapid increase and decline in insulin 
secretion in response to ingestion of nutrients; the insulin diffuses into the 
peripheral circulation instead of being released into the portal circulation 
(Kahn and Schechter, 1990). This may account for the differences in the action 
between physiological secretion and therapeutic administration of insulin. 

4.2 ABSORPTION 

Absorption of insulin is mainly dependent on the preparation used (see 
Section 2). Insulin is fairly rapidly absorbed from subcutaneous tissues and 
although its half-life in blood is very short (see below), the duration of action 
of most preparations is considerably longer because of their formulation (see 
Section 2). The rate of absorption from different anatomical sites may be 
different and may also be increased by exercise. The absorption of insulin 
after intramuscular administration is more rapid than that after subcutaneous 
administration (Martindale, 1989). Apart from the fact that absorption 
depends on the site of injection, it is most rapid from the subcutaneous fat 
tissue in the abdominal region rather than from the leg or the arm. It can 
be modified by massage of the tissue or by heat, both inducing an increase 
in subcutaneous blood flow (Berger et al. ,  1982). 

The absorption of subcutaneously injected regular human insulin is 
significantly accelerated when compared with porcine or bovine insulin 
(Bottermann et al. ,  1981; Federlin et al. ,  1981; Cfippers et al. ,  1982; 
Sonnenberg et al. ,  1983; Owens et al . ,  1986) independent of its origin 
(semisynthetic or biosynthetic) (Sonnenberg et al. ,  1983), but the clinical 
relevance appears doubtful (Kemmer et al. ,  1983; Sonnenberg et al . ,  1983). 
A possible explanation is that human insulin is more hydrophilic than porcine 
insulin or it has a lesser tendency to associate into stable hexamers than 
porcine insulin (Brange, 1987). 
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Recent development of insulin analogues has altered the rates of absorp- 
tion. Insulin with aspartate and glutamate substituted at positions B9 and 
B27 respectively crystallizes poorly and has been termed "monomeric 
insulin" (Vora et al . ,  1988). This insulin is absorbed more rapidly from 
subcutaneous depots and thus may be useful in meeting postprandial 
demands. In contrast, other insulin analogues tend to crystallize at the site 
of injection and are absorbed more slowly (Markussen et al. ,  1988). Insulins 
with enhanced biological potency have been produced by substitution of 
aspartate for histidine at position B10 and by modification of the C-terminal 
residues of the B-chain (Schwartz et al.,  1989). 

After intramuscular injection, the onset of action of all insulins is generally 
more rapid and the duration of action shorter (Martindale, 1989). 

4.3 PLASMA LEVELS 

For the rapid-acting insulins, the peak plasma levels are reached about 
90-150rain after injection (Vora and Owens, 1991), for the intermediate- 
acting insulins after about 6--12 h and for the long-lasting insulins after about 
7-30 h (Rang and Dale, 1991). 

4.4 DISTRIBUTION 

The volume of distribution approximates the volume of the extracellular fluid 
(Kahn and Schechter, 1990). Normally, insulin is not bound to plasma 
proteins, but this is altered in the presence of insulin antibodies (Poulsen 
and Deckert, 1976). 

4.5 HALF-LIFE 

The half-life of insulin in the plasma of healthy subjects is about 5-6 min. 
To obtain a longer duration of the therapy, the rate of absorption of insulin 
must be modulated. The following are useful ways of controlling the 
absorption of insulin. 

(1) Addition of cationic organic compounds (surfen, globin) to acidic 
solutions of insulin. This produces poorly soluble complexes in the tissue 
fluids. 

(2) Combination of basic proteins with neutral suspensions of insulin 
(protamine-zinc-insulin). 

(3) Complexes of insulin in neutral suspensions with zinc ions. 
(4) Alteration of the physical state and size of the insulin-zinc particles 

(amorphous versus crystalline). 
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(5) Species of origin: the duration of action of the porcine variety is 
somewhat shorter than that of the bovine. 

(6) Coupling of the insulin molecule with phenylisocyanate or heat treatment 
leading to prolonged action. 

4.6 METABOLISM AND INACTIVATION 

Degradation of insulin takes place in liver, muscles and kidney. In the liver, 
about 50% of the insulin is extracted, therefore insulin undergoes a strong 
"first-pass effect" when released from the pancreas. The capacity of hepatic 
degradation is maximal under normal conditions but may be reduced after 
oral administration of glucose, possibly because of the effect of gastrointes- 
tinal hormones (Kahn and Schechter, 1990). In the kidney, insulin is filtered 
via the glomerula and reabsorbed in the tubules, which also degrade 
it. 

In addition to the normal metabolic and elimination systems, circulating 
antibodies against insulin have important effects on its pharmacokinetic 
properties. Such antibodies may delay the exit of insulin from the vascular 
space to the extracellular interstitial space, where it exerts its actions. The 
insulin-antibody complex may also be cleared by the reticuloendothelial 
system, leading to an increased requirement of insulin. In general, insulin 
antibodies delay the onset of action of rapidly acting insulin and increase 
the duration of action of all insulins. 

5 Toxic Effects 

Extreme caution is necessary in the measurement of dosage; inadvertent 
overdose may lead to an irreversible insulin shock. Serious consequences 
may result if insulin is not used under constant medical supervision; if an 
overdose is untreated, hypoglycaemia may lead to convulsions and coma 
which should not be confused with hyperglycaemic coma. 

In acute, usually suicidal, overdoses of insulin, successful management 
has included excision of the injection site. 

6 Side Effects 

6.1 HYPOGLYCAEMIA 

6.1.1 Symptoms 

The most frequent complication of insulin therapy is hypoglycaemia, the 
speed of onset and duration of which may vary according to the type of 
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preparation and the route of administration used. It is often associated with 
an excessive dosage of insulin, the omission of a meal by the patient, or 
increased physical activity, and has sometimes been reported in patients 
changing from bovine to other insulins (Tattersall, 1992). 

Symptoms of hypoglycaemia resulting from increased sympathetic activity 
include hunger, pallor, sweating, palpitations, anxiety and tremulousness. 
Other symptoms include headache, visual disturbances such as blurred or 
double vision, slurred speech, paraesthesia of the mouth, alterations in 
behaviour, and impaired mental or intellectual ability (Anonymous, 1985). 
Some patients, especially the elderly or those with long-standing diabetes, 
may not experience the typical early warning symptoms of a hypoglycaemic 
attack. 

The results of a l-year study of adult patients with severe hypoglycaemia 
are summarized here (Potter et al.,  1982; Moses et al. ,  1985). Of 204 
episodes, one occurred in a patient with insulinoma, three in elderly diabetic 
patients receiving sulphonylureas, and 200 in 130 insulin-treated patients. 
A survey of diabetic clinics, identifying all insulin-treated adults, revealed 
that 9% had episodes of hypoglycaemia severe enough to warrant admission 
to casualty. Precipitating causes were often difficult to assess and no definite 
cause could be found in over one-third of patients. Comparison of patients 
with only one attack with those who suffered multiple attacks showed that 
missed or delayed meals accounted for 30 and 19% respectively, a recent 
increase in insulin dose for 14 and 13%, loss of warning symptoms for 4 
and 11%, and exercise for 6 and 7%; other causes included carelessness, 
pregnancy and intake of alcohol. 

During hypoglycaemia, subjects had to indicate the severity of the 
symptoms and their current mood. Differences between the effects of the 
insulins were consistently apparent after 20 min of hypoglycaemia, indicating 
a short-term action of these hormones on specified central nervous 
system functions (Kern et al. ,  1990). These differences, occurring during 
early hypoglycaemia, could contribute to the differential awareness of 
hypoglycaemic warning symptoms during human insulin (HI)- and porcine 
insulin (PI)-induced hypoglycaemia in diabetic patients. 

The heart rate increases in response to hypoglycaemia; this increase is 
accompanied by a significant increase in systolic blood pressure, a fall in 
diastolic blood pressure, with no change in the mean arterial blood pressure 
(Fisher et al. ,  1990). The increases in ejection fraction and in heart rate 
in response to hypoglycaemia are mediated by/3-adrenoreceptors, whereas 
the blood pressure responses to hypoglycaemia are mediated by c~- and 
/3-adreno-receptors (Fisher et al. ,  1990). 

Insulin hypoglycaemia stimulated GH secretion (i.e. from a basal level 
of 10mU1-1 to 48mU 1-1) (Masuda et al. ,  1990; Popovic et al. ,  1990). 
Discordant response of GH after GH-releasing hormone (GHRH) and 
insulin-induced hypoglycaemia might suggest the involvement (at least 
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partly) of somatostatin in the mechanism of GH release after hypoglycaemia 
and after GHRH (Popovic et al., 1990). The oral clonidine test, a safer, 
easier and more economical test than insulin hypoglycaemia, is equally 
potent and can be carried out in outpatients as a GH-provocative test (Singh 
et al., 1989). 

Insulin-induced hypoglycaemia decreases luteinizing hormone (LH) secre- 
tion (Koivisto and Felig, 1978). The effect is prevented by the intravenous 
infusion of glucose, suggesting that neuroglycopenia and not a direct action 
of insulin is the cause of reduced LH secretion (Koivisto and Felig, 
1978). 

Insulin-induced hypoglycaemia is a strong stimulator of pituitary 
adrenocorticotrophin (ACTH) secretion (Caraty et al., 1990). After the 
injection of a low (0.2 IU kg -1) or high (2 IU kg -1) dose of insulin, ACTH 
and cortisol levels in peripheral plasma increased in a dose-related manner. 
When the hypoglycaemia is moderate, corticotrophin-releasing factor (CRF) 
is the main factor triggering ACTH release, and the increased 
arginine-vasopressin (AVP) secretion potentiates the stimulatory effect of 
CRF. When hypoglycaemia is deeper, AVP secretion becomes predominant 
and may by itself stimulate ACTH release (Caraty et al., 1990). 

6.1.2 Frequency 

The inherent risk of hypoglycaemia has increased with the modern aim of 
pursuing optimal glycaemic control in the hope of preventing the long-term 
development of diabetic complications. The frequency of hypoglycaemia is 
difficult to estimate accurately and probably varies according to local 
treatment policies which contrasts with insulin-induced hypoglycaemia, for 
which conservative estimates suggest that approximately 100--1000 patients 
per year require hospital treatment (Lawrence and Dunnigan, 1979; Potter 
et al., 1982; Goldgewicht et al., 1983). 

At least one-third of all insulin-treated patients experience an episode of 
hypoglycaemic coma at some time, 10% have a hypoglycaemic coma in any 
single year, and 3% suffer frequent recurrent episodes of hypoglycaemic 
coma which are incapacitating. 

The principal factors implicated in hypoglycaemia in the diabetic are: 

(1) excessive doses of insulin (or sulphonylureas); 
(2) inadequate or delayed ingestion of food; 
(3) sudden or sustained exercise. 

The first factor may arise as the result of decreased insulin requirement. 
Insulin requirement often declines during the "honeymoon" remission of 
IDDM after treatment is commenced in the newly diagnosed patient, and 
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during progressive renal impairment. Failure to reduce the dose of insulin 
increases the risk of hypoglycaemia. 

Excess insulin may also arise as the result of increased insulin 
bioavailability or sensitivity. Changing the insulin species or formulation 
administered may induce hypoglycaemia by altering the pharmacokinetic 
properties of insulin and enhancing its efficacy. 

Dietary factors commonly predisposing to hypoglycaemia include failure 
to eat additional carbohydrates during strenuous domestic or sporting 
activities, miscalculating time intervals between insulin injections and meals, 
and drinking alcohol without food. 

In a study involving 11 insulin-dependent diabetic subjects, leg exercise 
accelerated insulin absorption from a subcutaneous injection site in the leg, 
whereas it had no effect on insulin absorption from the arm and reduced 
it from the abdomen (Koivisto and Felig, 1978). Most exercise involved many 
muscle groups, and increased absorption was still likely. Patients who 
developed hypoglycaemia were advised to take extra carbohydrate before 
exercise rather than decrease the insulin dose (Zinman et al., 1978). Studies 
in five subjects suggested that absorption was increased by exercise 
(Koivisto, 1980a). 

Studies in eight insulin-dependent diabetic men indicated that a sauna 
accelerated insulin absorption from the subcutaneous injection site and that, 
2 h after the sauna, mean blood glucose concentration was significantly lower 
than on the control day (Dandona et al., 1978; Ciippers et al., 1980; Koivisto, 
1980b). Hypoglycaemia and seizures were observed in one patient after the 
use of a sunbed (Husband and Gill, 1984). 

6.1.3 Treatment of  Insulin-induced Hypoglycaemia 

In conscious and cooperative patients hypoglycaemia should be treated by 
the oral administration of a readily absorbable form of carbohydrate, such 
as sugar lumps or a glucose-based drink. Eating sugar or a sugar-sweetened 
product will often correct the condition and prevent more serious symptoms. 
If the reaction becomes more severe, breathing will be shallow and the skin 
will be pale. In severe hypoglycaemic reactions, intravenous dextrose may 
be necessary. If hypoglycaemic coma occurs, up to 50 ml of a 50% solution 
of glucose should be given intravenously and occasionally this may need 
to be repeated. If after about 1 h, blood glucose concentrations are normal 
and the patient has failed to regain consciousness, the possibility of cerebral 
oedema should be considered. In situations where the intravenous admin- 
istration of glucose is impractical or not feasible, glucagon 0.5 to 1 mg by 
subcutaneous or intramuscular injection may be given; intravenous injection 
may also be employed. If the patient fails to respond to glucagon, glucose 
has to be given intravenously despite any impracticalities. 
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Following a return to consciousness, carbohydrates by mouth may need 
to be given until the action of insulin has ceased which, for preparations 
with a relatively long duration of action such as globin-zinc-insulin, 
isophane-insulin, some insulin-zinc suspensions, and protamine-zinc-in- 
sulin, may be several hours. 

6.1.4 Hypoglycaemia  Unawareness 

The symptoms of hypoglycaemia often change with increasing duration of 
diabetes. Many autonomic symptoms attenuate or are even lost altogether, 
so that patients become unaware of the onset of hypoglycaemia and may 
suffer severe and prolonged neuroglycopenia as they are unable to take early 
corrective action (Sussman et al., 1963; Carveth-Johnson et al., 1982). In 
some cases, hypoglycaemia unawareness may be a consequence of autonomic 
neuropathy preventing the normal autonomic discharge and increased 
catecholamine secretion. It may also occur, however, in diabetic patients 
who have no evidence of autonomic dysfunction. There is a debate on this 
unawareness especially with respect to human insulin (Egger and Smith, 
1992; Egger et al., 1992), so withdrawal of bovine and porcine insulins from 
the market is not justified at present. 

6.2 MORNING HYPERGLYCAEMIA 

Recent reviews of this topic include ones by Wilson (1983), Bolli and 
Gerich (1984), Bolli et al. (1984c), Devlin (1984), Campbell et al. 
(1985), Lyn (1985), Pramming et al. (1985). Morning hyperglycaemia may 
be the result of mere waning of subcutaneously injected insulin. It 
may also be rebound hyperglycaemia (post-hypoglycaemic hyperglycaemia 
or the Somogyi phenomenon) occurring after an episode of nocturnal 
hypoglycaemia. Morning hyperglycaemia has also been observed without 
antecedent hypoglycaemia even during constant intravenous infusion of 
insulin, when the waning of previously injected insulin would not be a factor 
and this is commonly referred to as the dawn phenomenon. 

Clinically, it is important to distinguish between the dawn phenomenon, 
simple waning of previously injected insulin, and rebound hyperglycaemia 
as a cause of early-morning hyperglycaemia because their treatment differs. 
Management of the dawn phenomenon and insulin waning generally consists 
of adjusting the evening dose of insulin to provide additional coverage 
between 4 a.m. and 7 a.m. Management of rebound hyperglycaemia consists 
of reducing insulin doses or providing additional late-evening carbohydrate, 
or both, to avoid nocturnal hypoglycaemia. Mistaking rebound hyper- 
glycaemia for the dawn phenomenon or mere waning of injected insulin 
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could result in more serious nocturnal hypoglycaemia, if evening doses of 
insulin were increased (Cryer and Gerich, 1985). 

6.3 LIPODYSTROPHY 

Insulin, administered subcutaneously, may cause either lipoatrophy or 
lipohypertrophy. Lipoatrophy is the breakdown of adipose tissue at the 
insulin injection site causing a depression in the skin at the injection site 
and occasionally at distant sites also. It may be the result of an immune 
response or the use of less than pure insulin. Some findings suggest that 
total lipodystrophy syndrome results from the inflammatory destructive 
process of adipose tissue (Yanagawa et al. ,  1990). Injection of human or 
purified porcine insulin into the site over a 2-4-week period may result in 
subcutaneous fat accumulation. 

Before purified human insulins were available, lipoatrophy occurred in 
about 25% of insulin-treated patients. Improvement or resolution of lesions 
has been noted in most patients after changing to purified porcine 
insulin. 

Earlier insulin preparations contained a large number of protein con- 
taminants thought to be immunogenic and hence the cause of lipodystrophy, 
insulin allergy and sometimes antibody-mediated insulin resistance in many 
patients. Monocornponent (MC)-insulin and human insulin are virtually free 
of these peptides and are therefore very rarely accompanied by the 
above-mentioned immunological side effects. In this respect, however, 
human insulin offers only a little advantage over MC-insulin although human 
insulin is the least immunogenic (Gyimesi and Ivanyi, 1989; Zenobi, 1991). 
One disadvantage of human insulin is that about 20% of patients treated 
with it experience a change in hypoglycaemia symptoms during the course 
of their illness. While autonomic symptoms become weaker or disappear, 
patients have to react to neuroglycogenic symptoms which normally remain 
constant. However, the incidence of hypoglycaemic events does not change 
during treatment with human insulin (Zenobi, 1991). 

Lipohypertrophy is the result of repeated insulin injection into the same 
site. Insulin hypertrophy (lipohypertrophy) occurs as a soft dermal nodule 
with normal surface epidermis at the injection site, which has often been 
used for many years. This reaction may be due to the lipogenic action of 
insulin. This condition may be avoided by rotating the injection site, 
although it should be remembered that absorption of insulin may vary from 
different anatomical areas. 

Lipoatrophy and lipohypertrophy were the most frequently reported local 
complications of conventional insulin therapy. Early reports after the 
introduction of highly purified insulins suggested a reduction in the 
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frequency of lipohypertrophy and lipoatrophy. Because highly purified 
insulins have been in common usage for 10 years, the present frequency 
of these complications was assessed (McNally et al.,  1988). Lipohypertrophy 
was recorded in 27.1% of patients including three with associated lipotrophy. 
Lipoatrophy was found in 2.5% of cases (three porcine and four bovine 
insulin treated), four of which had only ever used highly purified insulins. 
Despite the introduction of highly purified insulins, lipohypertrophy and 
lipoatrophy remain prevalent in insulin-treated patients (McNally et al., 
1988). This common complication may be limited by routinely inspecting 
injection sites. 

6.4 INSULIN ALLERGY 

6.4.1 In troduct ion  

Insulin, together with its polymers and other chemical derivatives, is 
immunogenic. Bovine insulin is more immunogenic than porcine insulin; 
human-sequence insulin is the least immunogenic but can nonetheless 
provoke antibody formation (Ganz et al., 1990). Highly purified insulins have 
low immunogenicity. Although allergic reactions have been reported in 
patients receiving human insulin who were previously treated with animal 
insulins (Carveth-Johnson et al., 1982; Frankland, 1982; Parr et al., 1982; 
Altman et al., 1983; Wiles et al., 1983; Garcia-Ortega et al., 1984; Grammer 
et al., 1984; Kristensen et al., 1984; von Kriegstein, 1985; Silverstone, 1986; 
Willms et al., 1987), there does not appear to be a report of such reactions 
in patients treated exclusively with human insulin. 

Insulin-binding antibodies are detectable in most insulin-treated patients 
but in most cases are clinically irrelevant. Insulin antibodies may "buffer" 
against sudden fluctuations in free insulin levels under experimental 
conditions, but generally do not seem to influence clinical insulin require- 
ments or metabolic stability. Insulin-binding antibodies can affect the 
pharmacokinetics of injected insulin. Antibody-bound insulin may act as a 
reservoir or buffer from which free insulin can be released over a prolonged 
period (Stewart et al., 1984; Dixon et al., 1985). In the early 1960s, it was 
reported that, in patients taking only short-acting insulin, the daily number 
of injections was correlated with the disappearance rate of labelled insulin 
from the circulation (Bolinger et al., 1964). Insulin antibody levels were 
generally high in insulin-treated diabetic patients at this time, and those 
subjects with slow insulin clearance (some of whom required only a single 
daily injection of soluble insulin) presumably had high levels of "buffering" 
antibody. 
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6.4.2 Cfinical Manifestat ions 

The clinical manifestations of insulin antibodies, now rare, include the 
following. 

(1) Local allergic reactions, which are of three types. The commonest is 
the late-phase reaction, a biphasic IgE reaction characterized by immediate 
burning and pruritus with a wheal and flare at the injection site. It may 
resolve or become indurated, with pruritus continuing for hours to days. 
Two rarer forms are the Arthustype reaction, producing a pruritic painful 
nodule 6-8 h after injection, and the delayed hypersensitivity reaction, which 
is similar but appears 12-24 h after injection. The local reactions are 
characterized by swelling, erythema, pruritus and lipoatrophy at injection 
sites; they usually disappear with continued treatment. Generalized allergy 
may produce urticaria, angioedema and, very rarely, anaphylactoid reac- 
tions; if continued therapy with insulin is essential, desensitization proce- 
dures may need to be performed (Wintermantel et al., 1988). 

Occasionally, redness, swelling and itching at the injection site may 
develop. This occurs if the injection is not properly made, if the skin is 
sensitive to the cleansing solution or if the patient is allergic to insulin. The 
condition usually resolves in a few days to a few weeks. Cutaneous insulin 
allergy remains a clinical problem despite the use of highly purified 
human insulins. Regardless of the species, one manufacturer had products 
demonstrating aggregate levels 3- to 6-fold higher than those found in other 
manufacturers' preparations (Rather et al., 1990). 

Local allergy was extremely common in the 1960s with the use of "impure" 
insulins, but the reported prevalence in patients receiving monocomponent 
porcine insulin was zero in one study (Arkins et al., 1926) and 5% in another 
(Wright et al., 1979). Urticarial allergic reactions to newer insulins are 
uncommon, with an incidence of 0.1-0.2% (Anderson and Adkinson, 1987), 
and anaphylaxis is very rare. Even lower frequencies should be expected 
with the more widespread use of human insulins, although patients sensitized 
to animal insulins may continue to suffer anaphylaxis even when changed 
to human insulin (Fineberg et al., 1983). 

Another manifestation of insulin allergy, which is also now rare, is a 
delayed local reaction to injected insulin. This presents as a tender 
subcutaneous lump developing at the injection site half an hour or so after 
injection and lasting for 12-24 h. This is a local Arthus-type reaction, 
mediated by IgG rather than IgE, and is due to complement activation by 
insulin-IgG immune complexes. It often responds to addition of hydrocor- 
tisone to the injected insulin. 

(2) Anaphylaxis, due to IgE antibody formation; this type appears to be 
declining (Patterson et al., 1990). Reactions to insulin and related antigens 
were also observed in sera of non-diabetic allergic persons without previous 
contact with exogenous insulin. The natural occurrence of insulin-specific 
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reactions makes the use of IgE as a marker of antigenicity of insulin 
questionable (Petersen et al., 1989). In affected subjects, insulin-specific IgE 
can be detected in serum and the allergen can be identified by skin-prick 
testing of insulin preparations; occasionally, the insulin diluent is respon- 
sible. Treatment depends on the specificity of the IgE antibody. If it does 
not cross-react substantially with another species of insulin, a change to that 
species will reduce the allergic response (Carini et al., 1982) but desensitiza- 
tion is required if cross-reactivity is complete. 

(3) Insulin resistance, due to rapid clearance of injected insulin which 
forms large immune complexes with polyclonal antibodies. Less common, 
but potentially more serious, is systemic allergy to insulin, which may cause 
generalized urticaria, dyspnoea or wheezing and may, on continued 
administration of the insulin, progress to anaphylaxis. It may present as a 
rash, anaphylaxis or angioedema and may be life-threatening. A skin test 
on patients with severe systemic reactions must be performed with each new 
preparation before initiation of therapy with that preparation. 

Erythema, swelling or pruritus may occur at injection sites. Such localized 
allergic manifestations usually resolve within a few days to a few weeks. 

6.4.3 Treatment o f  Insulin Allergy 

Treatment of these problems is by substituting another insulin species which 
does not cross-react with the antibodies, by desensitization, or by local or 
systemic administration of glucocorticoids. If a severe allergic reaction 
occurs, the drug has to be discontinued and the patient treated with the 
usual agents (e.g. adrenaline, antihistamines or corticosteroids). Patients 
who have experienced severe systemic allergic symptoms should be skin- 
tested with another insulin preparation before its initiation. Desensitization 
procedures may permit resumption of insulin administration. 

After failure of standard desensitization measures in a patient with 
cutaneous allergy to insulin, desensitization was attempted by giving insulin 
by mouth with aspirin 1.3 g three times daily (Holdaway and Wilson, 1984; 
Husband and Gill, 1984). After 1 week subsequent desensitization, using 
insulin by injection was successful. When the patient stopped taking aspirin 
after 6 months the original allergic reactions recurred; aspirin was then given 
permanently at a dose of 1.3g twice daily (Holdaway and Wilson, 
1984). 

Sometimes patients are allergic to the zinc in their insulin prepara- 
tions (Feinglos and Jegasothy, 1979). Allergy may also be attributed to 
the protamine component of insulin injections (Asherov et al., 1979). 
Protamine-insulin use may immunologically sensitize patients to protamine, 
leading to anaphylactoid reactions upon subsequent exposure to protamine 
sulphate during cardiac catheterization or cardiovascular surgery (Weiss et 
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al., 1990; Vincent et al., 1991). Reactions to intravenous protamine include 
rash, urticaria, bronchospasm, hypotension, and/or pulmonary artery pres- 
sure elevation (Sodoyez and Sodoyez-Goffaux, 1984). Intermittent insulin 
treatment increases the risk of immune complications (resistance and allergy) 
(Orlander, 1985). 

6.5 ANTI-INSULIN ANTIBODY FORMATION 

Patients with moderate concentrations of antibodies are also reported to 
show delay in recovery from induced hypoglycaemia but, conversely, lose 
control less quickly after insulin withdrawal and thus may be relatively 
protected from ketoacidosis. Yet despite these findings, neither the amounts 
nor the binding characteristics of insulin antibodies can usually be directly 
linked with the degree of diabetic control in individual patients in ordinary 
conditions of life. 

The several other postulated adverse effects of insulin antibodies, such 
as causing or contributing to neonatal hypoglycaemia, have not been 
conclusively proved. However, recent studies do provide further evidence 
that the development of insulin antibodies in diabetic children is associated 
with a shortened "honeymoon remission period", higher dosage of insulin, 
and impaired endogenous secretion of insulin (Pickup, 1986). 

Both pork and human insulin are definitively less immunogenic than beef 
insulin, producing fewer circulating insulin antibodies, but several studies 
have indicated no detectable change in antibody concentrations on switching 
from pork to human insulin or vice versa. Antibodies cause lipoatrophy and 
are responsible for the substantial insulin resistance seen in some patients, 
but both events are rare now that purified pork insulin is in common use. 
Interest has recently been revived in the possible contribution of antibodies 
in modifying metabolic control. In the short term and under hospital 
conditions, they are known to prolong the intravenous half-life of injected 
insulin and to delay the appearance in the circulation of a subcutaneously 
administered bolus dose. 

Insulin autoantibodies also occur in 30--40% of IDDM children at 
presentation and in their high-risk siblings, and may be a marker for the 
"prediabetic" stage of IDDM. Insulin autoantibodies can develop and may 
cause a syndrome of postprandial glucose intolerance combined with fasting 
hypoglycaemia. 

Insulin autoantibodies are antibodies that develop spontaneously without 
prior administration of exogenous insulin. These have been reported in 
various groups of patients, including some with Graves' disease treated with 
methimazole (Hirata et al., 1974) and others treated with hydralazine or 
procainamide (Blackshear et al., 1983), penicillamine (Benson et al., 1985) 
or a-mercaptopropionylglycine (Ichihara et al., 1977). In certain cases, no 
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precipitating factor has been identified (Foiling and Norman, 1972) and 
low-titre insulin autoantibodies may occur in a few apparently nor- 
mal subjects. These antibodies may or may not have clinically ap- 
parent consequences; a syndrome of carbohydrate intolerance with fasting 
hypoglycaemia (see below) has been reported in association with high titres 
of high-affinity autoantibodies in some of the drug-induced cases described 
above. 

6.5.1 Insulin Autoantibody Hypoglycaemia Syndrome 

Quite different clinical manifestations are seen in certain non-diabetic 
patients who have high titres of insulin autoantibodies (Goldman et al., 
1979). High titres of relatively high-avidity antibody lead to the formation 
of monovalent insulin-antibody complexes which are of relatively low 
molecular mass and are not cleared by the reticuloendothelial system. 
Instead, the antibody buffers the effect of insulin. During a meal (or glucose 
tolerance test), insulin release is stimulated but the free insulin concentration 
rises only slowly, as much of the secreted insulin is bound by antibody. 
Subsequently, there is prolonged release of insulin by dissociation from the 
antibody-bound fraction, and free insulin levels fall only slowly. The clinical 
result is the apparently paradoxical association of postprandial carbohydrate 
intolerance with hypoglycaemia during periods of fasting (Ichihara et al., 
1977). In this syndrome, antibody titres usually fall spontaneously, but no 
specific treatment is available; steroids are ineffective. 

6.6 INSULIN RESISTANCE 

6.6.1 Forms of Insulin Resistance 

Insulin resistance occurs rarely. Antibody-mediated resistance to insulin may 
be defined as an insulin requirement of more than 2 U kg -1 day -I ,  with 
no apparent endocrine or other explanation and accompanied by high titres 
of high-avidity insulin antibody. Affected patients with insulin dosages of 
several thousand units per day have been reported (Field, 1979) but this 
syndrome is now rare. Insulin resistance is due to polyclonal antibodies (IgG) 
directed against separate epitopes on the insulin molecule, with the 
formation of stable high-molecular-mass complexes of insulin with two or 
more IgG molecules. Insulin dissociates extremely slowly from such 
complexes and is effectively destroyed as the complexes are cleared from 
the circulation by the reticuloendothelial system (Sodoyez and Sodoyez- 
Goffaux, 1984). Even large insulin dosages are unable to achieve adequate 
free insulin concentrations (Kurtz, 1986). Insulin resistance may also occur 
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in obese patients, patients with acanthosis nigricans and patients with insulin 
receptor defects. 

High titres of antibodies to exogenous insulin may be associated with 
severe impairment of blood glucose recovery following hypoglycaemia. 
These patients have increased circulating reserve of antibody-bound insulin 
which effectively prolongs the half-life of insulin and predisposes to more 
severe and protracted hypoglycaemia. Intensive insulin therapy is hazardous 
in these individuals. 

Insulin resistance (with hyperinsulinaemia and various degrees of hyper- 
glycaemia) is associated with several rare syndromes, either congenital or 
acquired, including acanthosis nigricans, "leprechaunism" and lipoatrophy. 
Insulin resistance with acanthosis nigricans is subdivided mainly into 
Type A (hereditary) and Type B (autoimmune) syndromes. The Type 
A syndrome, due to various genetic defects in the insulin receptor, 
predominantly affects young women who are grossly hyperinsulinaemic, 
markedly glucose-intolerant and usually virilized. Type A variants (including 
the Type C syndrome) are clinically similar but result from a post-receptor 
defect. The Type B syndrome, due to antibodies (usually IgG) directed 
against the insulin receptor, also mainly affects women who often have other 
features of generalized autoimmune disease. Most patients are hyper- 
glycaemic but specific receptor-stimulating antibodies in a few may cause 
hypoglycaemia. Type B variants include other rare conditions with anti- 
(insulin receptor) antibodies (e.g. ataxia, telangiectasia). 

"Leprechaunism" is a rare and fatal congenital syndrome of extreme 
insulin resistance resulting from inherited defects of the insulin receptor. 
Associated growth retardation and multiple somatic abnormalities may be 
due to coexistent resistance to other growth factors. 

6.6.2 Management of Insulin Resistance 

Hyperglycaemia may be managed by changing the source of insulin (i.e. 
beef or mixed beef-pork to pork or human insulin). Corticosteroids may 
be administered if changing the insulin is not effective. Corticosteroids may 
decrease IgG production or decrease insulin binding to the antibody. It has 
to be monitored closely for signs of hypoglycaemia and for the adverse effects 
of high-dose corticosteroids. Highly concentrated insulin (U-500) may also 
be administered to insulin-resistant patients. It should be used with caution 
to avoid ketoacidosis. 

The dose of pork insulin for patients with insulin resistance caused by 
antibodies to beef insulin may be only a fraction of that of beef insulin. 
Insulin resistance is frequently self-limited; after several weeks or months 
of high dosage, responsiveness may be regained and dosage can be reduced. 
Insulin resistance is a common feature of insulinoma and can be shown even 
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under near-physiological conditions such as a 24h fast (Pontiroli et al., 
1990). 

The effect of counter-regulatory hormones (adrenaline, noradrenaline and 
glucocorticoids) on insulin-induced glucose utilization in individual tissues 
of normal rats was investigated in vivo. The main effect of these hormones 
was to reduce the insulin-induced glucose utilization in skeletal muscles, 
particularly the oxidative one (Marfaing et al., 1991). These results support 
the notion that the increase in plasma concentrations of these hormones 
could play a role in states of insulin resistance such as obesity and diabetes 
(Marfaing et al., 1991). 

A review of the current literature reveals that people with hypertension 
are also likely to suffer from insulin resistance, glucose intolerance and 
hyperinsulinaemia (Sowers, 1991). Likewise, hypertension is prevalent in 
obese and diabetic patients. Insulin deficiency at the cellular level may be 
a common mechanism in the development of hypertension in patients with 
Type-I or Type-II diabetes mellitus. Essential hypertension appears to be 
an insulin-resistant state (Sowers, 1991). Insulin resistance may engender 
hypertension by increasing peripheral vascular resistance and also by 
increasing salt retention at the level of the kidney. Therefore effective 
antihypertensive therapy should include agents that do not adversely affect 
carbohydrate metabolic abnormalities. Commonly used antihypertensive 
agents, such as thiazide, thiazide-like diuretica and/3-blockers, are associated 
with glucose intolerance and increased insulin resistance (Sowers, 1991). In 
contrast, angiotensin-converting enzyme inhibitors, calcium antagonists and 
peripheral a-blockers (such as prazosin and terazosin) do not adversely affect 
glucose tolerance or insulin sensitivity. In addition, a-blockers have a 
positive effect on the serum lipid profile. 

Dexamethasone may increase insulin resistance (Brismar et al., 1991). 

6.6.3 Biochemical Defects Causing Insulin Resistance 

The reduction in receptors may be a secondary consequence of hyper- 
glycaemia and hyperinsulinaemia and does not relate well to the impairment 
of insulin action. It therefore seems unlikely that a defect in the number 
or affinity of insulin receptors is a primary abnormality in NIDDM. 
However, it is possible that an abnormality of the portion of the insulin 
receptor projecting into the cell (/3-subunit) could contribute to insulin 
resistance. Tyrosine kinase activity of the/3-subunit appears to be intimately 
involved in mediating insulin action; this tyrosine kinase activity is reduced 
in some animal models of diabetes and there is some evidence that the same 
is true in human NIDDM. 

Alternatively, it is possible that the primary cause of insulin resistance 
in NIDDM is located distally to the insulin receptor in the chain of events 
mediating insulin action. 
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6.7 EFFECTS ON THE LIVER 

Transient recurrent hepatomegaly associated with hypoglycaemia in a 
12-year-old diabetic girl was associated with the surreptitious administration 
of additional insulin injections. It was considered that the excess of insulin 
had led to increased storage of glycogen in the liver which was responsible 
for the hepatomegaly. 

6.8 OEDEMA 

A report of generalized oedema in one patient about 7 days after being 
started on insulin appeared in 1979 (Bleach et al., 1979). Further cases of 
fluid retention have been published (Lawrence and Dunnigan, 1979). 

6.9 INTERACTION WITH OTHER DRUGS 

Concomitant drug therapy may alter insulin requirements. Drugs that may 
decrease insulin requirements include alcohol, anabolic steroids, aspirin, 
fenfluramine and monoamine oxidase inhibitors; there have been 
isolated reports of decreased insulin requirements with captopril, 
clofibrate, cyclophosphamide, guanethidine, mebendazole, methandienone 
and oxytetracycline. Increased dosage requirements of insulin may occur with 
adrenaline, chlorpromazine, corticosteroids, oral contraceptives, thiazide 
diuretics and thyroid hormones; there have also been isolated reports of 
increased insulin requirements or aggravation of hyperglycaemia with 
chlordiazepoxide, cyclophosphamide, dobutamine and isoniazid. In most 
cases pharmacodynamic interactions are the reason for hyper- or 
hypo-glycaemias due to concomitant use of drugs and insulin; e.g. fl-blockers 
inhibit the fl-adrenergic glycogenolysis in liver and skeletal muscle and 
increase indirectly the insulin effect, fl-Blockers may also mask some of the 
symptoms of hypoglycaemia caused by excessive doses of insulin. 

Effective antihypertensive therapy should include agents that do not 
adversely affect carbohydrate metabolic abnormalities. Commonly used 
antihypertensive agents, such as thiazide, thiazide-like diuretics and /3- 
blockers, are associated with glucose intolerance and increased insulin 
resistance (Sowers, 1991). In contrast, calcium antagonists and peripheral 
a-blockers (such as prazosin and terazosin) do not adversely affect glucose 
tolerance or insulin sensitivity. 

The results of a retrospective survey indicated that patients receiving 
isophane insulin, which contains protamine, were subject to an increased 
risk of severe reactions simulating anaphylaxis when protamine was used 
to reverse systemic heparinization after cardiac catheterization (Gray et al., 
1985). 
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7 Clinical Studies of Insulin-replacement Therapy 

Clinical studies concerned with recent advances in the understanding of 
insulin effects predominantly applied knowledge on the physiology of insulin 
regulation as a prerequisite for achieving near normoglycaemic status in 
diabetic patients. There is now compelling evidence that a relationship exists 
between good metabolic control and development of late diabetic complica- 
tions (DCC Trial, 1993). 

Other major points of interest in clinical trials are hyperinsulinaemia and 
insulin resistance as a common denominator of the metabolic syndrome, 
hyperinsulinaemia as an independent predictor of coronary heart disease, 
and the efficacy of new insulin analogues. 

7.1 STUDIES IN HEALTHY VOLUNTEERS 

Physiologically, insulin, C-peptide and glucagon are released in a pulsatile 
fashion in metabolically healthy people (Hansen et al . ,  1982) with a 
periodicity of pulses ranging from 8 to 30 min. The insulin release in the 
basal state ranges from 14 to 17 mU min - l ,  the concentration in peripheral 
venous blood from 10 to 20mU 1-1, while portal insulin concentration is 
three times higher. Following an oral glucose load, a total of 0.9 U insulin 
per 150min and 10g ingested glucose are secreted (1.35U per 12g 
carbohydrate). 

Pulsatile insulin is more effective in suppressing hepatic glucose production 
while it exhibits an equipotent effect on glucose utilization (Bratusch- 
Marrain et al. ,  1986). The application of pulsatile insulin may thus reduce 
free insulin levels (Waldh~iusl et al . ,  1985) and insulin resistance and may 
contribute more effectively to a reduction in hormone load in insulin-treated 
diabetic patients. 

To shorten periods of hyperinsulinaemia in insulin-treated diabetic 
patients, attempts have been made to find insulin analogues with equipotent 
biological activities but faster absorption from subcutaneous injection sites 
and shorter half-lives. In addition, long-acting insulin analogues have 
been developed to provide a more continuous 24h basal insulin supply 
than neutral protamine human insulin. The fast-acting monomeric insulin 
analogues Asp-B9-GIu-B27 and Asp-Bl0 have been tested in normal subjects 
by several workers (Vora et al. ,  1988; Brange et al. ,  1990) and exhibited 
a faster onset of action with a more rapid rise in plasma concentration and 
an earlier and more pronounced hypoglycaemic effect than human insulin. 
However, there was also a quicker return to preinjection levels (J6rgensen 
and Drejer, 1990). 

Clinical trials on the effects of long-acting insulin analogues showed only a 
small intraindividual variation of absorption from the injection site with an 
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appreciable advantage over Ultratard HM-insulin. The biopotency was no 
different from that of human insulin. Analogue Arg-B27, GIy-A21, Thr-B30 
NH 2 was the first one chosen for clinical trials (JOrgensen and Dryer, 1990). 
Further studies with a diarginine-insulin (Arg-B31 and Arg-B32) exhibited 
almost identical insulin receptor binding and full biological activity compared 
with native insulin. These in vitro results (Zeuzem et al., 1990), have not, 
however, been put to clinical tests. 

A prolonged insulin action can also be achieved by encapsulation of insulin 
in liposomes before subcutaneous injection. The extended hypoglycaemic 
response is believed to be a result of a lower metabolic clearance rate. 
Currently, the encapsulation efficiency, however, is only 5% (Spangler, 
1990). Further investigations are needed. 

7.2 TYPE-I DIABETES MELLITUS 

7.2.1 Complications 

Conventional insulin treatment with its fixed insulin dosage and food intake 
has dominated therapy of insulin-dependent diabetes mellitus for nearly 70 
years. It has sharply reduced the mortality of diabetic coma. Nevertheless 
diabetic coma is still the largest single cause of death in diabetic patients 
under the age of 20 years with an episode rate of 7%, and diabetic coma 
accounts for 15% of deaths in diabetics under the age of 50 years. 

The occurrence of late complications is still very high. Waldh~iusl (1986) 
reported a prevalence of 41% diabetic retinopathy, 25% neuropathy and 15% 
diabetic nephropathy. Normal HBAm levels were only seen in 20.7% of 
metropolitan and in only 4.1% of rural Type-I diabetic patients. Although 
definitive proof is lacking, it is now generally accepted that the microan- 
giopathy of diabetes is related to the level of glycaemia, and near~ 
normoglycaemia should be the outstanding aim of treatment (Tchoubroutsky, 
1978). The failure of conventional insulin treatment to maintain consistently 
normal blood glucose was felt to be a consequence of not considering the 
physiological pattern of insulin release. The kinetics of plasma free insulin 
during a conventional regimen with one or two daily subcutaneous injections 
of intermediate-acting insulin is unphysiological, and appropriate meal- 
related plasma insulin peaks cannot be achieved. The new intensified 
methods of insulin delivery, multiple daily injections (MDI) and continuous 
subcutaneous insulin infusion (CSII), however, are more physiological. 
Consequently, a near-normal glycaemic control can be achieved only with 
these regimens (Pelkonen et al., 1985). 

In 1979, Phillips et al., proposed the u+n regimen, which involved a single 
dose of very-long-acting ultralente insulin to act as background (u) and then 
several injections of variable amounts of soluble insulin (n) given when 
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needed, e.g. before a meal or a snack in appropriate amounts depending 
upon preprandial blood glucose levels and the size of the meal to be taken 
(Bilous and Alberti, 1990). However, the achievement of sustained normo- 
glycaemia using intermittent subcutaneous injections of insulin has remained 
elusive (Holman et al. ,  1983). 

Buysschaert et al. (1983) reported a better glycaemic control of totally 
insulin-dependent diabetic patients under continuous insulin infusion com- 
pared with conventional insulin therapy (Lager et al.,  1983). An improved 
metabolic control, an increased glucose-disposal rate and an inverse insulin 
resistance following a more physiological insulin regimen with continuous 
insulin infusion compared with conventional therapy was also reported 
(Jarret, 1986). Similar results were observed by M~hlhauser et al. (1987) 
where an intensified insulin injection therapy performed as routine treatment 
of Type-I diabetics significantly lowered HBAI levels (Fig. 13). 

The importance and need for intensified insulin therapy in the treatment 
of insulin-dependent diabetes, however, seems to be not yet fully settled, 
despite the fact that nearly all clinical studies that compared CSII and/or 
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multiple injection regimens with conventional daily insulin regimens showed 
a great improvement in glycaemic control. 

7.2.2 M D I  in Children 

An improved metabolic control with intensified insulin therapy compared 
with a conventional treatment was reported by Wolf et al. (1987). A 
continuous insulin infusion with insulin pump therapy, monitored over 1 year, 
however, did not exhibit a clear advantage. The management of even 
preschool children with insulin pump therapy was not associated with an 
increased frequency or an accelerated rate of development of ketosis (Flores 
et al., 1984; Brambilla et al., 1987). However, Marshall et al. (1987) reported 
more abscesses and ketoacidosis in children on CSII, and an increased risk 
of developing cutaneous infections was also noted in patients treated by CSII 
in the Oslo Study (Dahl-J6rgensen et al., 1985). 

7.2.3 M D I  and Lipids 

No additional effects of intensified insulin therapy were noted with regard 
to circulating lipids and lipoprotein values (Goldberg et al., 1985), but others 
reported an increase in HDL cholesterol and apolipoprotein A-I, without 
changes in serum triglycerides as a result of intensified conventional insulin 
therapy (ICIT) (Wilson et al., 1985). 

7.2.4 M D I  and Hypoglycaemia 

Hypoglycaemic episodes were reported to be frequent following CSII and 
also ICIT (Arias et al., 1985). This, however, was not confirmed by others 
(Brunetti et al., 1984), who noted that the number of hypoglycaemic 
reactions, reported by home blood glucose monitoring, was similar in both 
therapeutic groups. No increased episodes of hypoglycaemia were also seen 
during physical training and CSII therapy (Mfihlhauser et al., 1987). 

7.2.5 M D I  and Pregnancy 

Intensified insulin therapy, started before conception in insulin-dependent 
women, resulted in normalized blood glucose levels in 88% cases compared 
with 20% in conventional treatment. The rate of congenital malformation 
was reduced from 7.1% to 1.1% (Fuhrmann, 1986). 
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FiG. 14. Influence of continuous subcutaneous insulin infusion (CSII) and 
conventional treatment (CIT) on progression of soft exudates and intraretinal 
microvascular abnormalities (IRMA); mo, months. (Source: KROC Study Group, 
1988.) 

7.2.6 MDI  and Late Diabetic Complications 

Diabetic retinopathy (Oslo Study), motor nerve conduction and glomerular 
hyperfiltration were less progressive in patients treated with CSII or MDI 
compared with conventional insulin therapy (Dahl-J6rgensen, 1987). An 
improvement of retinopathy with CSII was reported in the KROC Study 
Group (1988) (Fig. 14). 

7.2.7 Biostator 

The application of an artificial endocrine pancreas (AEP=Biostator) with 
feedback control could be useful in the clinical management of unstable 
diabetics (Ohno et al., 1983). Former early closed-loop devices were large 
bedside machines (Pfeiffer et al., 1974) with only limited application for 
long-term use. More recent research has developed small glucose sensors 
which, however, have had only preliminarily testing for clinical application. 
External insulin pumps must be further miniaturized and technical failure 
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eliminated (glucose sensor) before large-scale application in treatment of 
IDDM patients is feasible. 

7.2.8 Intraperitoneal Insulin Application 

Intraperitoneal insulin application represents the route of choice for insulin 
delivery, as absorption is physiological, being into the portal venous system, 
avoiding peripheral hyperinsulinaemia. Cases of acute peritonitis, however, 
have brought this method into disrepute (Selam et al., 1985). More 
experience is required before it can become clinical reality. 

7.2.9 Insulin Analogues in Type-I Diabetics 

The clinical relevance of the insulin analogues Asp-B9, GIu-B2 and Asp-B10 
was also studied in Type-I diabetic patients and compared with regular 
human insulin. The glycaemic control achieved with the analogues was 
significantly improved compared with insulin administered just before the 
meal, indicating a potential clinical benefit of rapidly absorbed insulin 
analogues (Kang et al., 1990; J6rgensen and Drejer, 1990). The clinical 
efficacy trials of prolonged-acting insulin analogues (Arg-B27, GIy-A21, 
Thr-B30-NH2) in Type-I diabetics showed reduced biopotency with higher 
overnight plasma glucose levels after subcutaneous administration (Holman 
and Steemson, 1989). Further work is therefore needed before any long- 
acting insulin analogue can be implemented for clinical use (J6rgensen and 
Drejer, 1990). 

7.2.10 Nasal Absorption of  Insulin 

Nasal absorption of insulin has been of interest since 1983 (Moses et al., 
1983). More recent clinical studies tested its long-term acceptability and 
efficacy in Type-I diabetic patients (Fraumann et al., 1987) and assessed the 
kinetics of intranasal insulin with a medium-chain phospholipid (Drejer et 
al., 1990). Nasal irritation was only slight and proportional to the insulin 
dosage. Compared with subcutaneous injection, intranasal insulin has a 
quicker onset of action and a much more uniform time course of absorption. 
Bioavailability was 8-11% and 24% in the meal-relevant period. Further 
studies, however, are needed before widespread clinical use can be recom- 
mended. 
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7.3 TYPE-II DIABETES MELLITUS 

In IDDM, insulin is needed, by definition, to preserve life. It is generally 
agreed that near-normoglycaemia can be achieved only by MDI of short- and 
intermediate-acting insulin. 

There is less consensus with regard to non-insulin-dependent (Type-II) 
diabetic patients about when to use what medication, and particularly at what 
point insulin therapy is appropriate. The natural history in obese Type-II 
diabetes patients usually starts with both impaired B-cell function and insulin 
resistance and/or basal hyperinsulinaemia resulting in elevated fasting blood 
glucose levels. 

Reaven (1988) suggested that insulin resistance might be a common 
denominator for obesity, Type-lI diabetes hypertension and hyperlipidaemia 
(metabolic syndrome) and should be treated rigorously to avoid coronary 
heart disease, the most common cause of morbidity and mortality in Type-II 
diabetes mellitus. However, it still remains to be proven that effective blood 
glucose control will reduce the mortality of the disease (Turner and Holman, 
1990). 

At this early stage, hypocaloric diet and weight loss is the primary and 
most important therapy for reducing basal hyperinsulinaemia and insulin 
resistance and improving fasting blood glucose concentration. 

Exogenous insulin or insulinotropic oral agents such as sulphonylureas 
are not suitable for improving insulin resistance. Non-insulinotropic 
hypoglycaemic medication such as biguanides and/or acarbose, however, is 
recommended if diet alone fails to achieve sufficient metabolic control. It 
is still controversial, however, whether the reduction of endogenous insulin 
also reduces the synthesis of islet amyloid polypeptide (lAPP) sufficiently 
to slow down the progression of NIDDM (Clark et al. ,  1987). 

As the exhaustion of the endocrine pancreas progresses, the initial 
hyperinsulinaemia decreases and oral hypoglycaemic agents in addition to 
diet may be insufficient to reach good metabolic control (secondary failure). 
At that stage insulin treatment must be started to attain better therapeutic 
control in NIDDM. Insulin therapy however, should only be applied to 
Type-II diabetes, when diet, weight normalization and oral medication 
(sulphonylureas and/or biguanides/acarbose) are unable to achieve satisfac- 
tory metabolic control (sulphonylurea inadequacy). In Type-II diabetes, 
insulin then might become a valuable therapeutic tool. 

In many NIDDM patients once daily intermediate- or long-acting insulin 
may be adequate to render them asymptomatic, avoid the risk of nocturnal 
hypoglycaemic episodes (Bilous and Alberti, 1990) and produce basal 
normoglycaemia. A combination of intermediate-acting insulin and sul- 
phonylureas is possible, the patients own B-cells providing the meal-time 
spikes. Alternatively one or two injections of a mixture of short- and 
intermediate-acting insulin daily is sufficient for metabolic control. In elderly 
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diabetics with a limited life expectancy, therapeutic control should be 
primarily aimed at avoiding acute symptoms such as weight loss, polyuria 
and polydipsia, coma and foot problems. Blood glucose, however, can be 
tolerated up to 180 mg per 100 ml fasting and 250 mg per 100 ml postprandial 
and HbA1 around 10%. In younger Type-II diabetics, who still have a life 
expectancy of more than 10 years, with long-term complications of diabetes 
still to come, the same degree of metabolic control should be achieved as 
in Type-I diabetics: near-normal blood glucose, HbA1 lower than 10% and 
normolipidaemia. In many of these patients, after secondary failure, insulin 
therapy can be initially combined with oral agents which might promise 
some metabolic benefits for a limited time range in ca. 50% of Type-II 
diabetics. 

Insulin alone can be applied in most Type-II diabetics with secondary 
failure as conventional therapy with one or two injections in the morning 
and evening. Only very few Type-II diabetics will finally need three and more 
injections daily with NPH insulin in the morning, normal insulin at supper 
time and basal (long-acting) insulin at night. Intensified regimens are limited 
to younger Type-II diabetics. 
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1 Introduction 

T y p e - I I  d i a b e t e s  is c h a r a c t e r i z e d  by re la t ive ly  def ic ient  insul in  s ec re t ion  in 

r e s p o n s e  to g lucose ,  p e r i p h e r a l  insul in  res i s t ance  and  i nc r ea sed  hepa t i c  

g lucose  p r o d u c t i o n .  A m o n g  ora l  an t id i abe t i c  d rugs ,  s u l p h o n y l u r e a s  will be 

act ive and  e n h a n c e  insul in re lease .  To  u n d e r s t a n d  the  m e c h a n i s m  of  the  

ac t ion  of  these  d rugs ,  we s u m m a r i z e  he re  o u r  p r e s e n t  k n o w l e d g e  a b o u t  the  

p h y s i o l o g y  of  the  so-ca l led  " s t i m u l u s - s e c r e t i o n  c o u p l i n g " .  M o r e o v e r ,  this 

c h a p t e r  s h o u l d  a lso  p rov ide  the  phys io log ica l  basis for poss ib le  fu tu re  
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development of antidiabetic drugs which may promote discharge of insulin 
in a way that is different from that of sulphonylureas. 

Secretion of insulin results from the action of initiators and modulators 
on the secretory mechanism. Whereas initiators cause the discharge of insulin 
by depolarization of the B-cell and subsequent influx of Ca 2+, modulation 
(i.e. amplification and/or attenuation) is mediated mainly by activating and/or 
inactivating the adenylate cyclase and/or phospholipase C systems. 

Studies exploring the mechanism of insulin secretion face a number of 
technical and physiological problems which must be considered when 
scientific data on this subject are interpreted. Thus, islet tissue is only 
available in small amounts, its composition is not homogeneous (A-, B-, 
D-cells and others) and its reaction to initiating/modulating compounds may 
differ among species (Sundler and B6ttcher, 1991; Bonner-Weir, 1991) and 
even between islets when localized in different areas of the pancreas. 
Enriched islet- derived single B-cells, on the other hand, do not react in the 
same way as do complete pancreatic islets (Pipeleers et al. ,  1982). Along with 
intact islets of Langerhans, clonal insulinoma cells grown in culture are used 
to study the physiology of the secretory mechanism. However, although a 
lot of basic informations about the different elements of stimulus-secretion 
coupling can be obtained, in physiological terms they are not completely 
equivalent to B cells localized in the islet tissue. 

2 Route by which Initiators and Modulators Reach the B-Cell 

From a morphological point of view the islet of Langerhans is a complicated 
system since it consists of different cells, with different hormones affecting 
secretion from different cells, the latter also being affected by nutrients, drugs 
and peptides/hormones which reach the islet cells via the bloodstream. 
Moreover, islet cells are under the control of the autonomous nervous system. 
As far as their distribution is concerned, B-cells are localized in the centre 
whereas A- and D-cells are distributed in the mantle of the islet. 

A very important factor, which may give us some idea how external 
initiators/modulators reach their target cells and how communication be- 
tween islet cells occurs, is the direction of the intraislet blood flow. Studies 
performed by Samols and Stagner (1988) and Samols et al. (1988) suggest 
that the arterial circulation first reaches the centre of the islets where B-cells 
are localized and from there supplies A- and D-cells in the mantle (Fig. 15). 
This means that B-, A- and D-cells receive information from the bloodstream 
and that by this route A- and D-cells also obtain messages from B-cells but 
not vice versa. Communication of A- and D-cells with the B-cell is assumed 
to occur in a paracrine manner along interstitial routes. In addition, the action 
of freshly released hormone on the hormone-releasing cells (i.e. direct 
feedback inhibition of insulin release) is possible. 
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FIG. 15. Hypothetical model of how initiators and modulators that affect insulin 
release may reach A-, B- and D-cells. The first target of arterial blood containing 
nutrients, hormones, peptides and drugs is the B-cell. From there, via an intraislet 
portal vein system, blood which now also contains released insulin flows to the mantle 
where A- and D-cells are localized and from there enters the circulation. Nerves 
derived from the autonomous nervous system which contain neurotransmitters 
(acetylcholine, noradrenaline) and neuropeptides (including vasoactive intestinal 
peptide (VIP), gastrin-releasing peptide (GRP), galanin) are connected to islet cells. 
Glucagon (A-cells) and somatostatin (D-cells) reach other endocrine cells in the islet 
in a paracrine manner. The B-cell may also be the target of previously released insulin 
via a short loop. 

3 Initiation of Insulin Secretion 

Initiators of insulin secretion switch on the secretory machinery. Thereaf ter  
modulators  derived from nutrient metabolism, hormones/pept ides  and 
neurotransmit ters  determine how fast or slow the machine will run. 

3.1 MEMBRANE POTENTIAL AND PERMEABILITY TO K + 

It is now well accepted that initiation of insulin release in response to glucose 
and other  nutrients is caused by depolarization of the B-cell as a first step 
followed by subsequent  Ca 2+ influx. 



80 ANTIDIABETIC AGENTS 

The resting potential of mouse pancreatic B-cells perifused with a medium 
containing non-stimulatory glucose (0 or 3 mM) is between - 6 0  and - 7 0  mV. 
It is the result of high permeability of the membrane to K + (Meissner et al. ,  
1978). Raising the concentration of glucose above 3 m M  progressively 
depolarizes the membrane by about 7-8 mV to a threshold potential. When 
this threshold potential is reached, electrical activity appears. Electrical 
activity is characterized by slow waves of the membrane potential with spikes 
superimposed on the plateau (Fig. 16). The pattern of electrical activity of 
B-cells is thus quite different from that observed during depolarization of 
nerve or muscle cells for instance. It is well established that the decrease in 
K + conductance causes the initial depolarization to the threshold potential, 
and that the slow waves and spikes reflect the influx of Ca  2+ through 
v o l t a g e - d e p e n d e n t  Ca  2+ channels (for a review see Henquin and Meissner, 
1984). In agreement with this, the fact that removal of extracellular 
Ca2+abolishes most spike and slow-wave activity underlines the fact that 
Ca 2+ influx is responsible for this pattern of electrical activity. During the 
presence of stimulatory glucose there is no repolarization to the resting 
potential between the slow waves. 

As far as other ions are concerned available evidence suggests that specific 
permeability to Na +, CI- ,  Ca 2+ or  Mg 2+ is not involved in the initial 
depolarization (for a review see Henquin et al.,  1992). 

By employing patch-clamp techniques, several types of K + channels have 
been identified (for a review see Henquin et al. ,  1992): (1) ATP-sensitive 
K + channels which are closed when ATP increases at the inner surface of 
the m e m b r a n e -  these channels are also closed by sulphonylureas and opened 
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FIG. 16. Slow waves of membrane potential induced by 10 mM glucose in a single 
mouse B-cell (Henquin and Meissner, 1984.) 
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by diazoxide; (2) voltage-dependent K + channels ("delayed rec t i f i e r s" ) -  
these are not sensitive to ATP or sulphonylureas and are closed by 
tetraethylammonium; (3) voltage- and CaZ+-dependent K + channels which 
are activated by depolarization and by the increase in cytosolic Ca 2+ 

Perforated patch records suggest that about 10-25% of total K+-ATP 
zonductance is activated at rest in mouse B-cells (Ashcroft and Rorsman, 
1989) and rather less (about 4% ) in rat B-cells (Cohen et al., 1990). 
Cell-attached patch recordings have established that 50% of the channels are 
inhibited at 2 mM glucose and more than 90% at 5 mM (Misler et al., 1986; 
Ashcroft et al., 1988; Rorsman and Trube, 1990). For depolarization only 
the ATP-sensitive K + channels are responsible. This means that closure 
occurs when the intracellular ATP and/or the intracellular ATP/ADP ratio 
(Section 3.3.4) increases in response to increased nutrient (mainly glucose) 
metabolism (Fig. 17). 

The major changes in channel activity and ATP content both occur 
between zero and 8 mM glucose. The effect of glucose on channel activity 
in cell-attached patches of intact B-cells resembles that found for ATP in 
inside-out patches (Rorsman and Trube, 1985). 
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FIG. 17. Effect of glucose on ATP levels and S6Rb + efflux of rat pancreatic islets. 
The increase in ATP and the inhibition of K + (here 86Rb+) efflux caused by glucose 
occur in a concentration range up to approximately 5.6 mM. Interestingly, in contrast 
to insulin secretion and other islet parameters (see Fig. 18), no further change is 
observable at glucose concentrations above 5.6 mM (Ammon and Wahl, 1994.) 
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3.2 Ca 2+ FLUXES AND CALCIUM-CALMODULIN-ACTIVATED PROTEIN KINASE(CaCaMK) 

It is commonly agreed that cytosolic Ca 2+ serves as a second messenger in 
stimulus-secretion coupling of insulin release (for a review see Hellman et 
al. ,  1992). 

The pancreatic B-cells in general are rich in Ca2+.2When calculated in 
terms of intracellular water, the concentration of Ca + in mouse B-cells 
ranges from 16 to 25 mM (Hellman, 1986 ). Conversely, Ca 2+ in the cytosolic 
compartment which serves as a second messenger is only in the nanomolar 
range. 

Glucose is a potent stimulator of Ca 2+ uptake, but it has been found that 
most of this accumulation is due to increased Ca 2+ turnover, and that the 
effect is relatively small when isotopic equilibrium is maintained (Bergsten 
and Hellman, 1984). In mouse islets, Ca 2+ turnover rate has been calculated 
to exceed 5% per min after glucose stimulation (Hellman, 1986). Direct 
measurements have failed to demonstrate any glucose-induced increase in 
the total amount of intracellular Ca 2+ (Anderssen et al. ,  1982; Wolters et 
al. , 1982). 

After depolarization, influx of Ca 2+ occurs from the extracellular into the 
intracellular space where its concentration increases about 5-10 times during 
maximal stimulation. From the presently identified Ca 2+ channels in 
insulin-producing cells, N-, T- and L-type channels have been described 
(Velasco, 1987; Aicardi et al. ,  1991) but only the L-type channels appear to 
be of importance for insulin secretion (Yaney et al., 1991; R6nfeldt et al . ,  
1992). Although glucose promotes entry of Ca 2+ through depolarization of 
the cytoplasmic membrane by formation of ATP, which results in opening 
of L-type Ca 2+ channels (Hellman, 1988; R6nfeldt et al. ,  1992), metabolism 
of glucose beyond ATP formation may also be of importance for the influx 
of Ca 2+ (Smith et al.,  1989 and section 3.3.4). 

Oscillations of [Ca2+]i have been reported following initiation of insulin 
release by nutrients and sulphonylureas (Hellman et al. ,  1992). The frequency 
of these large-amplitude oscillations corresponds to 0.2-0.5 min-I  in mouse 
B-cells, which is similar to the slow cyclic variations in burst activity recorded 
with intracellular microelectrodes in intact islets and also the periodicity of 
insulin release. However, this oscillatory pattern of the electrical and [Ca2+]i 
responses induced by glucose is not accompanied by, and thus probably not 
due to, similar oscillations in metabolism (Gilon and Henquin, 1992). 
However, Longo et al. (1991) reported oscillations with similar periods in 
insulin secretion, oxygen consumption and [Ca2+]i . Since oscillations appear 
in v ivo as well as in vitro there must be a pacemaker in the islet tissue itself 
(Goodner et al.,  1991). 

In addition to Ca 2+ influx, Ca 2+ release from intracellular stores (endo- 
plasmic reticulum) also participates in its physiological functions (Prentki et 
al. ,  1984a). It appears, however, that this intracellular release modulates 
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rather than initiates insulin secretion, since compounds that cause insulin 
release only by releasing intracellular Ca 2§ have little insulin-secretory effect 
but amplify the action of initiators causing discharge of insulin via depolariza- 
tion. Except for intracellular stores, mitochondria and insulin granules are 
not involved in the regulation of cytosolic Ca 2+ (Prentki et al., 1984b; 
Carafoli, 1987). Perhaps they take part in sequestration of intracellular Ca 2+ 
(Henquin, 1985). 

Immediately following the elevation of cytosolic [Ca2+], efflux of this 
cation is enhanced. There are several possible mechanisms. Most of the Ca 2 § 
is excreted by a Ca2+/calmodulin-activated Ca2+-ATPase with high affinity 
for Ca 2+ and could represent a Ca2+-extrusion pump, able to maintain low 
levels of free Ca 2§ in resting B-cells (Colca et al., 1983a). Endoplasmic 
reticulum and mitochondria do not appear to be involved in buffering of Ca 2 + 
at submicromolar levels (Colca et al., 1983a,b; Prentki et al., 1983). Insulin 
granules are also Ca 2§ pools. Their role has been underlined (Anderssen 
et al., 1982; Wolters et al., 1982; Hutton et al., 1983). 

It has been shown by several authors, as summarized by Henquin (1985), 
that pancreatic islets as well as insulinoma cells contain Ca2+/calmodulin - 
activated protein kinase which phosphorylates endogenous proteins. In fact, 
stimulation of islets with glucose causes phosphorylation. Among the 
candidates to be phosphorylated is myosin light-chain kinase which couples 
the ionic events to the process of granule movement (MacDonald and 
Kowluru, 1982; Penn et al., 1982). The a- and 13-subunits of tubulin (Colca 
et al., 1983c) are other possible sites of phosphorylation by calmodulin- 
dependent protein kinase. It has also been proposed that calmodulin 
modulates the interaction between insulin granules and the inner face of the 
cytoplasmic membrane (Watkins and Cooperstein, 1983). Such an effect 
would be compatible with the phosphorylation of a protein on the granule 
membrane (Brocklehurst and Hutton, 1983). 

3.3 ISLET METABOLISM, IONIC EVENTS AND INSULIN SECRETION 

3.3.1 Initiating Events  

The most potent initiator of insulin secretion is glucose. Under physiological 
conditions its action is modulated by hormones, peptides and neurotransmit- 
ters as discussed later. 

The mode of initiation of insulin release is unique. As in other excitable 
tissues, B-cell function is triggered through depolarization and subsequent 
opening of Ca 2+ channels, but unlike other tissues, depolarization is caused 
by a nutr ient-  glucose - which at the same time is a metabolizable substrate 
providing the cell with energy. The mechanism by which glucose initiates the 
cascade of events that finally lead to exocytosis remained obscure for a long 
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time. However, the matter has recently become clear. Penetration of glucose 
into the intracellular space of the B-cell is not limited under physiological 
conditions and does not depend on insulin. Glucose is carried across the 
cytoplasmic membrane with the help of a glucose transporter, GLUT-2, with 
a K m of 15-20 mM (Bell et al., 1990; Mueckler, 1990). Once inside the cell 
it is not the glucose molecule itself that causes depolarization and subsequent 
insulin release, but its actual metabolism. This is demonstrated by the fact 
that inhibitors of glucose phosphorylation block both depolarization and 
insulin secretion, indicating that a step or critical metabolite located before 
glucose-6-phosphate might be responsible for initiating the secretion. 

Unlike other tissues, but like the liver, B-cells contain two glucose- 
phosphorylating enzymes, i.e. hexokinase and glucokinase. Whereas 
hexokinase with a Km of 50/~M is maximally active at glucose concentrations 
below physiological values, phosphorylation of glucose at physiological 
concentrations in the islet can be mediated by glucokinase, an enzyme with 
a K m of approx. 10 mM. Therefore glucokinase can be regarded not as the 
glucose receptor, but as a glucose acceptor or the first key allowing the 
concentration-dependent metabolism of this substrate (German, 1993). 

If not glucose itself, what is responsible for providing the signal to produce 
glucose-concentration-dependent (parallel) insulin secretion? A candidate 
could be a metabolite of the glycolytic pathway, as suggested by Malaisse 
(1992), a change in pH (Best, 1992), increased production of reduced 
nicotinamide nucleotides (Ammon and Wahl, 1994), reduced glutathione 
and/or other thiols (Ammon and Wahl, 1994), or just the final product of 
oxidative glucose metabolism which is ATP (Ashcroft and Rorsman, 1989). 
For a long time the idea was accepted that only the production of the signal 
metabolite and therefore its concentration would decide how much insulin 
would be released. However, opinion on this matter has changed in so far 
as the possibility is no longer excluded that, along with the production of 
a signal metabolite (ATP and/or ATP/ADP) leading to depolarization, 
modulating fac tors -  their concentration also depending on glucose con- 
cent ra t ion-  are also formed during metabolism which, in addition to the 
signal, regulate the secretory response at a step beyond depolarization. And 
it may be speculated that the signal acts by causing depolarization to a 
threshold value sufficient to open voltage-dependent Ca 2+ channels, whereas 
changes in the concentration of other metabolites may act more like an 
"electric light dimmer". 

3.3.2 Glucose Metabolism 

Following phosphorylation of glucose by hexokinase and glucokinase, 
approximately 90-95% of the glucose passes through the aerobic glycolytic 
pathway whereas 5-10% undergoes metabolism via the pentose phosphate 
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shunt (PPS). Both pathways depend on glucose concentration (Fig. 18). In 
this connection it is interesting to note that in static incubations of islets the 
activity of the PPS is inhibited by insulin freshly secreted into the medium 
(Verspohl et al. ,  1979), probably at the glucose-6-phosphate dehydrogenase 
step (Akhtar et al. ,  1977). This may be the reason why other groups, who 
did not consider this observation under their experimental conditions 
(Ashcroft et al., 1972; Giroix et al. ,  1985), did not find glucose dependence 
of this pathway. 

Whereas glucokinase allows the concentration-dependent phosphorylation 
of glucose to glucose-6-phosphate in an unlimited way, the activity of 
phosphofructokinase determines further glycolytic flux. This enzyme is 
regulated by several metabolites and it is activated during hyperglycaemia. 
In this connection it has been shown that glucose increases the islet content 
of fructose-2,6-bisphosphate and glucose-l,6-bisphosphate, two powerful 
activators of phosphofructokinase (Malaisse et al. ,  1982). Thus it is conceiv- 
able that activation of fructokinase is a second regulatory event in islet 
glucose metabolism. Phosphofructokinase generates glyceraldehyde-l-phos- 
phate and dihydroxyacetone phosphate, the equilibrium being at the site of 
glyceraldehyde-l-phosphate, and it is thought that steps close to or distal from 
glyceraldehyde-l-phosphate may be related to stimulus-secretion coupling. 
This assumption arises from observations that exogenous glyceraldehyde is 
a powerful insulin secretagogue (Hedeskov, 1980) and causes depolarization 
(Ashcroft, 1988). The question of whether or not glyceraldehyde-l-phosphate 
itself or one of the following metabolic products is responsible has attracted 
many investigators. Glyceraldehyde-phosphate is a source of NADH, and 
it has been demonstrated that both glucose and glyceraldehyde augment 
fluorescence of reduced nicotinamide nucleotides (Panten and Christians, 
1973). 

Elevation of ATP and/or the ATP/ADP ra t io -  as discussed above-  are 
thought to be related to depolarization by interaction with ATP-sensitive K + 
channels. As also stated above, ATP and/or the ATP/ADP ratio increase only 
up to about 8 mM glucose (Fig. 17) whereas the maximal stimulatory glucose 
concentration in rat islets for instance is more than 16.7 mM. This suggests 
that metabolism of glucose in addition to ATP must generate other factors 
which finally guarantee glucose concentration-dependency of insulin secre- 
tion. If this is so, it may be claimed that the concentration of such critical 
factors correlates with glucose concentration and insulin release. Conversely, 
a decrease in these factors, e.g. by pharmacological tools, should be 
associated with inhibition of insulin secretion in response to glucose. Among 
relevant factors are reduced nicotinamide nucleotides. 

Here, special attention should be paid to the NADPH/NADP + ratio with 
regard to the fact that this ratio, in contrast to the NADH/NAD + ratio, is 
not directly linked to ATP production. It has been demonstrated that not 
only the NADH/NAD +, but also the NADPH/NADP +, ratio depends on 
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glucose concentration (Fig. 18) (Ammon et al., 1980, 1983a). A major source 
of NADPH formation is the PPS, the activity of which is also increased during 
hyperglycaemia (Verspohl et al., 1979). It is interesting to note that methylene 
blue, under conditions where it decreased islet NADPH/NADP + ratio but 
left the NADH/NAD + ratio unaffected, inhibited glucose- and tolbutamide- 
induced secretion of insulin (Ammon and Verspohl, 1979; Ammon et al., 
1979a). 

Thus, when trying to put the pieces together with regard to glucose as an 
initiator and modulator of insulin secretion, it appears that formation of ATP 
switches on the system, but changes in metabolism including the redox 
state of nicotinamide nucleotides modulate the system in its response to 
depolarization. 

3.3.3 Possible Role o f  Thiols 

If we accept that the redox state of nicotinamide nucleotides is a modulating 
system, we need to know how this works. An attractive idea involves the 
fact that the NADPH/NADP + ratio is in equilibrium with the GSH/GSSG 
ratio which itself is of importance for the redox state and therefore the activity 
of functional proteins (Barron, 1951). 

In pancreatic islets the thiol status seems to behave quite differently from 
other tissues. Thus the GSH/GSSG ratio is comparatively low and varies 
only between 1.0 (Ammon et al., 1980) and 6.7 (Anjaneyulu et al., 1982). 
Furthermore, and this is also in contrast to other tissues, this ratio depends 
on the glucose concentration and is raised by hyperglycaemic glucose 
(Ammon et al., 1980; Anjaneyulu et al., 1982) (Fig. 18), an effect that occurs 
quickly (in less than 1 min) (Ammon et al., 1979a, 1980; Pralong et al., 1990), 
thus preceding the onset of hormone secretion. This raises the possibility 
that this ratio may be involved in regulatory processes associated with the 
secretion of insulin. Besides glucose, leucine, which is an initiator of insulin 
release, also produces an increase in islet NADPH/NADP + (Ammon et 
al., 1979b) and GSH/GSSG ratios (Ammon et al., 1981). In addition 
other nutrients/factors have been reported to increase islet GSH, e.g. 
D-glyceraldehyde, a-ketoisocaproate, anoxia and KCN (Anjaneyulu et al., 
1982). 

Whereas elevation of the GSH/GSSG ratio is accompanied by stimulation 
of insulin secretion, thiol reagents that decrease this ratio inhibit release 
of insulin when triggered by a variety of initiators. In this connection 
diazenedicarboxylic acid bis-(N'-methylpiperazide) (DIP), an oxidant of 
GSH (Kosower et al., 1976), has been shown to lower islet GSH/GSSG ratio 
and to depress glucose-induced insulin secretion (Ammon et al., 1983b) (Fig. 
19). Similar results were achieved by using diamide, an oxidant of GSH 
(Kosower et al., 1969), and other oxidants including tert-butyl hydroperoxide 
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insulin release, ATP concentration, GSH/GSSG ratio and Ca" uptake of rat 
pancreatic islets. DIP, an oxidant of GSH at the concentration used here, did not 
affect islet ATP concentration but inhibited glucose-induced increases in GSH/GSSG 
ratio, 45Ca2+ uptake and insulin release (Ammon  and Wahl, 1994). 

(t-BHP) (Ammon et al. ,  1977, 1979a) and 2-cyclohexen-l-one (Sener et al. ,  
1986). Methylene Blue, an oxidant of NADPH,  has also been shown 
to decrease the GSH/GSSG ratio of pancreatic islets (Ammon et al. ,  
1979a). The action of methylene blue was associated with inhibition of 
glucose-/leucine-mediated insulin secretion, again suggesting a role for the 
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NADPH/NADP + and/or GSH/GSSG systems in insulin release (Ammon 
et al., 1979b; Ammon and Verspohl, 1979). 

Previous evidence suggests that it is the change in the GSH/GSSG ratio 
rather than that in GSH levels as such that modulates insulin secretion: 
buthionine-sulphoximine (BSO), an inhibitor of glutathione synthesis (Grif- 
fith and Meister, 1979), dramatically decreased islet GSH in rats when 
administered in vivo, but did not affect its GSH/GSSG ratio. Under these 
conditions, glucose-induced release of insulin was not affected (Klumpp and 
Ammon, 1988). 

With other compounds that promote insulin secretion, whether or not 
their action was inhibited by thiol reagents, it transpired that the insulin- 
releasing capacity of only some of them was blocked, whereas the action 
of others was not. This led to the concept of thiol-dependent and 
non-thiol-dependent stimulation of insulin secretion (Ammon et al., 1984). 
From the published data it appears that only the effect of those compounds 
that initiate insulin release via depolarization of the B-cell (glucose, 
sulphonylureas, leucine, glyceraldehyde, arginine and KCI) was depressed 
by thiol reagents, whereas the insulin secretory action of others that do not 
follow this cascade (isoprenaline, dibutyryl cyclic adenosine monophosphate 
(db-cAMP), theophylline, Ca 2+ ionophore A23187) was not (Ammon et al., 
1984). This suggests that variation of the redox state of intracellular thiols 
may be related to the cascade of events starting with depolarization and 
finally leading to Ca 2+ uptake whereas it is of less importance at the level 
of the adenylate cyclase system and distal to the increase in [Ca2+]i . 

3.3.4 Coupling o f  Metabolic Events to Ion Fluxes 

The links between metabolism and ion fluxes have been summarized by 
Henquin (1980a). At that time it was considered that a fall in pH and/or 
increased production of reduced nicotinamide nucleotides and GSH could 
be important coupling factors between glucose metabolism and the change 
in ion permeabilities in B-cells. As far as pH is concerned, it was found 
that glucose does not decrease but even increases the overall pH in islet 
cells (Deleers et al., 1983; Lindstr6m and Sehlin, 1984). 

3.3.4.1 K + Efflux. After introduction of patch-clamp techniques, new 
insights into the coupling of metabolic events to ion fluxes were gained 
especially with regard to the impact of islet ATP on inhibition of K + efflux 
and subsequent depolarization. Thus, using the patch-clamp technique, Cook 
and Hales (1984) found that ATP (0.5 mM) caused an almost complete 
inhibition of K + channel activity. Since an increase in glucose concentration 
from 0 to 5.6 mM produced the most pronounced increase in islet ATP levels, 
it was claimed that ATP might be the initiating signal in glucose-induced 
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insulin secretion (Petersen and Findlay, 1987; Fig. 17; see also section 3.1). 
Another idea is that it is not the changes in ATP levels as such, but the change 
in ATP/ADP ratio that is the critical factor. In this case, the local 
concentration of both is of no consequence. In fact, Malaisse and Sener 
(1987) have demonstrated that an increase in glucose concentration increased 
islet ATP/ADP ratio. 

However, it is unlikely that the extent of inhibition of K + efflux alone 
determines the amount of insulin released, suggesting that additional factors 
are involved. This view is impressively supported by data shown in Figs. 18 
and 19 presenting relationships between glucose concentration on the one 
hand and insulin release, glucose oxidation, activity, NADPH/NADP +, 
NADH/NAD + and GSH/GSSG ratios, and ATP and 86Rb + efflux on the 
other. It is clear from Fig. 17 that ATP levels reach their maximum at about 
5.6mM glucose, which is a concentration close to that causing maximal 
inhibition of K + efflux, whereas the other parameters have a maximum close 
to 16.7 mM glucose and above and their increase runs parallel to the rate 
of insulin release. 

3.3 .4 .2  Ca e+ Uptake.  At present, the stimulation of Ca 2+ entry into 
pancreatic islet cells is thought to be due to gating of voltage-dependent Ca 2+ 
channels (Prentki and Wollheim, 1984) in response to a shift in the membrane 
potential from the resting to a threshold potential. These Ca 2+ channels have 
been identified as being of the L-type in mice (Plant, 1988; Ashcroft et al., 
1989) and in rat (Findlay et al., 1989; Yaney et al., 1991; R6nfeldt et al., 1992). 
However, not only changes in the electrical potential, but also other 
metabolically derived factors may be involved in Ca 2+ entry. 

Hellman and co-workers (1975) were the first to propose that by employing 
thiol reagents, a change in the thiol/disulphide balance of membrane- 
associated proteins may alter their participation in ionic movements. Since 
then, this matter has been further investigated with membrane-penetrating 
thiol oxidants. From these studies, it is evident that DIP, diamide and t-BHP, 
reagents that decrease intracellular GSH/GSSG ratio (Ammon et al., 1979b), 
inhibit the glucose-induced net uptake of Ca 2 + and insulin secretion (Ammon 
et al., 1983b, 1986). Similar observations have been reported using 1,3-bis-(2- 
chloroethyl)-l-nitrosourea (BCNU) which lowers the islet GSH/GSSG ratio 
not through direct oxidation but by inhibition of glutathione reductase 
(Malaisse et al., 1985a). 

Methylene blue, an oxidant of NADPH, also decreased Ca 2+ uptake in 
response to glucose (Ammon et al., unpublished data). As could be expected 

45 2+  from the data discussed so far, the thiol oxidant DIP diminished net Ca 
uptake and insulin secretion, not only in response to glucose but also in 
response to other depolarizing agents including glyceraldehyde, leucine, 
BCH, c~-ketoisocaproate, arginine, KCI, glibenclamide and tolbutamide 
(Ammon et al., 1986). 
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The fact that it is the depolarization-mediated uptake of Ca 2+ that is related 
to the intracellular thiol system is supported by data showing that Ca 2+ 
uptake mediated by the ionophore A23187 was not affected by DIP (Ammon 
et al . ,  1983b). This suggests that stimulation of Ca 2+ entry in response to 
depolarization may be related to the redox system of the intracellular thiols, 
regardless of whether the uptake of Ca 2+ was induced by metabolizable or 
non-metabolizable agents. 

The intracellular thiol redox status may be related to Ca 2+ uptake in two 
different ways. First, a particular basal redox ratio present in the l~-cell during 
normoglycaemia is necessary if Ca 2+ uptake is to function at all after 
depolarization. Secondly, an additional increase in this ratio, caused by the 
metabolism of nutrients, may enhance Ca 2+ uptake in response to depolariza- 
tion. 

Further indirect evidence supporting a possible role for the above- 
mentioned redox ratios comes from studies with a cholecystokinin analogue 
(CCK8) and from studies with islets cultured at low glucose. 

The cholecystokinin analogue amplifies glucose-mediated insulin release 
(Verspohl et aI., 1986b), but it is ineffective at non-stimulatory glucose 
concentrations. Further studies have shown that CCK8 did not affect 86Rb+ 
efflux but markedly increased glucose-mediated 45Ca2+ uptake (Verspohl et 
al . ,  1987). This action was associated with stimulation of islet PPS activity 
and an increase in NADPH/NADP + ratio (Verspohl et al . ,  1989). 

In a previous study (Verspohl et al . ,  1988), it was found that, if islets were 
cultured for 5 days in the presence of 5.6mM glucose, their secretory 
response to high glucose decreased. Since the inhibitory action of glucose 
on 86Rb+ efflux was still intact, the diminished secretory response could not 
be explained by the fact that the "glucose signal" as such was not recognized 
by the B-cell. However, although the depolarization of the B-cell was 
possible, glucose-mediated net uptake of 45Ca2+ was significantly depressed. 
As far as the metabolic response of islets cultured at low glucose is concerned, 
it was found that an increase in glucose concentrations here did not enhance 
PPS activity and the NADPH/NADP + ratio. 

Further indirect support for this idea comes from experiments conducted 
by Pralong et al. (1990). These authors studied the time sequence of events 
and found that in single B-cells, a rise in glucose concentration produced an 
increase in redox state of nicotinamide nucleotides which preceded the 
increase in cytosolic Ca 2+. 

From the present data, it is not possible to conclude whether or not critical 
thiols and/or the redox state of nicotinamide nucleotides are directly linked 
to voltage-dependent Ca 2+ channels or related to close proteins. Neverthe- 
less, if the concept is true, it is unique since pancreatic islets are the only 
tissue where Ca ~+ uptake is predominantly regulated by glucose and its 
metabolism. However, it must be stated that the available evidence needs 
to be confirmed by further investigation. 
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Modulation of Insulin Secretion via Adenylate Cyclase and 
Phospholipase C (PLC) 

As discussed in section 3, insulin secretion is initiated through depolarization 
and subsequent opening of L-type Ca 2+ channels. It has also been suggested 
that here insulin secretion and Ca 2+ uptake may be modulated by nutrient 
metabolism, especially glucose, probably by changing islet nicotinamide 
nucleotide/thiol redox status. Other possibilities for modulation of insulin 
release come from factors affecting the adenylate cyclase and PLC systems 
through activation of protein kinases and release of Ca 2+ from intracellular 
stores. The modulating agents include hormones from the entero-insular 
axis, neurotransmitters and neuropeptides from pancreatic nerves and last 
but not least intraislet hormones (see also section 2). 

4.1 ADENYLATE CYCLASE-cAMP SYSTEM 

Similar to other tissues, insulin-producing cells possess an adenylate cyclase- 
cAMP system including stimulatory and inhibitory G-proteins and phos- 
phodiesterases. 

It is generally agreed that the role of cAMP in insulin secretion is not an 
initiating one, but, by activation of PKA, it potentiates the insulin-releasing 
capacity of initiators (for a review see Hughes and Ashcroft, 1992). Thus 
cAMP in the B-cell is important for potentiating its response to glucose and 
other initiators of insulin release (Malaisse and Malaisse-Lagae, 1984; 
He|lman, 1986; Hellman and Gylfe, 1986; Prentki and Matschinsky, 1987). 
In addition to the action of some hormones and neuropeptides, the cAMP 
content also increases when isolated islets are exposed to glucose and other 
fuel secretagogues (Charles et al., 1975; Grill and Cerasi, 1976). However, 
the effect of glucose is small and is only found in islets of rats but hardly 
at all in islets of mice (Thams et al., 1982). Thus the physiological role of 
glucose here is questionable. In requiring extracellular Ca 2+, the nutrient- 
induced accumulation of cAMP has been attributed to the elevation of 
[Ca2+]i (Valverde et al., 1979; Sharp et al., 1980). 

Adenosine, an agonist of A1 and A2 receptors, interacts with the adenylate 
cyclase system such that low concentrations cause inhibition whereas high 
concentrations stimulate this enzyme by interfering with respective G- 
proteins. The stable adenosine analogues D- and L-phenylisopropyladenosine 
(PIA) inhibited glucose-induced insulin release from rat islet cells (Hillaire- 
Buys et al., 1987). This effect was abolished by 8-phenyltheophylline, a potent 
A 1-receptor antagonist. In another study Bertrand et al. (1989) reported that 
high concentrations of c-PIA augmented, whereas low concentrations 
decreased, glucose-induced electrical activity and insulin secretion. Also, 
forskolin action on insulin secretion was blocked by low L-PIA whereas the 
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action of db-cAMP was not. It is therefore possible that these effects of 
adenosine analogues on insulin release are brought about via cAMP. 

Inhibition of the adenylate cyclase system is also derived from somatostatin 
and a-adrenergics which interact with the inhibitory receptor of this enzyme 
system. 

As to the mode of action of cAMP in insulin release, it has long since been 
considered that cAMP contributes to the rise in cytosolic Ca 2+ in B-cells by 
an effect on Ca 2+ stores. However, in agreement with earlier reports, cAMP 
did not exert an effect on Ca e+ sequestration by insulinoma mitochondria 
(Prentki et al.,  1983) or by endoplasmic reticulum from islet cells (Colca et 
al.,  1983a). Conversely, electrophysiological and other experiments suggest 
that cAMP augments glucose-induced Ca 2+ influx into B-cells (Henquin and 
Meissner, 1983; Henquin et al., 1983; Wang et al., 1993). Another possibility 
is that cAMP sensitizes the exocytotic machinery to the action of increased 
[Ca2+]i (for a review see Hughes and Ashcroft, 1992). Since it seems unlikely 
that cAMP itself will have a major impact on ionic events, it is reasonable 
to assume that activation of PKA is the major target of cAMP. In fact, the 
presence of PKA has been established (Montague and Howell, 1972; Sugden 
et al.,  1979). There is agreement that cAMP or cAMP-raising agents induce 
phosphorylation of a large number of islet proteins. However, none of these 
phosphorylations could be directly related to insulin release (Harrison and 
Ashcroft, 1982; Schubart, 1982; Suzuki et al.,  1983; Christie and Ashcroft, 
1984). Recently, Ammala et al. (1993) showed that cAMP, by activating 
PKA, increases Ca 2+ influx through voltage-dependent L-type Ca 2+ channels 
thereby elevating [Ca2+]i and accelerating exocytosis. And also Wang et al. 
(1993) suggested that cAMP may regulate Ca 2§ entry along voltage- 
dependent Ca 2+ channels, and this may be a possibility for potentiating 
glucose-induced insulin release. 

4.2 PHOSPHOLIPID METABOLISM 

The role of metabolism and/or metabolic products of membrane phospho- 
lipids under the influence of PLC and PLA2 has been reviewed by Henquin 
(1985) and Morgan and Montague (1992). 

There is general agreement that glucose and cholinergic agents accelerate 
phospholipid turnover in islet cells. Meanwhile other secretagogues, includ- 
ing CCKs, that amplify insulin secretion have also been found to increase 
metabolism of phospholipids (Zawalich et al.,  1987). 

4.2.1 Phospho l ipase  C 

Activation of PLC generates diacylglycerol (DAG) and inositol trisphosphate 
(Ins(1,4,5)P3). In contrast with many cells, islet PLC may also be directly 
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activated by Ca 2+. Thus, in an isolated membrane preparation, raising the 
Ca 2+ concentration from 1 to 10/~M resulted in a significant increase in 
enzyme activity (Dunlop and Malaisse, 1986). This suggests the possibility 
that the enzyme cannot only be activated by signal-receptor interaction but 
also by changes in the cytosolic Ca 2+ concentration, i.e. in response to 
depolarization and subsequent Ca 2+ influx. However, the experimen- 
tal evidence for this is still controversial (for review see Morgan and 
Montague, 1992). It appears that as far as the effect of glucose is 
concerned, metabolic events are involved. For receptor-mediated activa- 
tion, participation of G-proteins is discussed. A PLC activity able to 
hydrolyse inositol-containing phospholipids has been described in the guinea 
pig (Schrey and Montague, 1983) and rat (Dunlop and Larkins, 1988) 
islets. 

DAG and Ins(1,4,5)P3 are thought to possess regulatory functions in the 
process of insulin release. Further products of inositol phosphate metabolism 
will not be discussed here. Phosphoinositol turnover is, however, neither 
necessary nor sufficient to initiate insulin release (Axen et al., 1983; 
Layschock, 1983), but it has been found to augment glucose-induced 
secretion of insulin. 

4.2.2 Ins(1,4,5)P3 

Ins(1,4,5)P3 induces release of Ca 2+ from membrane-bound stores and 
thereby promotes a rise in the cytosolic free Ca 2+ concentration (Wollheim 
and Biden, 1986). It is supposed to release Ca 2+ from the endoplasmic 
reticulum into cytoplasm from which it is taken up by an Ins(1,4,5)P3- 
insensitive compartment (pool 2). The stored Ca 2+ is then recycled to pool 
1, a process that occurs within 20 min at a basal [Ca2+]i value (for review 
see Hellman et al., 1992). 

4.2.3 Diacylglycerol 

DAG, which is the second product of PLC activation, may be an important 
signal molecule in the pancreatic B-cell for several reasons. First, it could 
be involved in stimulating PKC by lowering the Ca 2+ sensitivity of the enzyme 
and translocating it from the cytosol to the cytoplasmic membrane. Second, 
DAG can increase the fusogenic potential of biological membranes which 
may be important for exocytosis. Addition of exogenous DAG to isolated 
islets induces insulin secretion (Malaisse et al., 1985b). DAG can be formed 
in two ways: first by metabolism of glucose (for a review see Persaud et al., 
1992), and second via PLC. In the first case glucose has been shown to 
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increase islet DAG (Peter-Reisch et al., 1988). However, although DAG is 
formed as an early response to glucose and PLC activation, we do not yet 
know how far DAG is involved in signal transduction. 

4 .2 .4  P K C  

A possible role for DAG in insulin secretion has been discussed above. The 
target of DAG is the Ca2+/phospholipid-dependent PKC which is activated 
by this intracellular second messenger. PKC is present in insulin-producing 
cells, including pancreatic islets (Tanigawa et al. ,  1982) in individual B-cells 
(Onoda et al. ,  1990) and the clonal tumour cell line RINm5F (Mosbacher, 
1992). At physiological Ca 2+ concentrations PKC is not only activated by 
DAG but also by tumour-promoting phorbol esters which have been used 
as tools to study PKC effects. 

Activation of PKC is accompanied by its translocation from the cytosol 
to the cytoplasmic membrane. In fact, as in other tissues, phorbol esters and 
DAG analogues stimulate translocation of PKC in rat islets (Easom et al. ,  
1989; Persaud et al. ,  1989a) and insulin-secreting tumour cells (Yamatani et 
al. ,  1988; Thomas et al.,  1989; Mosbacher, 1992). There is some evidence 
that receptor-mediated insulin secretagogues that activate PLC induce PKC 
translocation (for a review see Persaud et al. ,  1992). Interestingly, carbachol 
stimulates translocation of PKC activity in rat islets at both 2 and 20 mM 
glucose concentrations. Since insulin secretion was not affected at 2 mM 
glucose, it is suggested that activation and translocation of PKC per  se may 
not be sufficient to stimulate insulin release (Persaud et al. ,  1989b). The 
effects of nutrient secretagogues on PKC translocation are much less clear. 
Thus glucose is without any effect on PKC translocation (Easom et al.,  1989; 
Persaud et al.,  1989a). 

There are numerous reports that agents that directly activate PKC stimulate 
insulin secretion from both islets and insulin-secreting tumour cells (for a 
review see Persaud et al.,  1992). The mechanism of this action is, however, 
unclear. Different modes are under discussion but are still unconfirmed; these 
include effects on ATP-sensitive K + channels (Wollheim et al. ,  1988) and 
influx and efflux of Ca 2+ (Malaisse et al.,  1985b; Berggren et al. ,  1989; Yada 
et al.,  1989). It has also been claimed that activation of PKC may sensitize 
the secretory mechanism to Ca 2+ (Jones et al.,  1985; Tamagawa et al.,  1985; 
Vallar et al. ,  1987), but other possibilities may exist. Since PKC-depleted 
islets did not show diminished response to glucose, Jones et al. (1992) 
suggested that PKC-mediated phosphorylation is not essential for nutrient- 
induced insulin secretion. Conversely, Wang et al. (1993)  suggested that PKC 
may regulate Ca 2+ entry along voltage-dependent Ca 2+ channels and thus 
potentiate glucose-induced insulin secretion. 
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4.2.5 

A N T I D I A B E T I C  A G E N T S  

P L A 2 / A r a c h i d o n i c  Ac id  Metabol ism 

The release of arachidonic acid has been attributed to PLA2 and depends 
on glucose metabolism (Konrad et al., 1993). The activity of PLA2 is 
increased during glucose stimulation (Layschock, 1982; Konrad et al., 1993) 
and by carbachol (Konrad et al., 1992a). Glucose-induced insulin secre- 
tion is diminished by the use of a PLA2 inhibitor (Konrad et al., 
1992b). Arachidonic acid amplifies both voltage-dependent Ca 2+ entry and 
depolarization-induced insulin release (Ramanadham et al., 1992). However, 
other hand, arachidonic acid also causes insulin release in the absence 
of extracellular Ca 2+ (Band et al., 1992). Phosphorylation induced by 
arachidonic acid which is independent from PKC activation has been reported 
by Basudev et al. (1992). 

The metabolism of arachidonic acid via cyclo-oxygenase and lipoxygenase 
has been demonstrated in pancreatic islets (Evans et al., 1983; Metz et al., 
1983; Yamamoto et al., 1983). Exogenous arachidonic acid increases insulin 
release (Falck et al., 1983; Metz et al., 1983) and this effect is blocked by 
inhibitors of the lipoxygenase, but not of the cyclo-oxygenase pathway. 
However, there were doubts about whether arachidonic acid metabolism 
is of physiological relevance in stimulating insulin secretion, since, in 
arachidonic acid-depleted RINm5F cells, depolarization (KCI) produced the 
same insulin release as in controls (Safayhi et al., 1993). In fact, this means 
only that depolarization per  se does not need the metabolism of arachidonic 
acid, and does not exclude the possibility that additional stimulation of PLA2 
may produce a modulating effect. 

Of the products of arachidonic acid metabolism, leukotrienes have been 
reported to inhibit glucose-induced insulin secretion (Nathan and Pek, 1990). 
The same holds for PGE2 (Layschock and Bilgin, 1989). 

4.3 ROLE OF PHOSPHATASES 

As discussed above, protein phosphorylation caused by CaCaMk, PKA and 
PKC may induce a variety of functions in the machinery of stimulus-secretion 
coupling. This, however, implies that to keep the system functional for 
regulation, dephosphorylations must also take place. Dephosphorylations in 
general are the result of phosphatase activity. To date, little is known about 
the function of such phosphatases in insulin-producing cells, or whether they 
are regulated. 

Okadaic acid, a toxin of marine origin, is a specific inhibitor of type 1 and 
2A phosphatases. In a previous study, type-1 and/or-2A phosphatases have 
been shown to be present in RINm5F cells (Heurich et al., 1992). When 
okadaic acid was added to these cells, activity of type-1 and/or -2A 
phosphatases was decreased. This was associated with inhibition of KCI- 
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stimulated increases in [Ca2+]i and insulin secretion. Since insulin secretion 
in response to the calcium-ionophore A23187 was not affected, it was 
concluded that inhibition of dephosphorylation must be somehow related to 
Ca 2+ entry (Heurich et al., 1992). 

4.4 MODULATION OF INSULIN SECRETION BY HORMONES. NEUROPEPTIDES AND 

NEUROTRANSMITI'ERS 

4.4.1 Introduct ion 

Although glucose is the most important initiator of insulin secretion, its effect 
is modified by a variety of factors, e.g. hormones/peptides derived from 
the entero-insular axis and released into the blood during food intake, 
neurotransmitters released from nerves related to islet tissues (cholinergic, 
adrenergic, peptidergic), catecholamines reaching the islet via blood, and 
intrainsutar hormones (glucagon, somatostatin). Cholinergic mechanisms are 
responsible for the early insulin response to a meal in the so-called "cephalic 
phase" which is independent of nutrient absorption (Ahr6n et al., 1986). The 
pancreas is also innervated by peptidergic neurons, many of which contain 
gut peptides that function as neurotransmitters. Cholecystokinin (CCK)-, 
vasoactive intestinal peptide (VIP)- and gastrin-releasing peptide (GRP)- 
containing neurones have all been implicated in the peptidergic stimulation 
of insulin release, and galanin in its suppression (Dockray, 1987). In 
quantitative terms neuronal-mediated secretion accounts for approximately 
20% and hormone-mediated secretion 30% of the insulin response to a fast 
liquid meal (Berthoud, 1984). 

Modulators that augment insulin secretion in response to glucose also seem 
to have a priming effect on insulin release when given in advance of glucose. 
This has been demonstrated for GLP-l~7_36), GIP, CCK~ and cholinergic 
agonists (Zawalich et al., 1989b; Fehmann et al., 1991). 

4.4.2 The Entero- insular  Ax i s  

It is generally accepted that oral glucose is much more effective in raising 
circulating insulin levels than intravenous glucose, when given in amounts 
sufficient to produce similar degrees of arterial hyperglycaemia (Elrick et al., 
1964; McIntyre et al., 1964; ). McIntyre and co-workers have postulated that 
nutrients taken orally stimulate the secretion of one or more gastrointestinal 
hormones, which in term modulate insulin secretion. Gastrointestinal 
hormones are also called "incretins". The incretin effect is mediated by both 
increased secretion and decreased hepatic extractions of insulin (Hampton 
et al., 1986; Shuster et al., 1988). 
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Many peptides that can stimulate insulin release have been isolated from 
intestinal and nervous tissues. However, not all of them may be of 
physiological relevance as, in addition to possessing an insulin-releasing 
capacity, they must be secreted into the circulation during food intake and 
the concentration reached thereby in the blood must be high enough to affect 
insulin-producing cells. Moreover, it is reasonable to assume that not all 
insulin-releasing peptides are secreted after ingestion of the same carbo- 
hydrates. In this connection it is interesting to note that the release of CCK, 
for instance, is stimulated not so much by protein but rather by glucose (for 
a review see Morgan, 1992). It is also notable that the effects on insulin 
secretion in most cases depend on the presence of more or less stimulatory 
concentrations of glucose. Nevertheless, it is conceivable that deficient 
release of these hormones may be a factor involved in the pathogenesis of 
Type-II diabetes. Indeed, a reduced incretin effect has been reported in 
NIDDM which could contribute to the delayed and impaired insulin secretion 
found in this condition (Tronier et al.,  1985; Nauck et al., 1986). This 
interesting area is obviously not fully understood, but it may offer possibilities 
for drug development. 

Hormones related by the entero-insular axis which may be of significance 
for insulin release are CCK, gastric inhibitory peptide (GIP) and glucagon- 
like peptide (GLP). 

CCK is a peptide with 33 amino acids originally isolated from pork 
intestine. Its action on insulin secretion is very weak in humans. Several 
smaller molecular forms, however, have been isolated from gut mucosa and 
from brain. Both the C-terminal octapeptide (CCKs) and the tetrapeptide 
(CCK4) stimulate insulin release in vitro (Okabayashi et al.,  1983; Herman- 
sen, 1984; Verspohl et al.,  1986b; Zawalich et al.,  1987). 

Infusions of CCKs at physiological concentrations have been shown to 
augment insulin secretion in response to arginine and various amino acids 
but not to glucose, suggesting a physiological role after protein ingestion 
(Rushakoff et al.,  1987). Studies carried out by Reimers et al. (1988) in which 
mixtures of amino acids were infused in human subjects could not confirm 
an augmenting role for CCK. 

In in vitro studies with rat pancreatic islets, the effect of CCK8 on insulin 
secretion depends on the presence of stimulatory concentrations of glucose 
(Verspohl et al., 1986b). As far as its mechanism of action is concerned, 
CCK8 did not affect K + efflux (Verspohl et al.,  1987) but enhanced 
glucose-induced uptake of Ca 2+, an effect that is reduced by nifedipine 
(Wang et al., 1992). In the absence of a stimulatory glucose concentration, 
no such effect could be observed (Verspohl et al.,  1987). CCKs also affected 
glucose metabolism of islet tissue. Here, it increased activity of the PPS and 
the NADPH/NADP + ratio, suggesting that by its action on the islet redox 
system it might sensitize Ca 2+ entry in response to glucose (Verspohl et al. ,  
1989). 
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In the presence of stimulatory concentrations of glucose, CCK8 promoted 
a biphasic release of insulin (Zawalich et al. ,  1987). When Ca 2+ influx was 
inhibited, CCK8 produced only a small first phase of insulin secretion, 
suggesting a dual effect of CCKs. The first effect is probably on glucose 
metabolism, while the second concerns stimulation of receptor-linked 
polyphosphoinositide hydrolysis. An increase in IP3 has been described by 
Zawalich (1987) and Florholmen et al. (1989) and this is supported by recent 
data (Fridolf et al. ,  1992) showing that CCK8 also increased [Ca2+]i in the 
absence of extracellular Ca 2+. In 45Ca2+-prelabelled islets in the presence 
of a non-stimulatory concentration of glucose, CCKs increased 45Ca 2+ efflux 
which could be due to liberation of Ca 2+ from intracellular stores by IP3 
(Zawalich et al. , 1987). 

GIP (also called glucose-dependent insulinotropic peptide) is generally 
recognized as being a major component of the entero-insular axis. GIP, 
isolated from porcine intestine (predominantly the jejunum), stimulates 
insulin secretion under physiological conditions in both dogs and men (Brown 
et al. ,  1975; Jones et al. ,  1987). GIP potentiates glucose-mediated secretion 
of insulin. In rodents it appears to account for about 50% of the augmentation 
of insulin release after intraduodenal glucose when compared with intra- 
venous glucose (Ebert and Creutzfeld, 1982). Of the different forms of GIP, 
the 5 kDa form seems to be the most important one (Krarup, 1988). 

GIP is released by carbohydrates (Sykes et al. ,  1980), amino acids (Penman 
et al. ,  1981) and long-chain fatty acids (Kwasowski et al. ,  1985). In humans, 
fats are a more potent stimulant than carbohydrates (Penman et al. ,  
1981). 

GIP stimulates insulin secretion only in the presence of mild to moderate 
hyperglycaemia (Andersen et al.,  1978; Wahl et al.,  1992), but not in the 
presence of normal glucose concentrations. In addition to secretion of insulin, 
GIP augments insulin-dependent inhibition of hepatic glycogenolysis (Elahi 
et al. ,  1986; Hartman et al.,  1986). It also activates adipose tissue lipoprotein 
lipase (Eckel et al. ,  1978) and has been shown to stimulate fatty acid synthesis 
de n o v o  in rat adipose tissue (Oben et al.,  1991). 

GIP stimulates the adenylate cyclase system in pancreatic B-cells 
(Szecowka et al. ,  1982). This suggests that GIP potentiates insulin release 
by promoting formation of cAMP. Recent data (Wahl et al. ,  1992) suggest 
that amplification of insulin release by GIP is based on enhancement of Ca 2 + 
uptake. 

GLP is secreted from the lower gut in response to oral glucose, and 
GLP-l(7_36 ) amide also increases in the blood after feeding (Kreymann et al. ,  
1988). GLP-lr amide has been found to be a potent stimulator of insulin 
secretion in vitro (Hoist et al. ,  1987; Mojsov et al. ,  1987), equivalent to or 
even greater than GIP (Shima et al. .  1988). Studies with the isolated perfused 
pancreas show a synergistic stimulatory effect of GLP-lr amide and GIP, 
suggesting, that several "incretin factors" may act simultaneously on the 
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secretory mechanism, probably via different mechanisms of action (Fehman 
et al., 1989). 

In addition to its effect on insulin secretion, GLP-l(7_36) amide stimulates 
de novo fatty acid synthesis in adipose tissue (Oben et al., 1991). GLP-l~7_36) 
activates adenylate cyclase (Drucker et al., 1987; Conlon, 1988); this peptide 
probably stimulates insulin release in a similar manner to glucagon. 

4.4.3 Classical and Peptidergic Neurotransmitters o f  Insulin Secretion 

4.4.3.1 Introduction. It is well-known that the hypothalamus participates 
in the regulation of carbohydrate metabolism via the autonomic nervous 
system. As far as the secretion of insulin is concerned, vagal stimulation 
causes release of insulin whereas adrenergic stimulation is inhibitory. 
Moreover, in addition to the classical neurotransmitters, neuropeptides 
present in the efferent autonomic nerves (GRP, VIP, peptide histidine- 
isoleucinamide (PHI), neuropeptide Y (NPY), CCK, galanin) are also of 
importance. The subject has previously been reviewed by Hoist (1992). The 
existence of a cephalic phase of insulin secretion, i.e. reflex-stimulated 
secretion, has been well established in rats (Strubbe and Steffens, 1975), and 
there is also evidence for a cephalic-phase insulin response in humans (Bruce 
et al., 1987; Loud et al., 1988). 

In addition to vagal stimulation, adrenergic stimulation is of physiological 
importance through inhibition of insulin secretion (for a review see Hoist, 
1992) and avoiding hypoglycaemia especially under conditions of psychologi- 
cal and physical stress. Here, it should be underlined that anxiety or surgical 
stress are important situations in which impaired carbohydrate metabolism 
in diabetics may dramatically worsen. The inhibition of insulin secretion, 
together with the increase in glucagon release, appears to be essential for 
proper adjustment of hepatic glucose production to augmented needs 
(Issekutz, 1980; Wolfe et al., 1986). Furthermore, adrenergic stimulation 
increases availability of glucose via hepatic glycogenolysis. 

The naturally mediated inhibition of insulin secretion in response to 
hypoglycaemia is probably elicited after activation of cerebral "glucosecep- 
tors" (Rohner-Jeanrenaud et al., 1983) and through central noradrenergic 
pathways (McCaleb and Myers, 1982). The nerve fibres that enter the 
pancreas are mixed nerves (i.e. sympathetic and parasympathetic) derived 
from the splanchnic area and the N. vagus. These nerves generally 
accompany the superior pancreatic-duodenal vessels. Autonomic nerves have 
their terminals in close proximity to A- and B-cells (Ahr6n et al., 1986). 

Islet tissue contains a variety of peptides which are stored in pancreatic 
neurons, nerve fibres and secretory cells and which may, when released, also 
modulate insulin secretion. Among these are VIP, PHI, GRP, NPY, galanin, 
CCK, calcitonine-gene-related peptide (CGRP), substance P and opioid 



THE SECRETORY MACHINERY OF INSULIN RELEASE 101 

peptides (for a review see Hoist, 1992). Practically all these peptides are 
known to have some effect on pancreatic endocrine secretion. 

4.4.3.2 Vagal Nerve Stimulation. There is general agreement that acetyl- 
choline released from parasympathic nerves modulates insulin secretion in 
a variety of species and pancreatic islet preparations (for a review see Hoist, 
1992), an effect that can be blocked by atropine. The effect appears to be 
mediated via muscarinic receptors of the M3 subtype (Verspohl et al., 1990b). 
Nevertheless, substantial insulin secretion after vagal stimulation remains 
despite excessive atropinization, suggesting that non-cholinergic mechanisms 
are also operative (Miller and Ullrey, 1987; Nishi et al., 1987). As recently 
discussed (for a review see Berggren et al., 1992), the mechanism of action 
consists of activation of the PLC system with subsequent formation of 
Ins(1,4,5)P3 and DAG which in turn activate release of endoplasmic Ca 2+ 
and may stimulate PKC respectively. 

VIP is released from pancreatic neurons by vagus stimulation (Hoist et al., 
1984). It increases insulin secretion in a glucose-dependent manner (Jensen 
et al., 1978; Ahr6n et al., 1986; Hoist et al., 1987; Wahl et al., 1993). Although 
released by vagus stimulation, its action is not related to a cholinergic effect. 
Previously, Wahl et al. (1993) reported that VIP increased glucose-mediated 
Ca 2+ uptake into pancreatic islets which paralleled insulin secretion. This 
effect was not caused by interference with K + efflux. 

Another pancreatic neuropeptide released during vagus stimulation is 
GRP. It is structurally related to bombesin, a tetradecapeptide isolated from 
frog skin. GRP increases glucose-induced insulin release in a glucose- 
dependent manner (Ipp and Unger, 1979; Martindale et al., 1982; Knuhtsen 
et al., 1986; Hermansen and Ahr~n, 1990; Wahl et al., 1991). It specifically 
binds to mouse pancreatic islets and enhances glucose-induced Ca 2+ uptake 
without affecting 86Rb+ efflux. It appears that increased formation of IP3 
is involved in the mechanism of the synergistic action of insulin and GRP 
(Wahl et al., 1991, 1992). 

4.4.3.3 Adrenergic Nerve Effects. Catecholamines: /~-adrenergic effects. 
It is well known that insulin secretion is modified by /3-receptor agonists 
which cause release via stimulation of adenylate cyclase, as well as by 
a2-receptor agonists which cause inhibition of insulin secretion (for a review 
see Hoist, 1992). Since noradrenaline is the predominating hormone of 
sympathetic nerve fibres it must be assumed that, since catecholamines act 
via nerve stimulation but not via the circulation, stimulation of sympathic 
nerves will inhibit insulin secretion. This has in fact been shown by several 
authors in in vivo studies stimulating splanchnic nerves (for a review see 
Hoist, 1992). Whether or not this holds also for catecholamines that come 
from the circulation is not clear, but such an effect should be markedly 
concentration-dependent. A-cells but not B-cells are equipped with fl- 
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receptors (Schuit and Pipeleers, 1986). This implies that/~-receptor agonists 
stimulate insulin secretion through a mechanism involving glucagon. Upon 
/3-adrenoceptor activation of A-cells, the increase in cAMP will lead to 
stimulation of glucagon release (Zielmann et al., 1985). 

a2-Adrenergic agonists. The endocrine pancreas has a rich supply of 
catecholaminergic nerves originating from the splanchnic trunc (Miller, 
1981). Inhibition of insulin release by catecholamines (adrenaline and 
noradrenaline) is mediated through activation of a-adrenergic receptors 
(Schuit and Pipeleers, 1986). Although a lowering of both cAMP and [Ca2+]i 
has been suggested to account for this inhibitory action (for a review see 
Berggren et al., 1992), the exact mechanism remains unclear. Inhibition of 
insulin secretion by catecholamines is mediated via the a2-receptors. Thus 
the typical a2-agonist, clonidine, inhibits glucose-induced insulin release, an 
effect that is parallelled by membrane repolarization and decrease in [Ca2+]i. 
This is similar to the action of somatostatin, a2-Agonists, via R i, stimulate 
the action of the inhibitory GTP-binding protein (Gi). Whether a2-agonists 
interact in this way with ion fluxes remains to be established. The possibility 
has been suggested that a2-adrenoceptor activation promotes the opening of 
a K + channel that is distinct from the ATP-sensitive K + channel, and which 
results in repolarization (Rorsmann et al., 1991; Wfihlander et al., 1991). 

4.4.3.4 Galanin. Galanin is a 29-amino acid peptide initially isolated from 
porcine small intestine (Tatemoto et al., 1983) and localized in nerve fibres 
innervating the endocrine as well as the exocrine pancreas (Dunning et al., 
1986). It is also present in pancreatic neurones and nerve fibres (for a review 
see Hoist, 1992), but non-adrenergic nerves may also contain it (Lindskog 
et al., 1991). Galanin suppresses insulin secretion under certain conditions 
in vitro and in vivo (Ahr6n et al., 1991). The action of galanin is mediated 
via its interaction with galanin receptors (Amiranoff et al., 1987; Sharp et 
al., 1989). The possible mechanism of action of galanin has been extensively 
reviewed (Berggren et al., 1992). It appears that it does not directly interfere 
with the initiation site (depolarization and subsequent Ca 2+ uptake) of the 
secretory machinery, but there may be the possibility of an interaction with 
G-proteins related to adenylate cyclase- and G-protein-regulated K + ef- 
flux. 

4.4.3.5 y -Aminobutyr ic  acid ( G A B A ) .  By causing hyperpolarization by 
opening CI- channels GABA is known to have inhibitory functions in the 
nervous system. In rat pancreatic islets, a suppressive effect of GABA on 
the glucose-induced rise of [Ca2+]i and insulin secretion has been reported 
(Gu et al., 1993). 

4.4.3.6 Other Pancreatic Peptides. Other peptides that have been found 
in endocrine cells and/or nerve fibres are CGRP, Substance P, CCK-like 
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immunoreactivity and endorphins/enkephalins (for a review see Hoist, 1992). 
However, their physiological involvement in controlling insulin release is 
unclear. 

CGRP has been reported to inhibit insulin secretion in rat B-cells and in 
pigs. Substance P was found to stimulate the secretion of insulin from 
perfused canine pancreas, but inhibits glucose-induced insulin secretion in 
mice in vivo. The action of CCK has already been discussed. 

Panereastatin, a peptide isolated from porcine pancreas, inhibits insulin 
secretion and pancreatic secretion in vivo. It also inhibits insulin release from 
rat pancreatic islets and Ca 2+ uptake in response to glucose without affecting 
K + efflux (Lindskog et al., 1992), suggesting modulation of insulin release 
at the level of Ca 2+ entry. 

Enkephalins and endorphins have been found to stimulate insulin release 
(Ipp et al., 1978; Hermansen, 1983, Verspohl et al., 1986a). In this connection 
it was also demonstrated that opioid /z-receptors do not play a role in 
pancreatic islets but that the insulinotropic effect of low concentrations of 
Met-enkephalin is mediated via 6-receptors (Verspohl et al., 1986a). 

4.4.4 Interactions Between Islet H o r m o n e s  

4.4.4.1 Introduct ion.  The main hormones localized in islet tissue are 
insulin (B-cells), glucagon (A-cells) and somatostatin (D-cells). The subject 
has been reviewed by Marks et al. (1992). In vitro, addition of all these 
hormones to pancreatic islets affects insulin secretion. Whereas glucagon is 
stimulatory, somatostatin and insulin act as inhibitors. However, from a 
morphological point of view there is unequal distribution of A-, B-, D- and 
PP-cells in the islet mass (Fig. 15). Whereas A-cells, D-cells and pancreatic 
polypeptide (PP) containing cells are mainly localized in the periphery of the 
islet, B-cells are localized in the centre. This raises the question whether, 
or by what mechanisms, secreted hormones reach their target cells in the islet 
in order to stimulate or inhibit their secretory function. Moreover, from a 
quantitative point of view, there is quite a difference in the percentage of 
various cell types. Thus, B-cells account for about 60-80%, A-cells for 
15-20%, and D-cells for 5-10%. In 1983 Reichlin proposed that A-, B- and 
D-cells regulate each other's secretion through the intraislet interstitial fluid 
they all share. The inhibition of both insulin and glucagon by somatostatin 
would then be the main feature. However, more recent observations, 
especially on the structure and function of islet vasculature, have made it 
less likely that the paracrine hypothesis is able to provide a complete and 
fully satisfactory explanation of all the major intraislet cell relationships 
(Samols, 1983; Samols et al., 1988; Samols and Stagner, 1988; Marks et al., 
1990). On the basis of new information on the microvasculature of the islets 
of Langerhans, Samols et al. (1988) proposed the existence of an intraislet 
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portal vein system where blood perfusing the central core of B-cells picks 
up insulin. This is then delivered downstream to the A- and D-cells 
constituting the mantle, where it serves to regulate the secretion of glucagon 
and somatostatin respectively. Thus, these observations, which were later 
strengthened (Samols et al., 1988; Stagner et al., 1988, 1989), provide little 
evidence for the paracrine hypothesis, at least as far as the effect of insulin 
on A- and D-cells is concerned. 

The above hypothesis does not cover the route by which A- and D-cells 
communicate with each other and affect insulin secretion. Here, the 
possibility of paracrine interaction via the interstitial fluid cannot be ruled 
out, especially when we consider the important role of glucagon in amplifying 
the insulinotropic action of glucose (Pipeleers et al., 1982). 

4.4.4.2 Glucagon. Glucagon secreted by the pancreatic A-cells stimulates 
insulin release, at least in part, by activating adenylate cyclase and promoting 
the formation of cAMP (Schuit and Pipeleers, 1986). This mechanism is 
regulated by a stimulatory GTP-binding protein (Gs) (Ui, 1984). The action 
of glucagon is most prominent at stimulatory concentrations of glucose. Thus 
glucagon is a modulator of insulin secretion rather than an initiator. It is 
released during hypoglycaemia and /3-adrenergic stimulation, its secretion 
being inhibited by hyperglycaemia, insulin and somatostatin (Samols and 
Harrison, 1976). The importance of glucagon in insulin secretion is under- 
lined by studies of Pipeleers et al. (1982) employing single B- and A-cells. 
Here, glucose-stimulated insulin secretion by B-cells was markedly higher 
in the presence of A-cells. 

4.4.4.3 Somatostatin. Somatostatin is present in numerous tissues includ- 
ing pancreatic D-cells and pituitary cells. Its secretion appears to be mediated 
via increases in cAMP (Patel et al., 1991). The peptide inhibits insulin and 
glucagon release in a paracrine or intercellular fashion involving inhibition 
of cAMP formation (Pipeleers, 1987). Somatostatin, like az-agonists such as 
clonidine, stimulates inhibitory Gi-protein in B-cells. Moreover, somatostatin 
induces repolarization and decreases [Ca2+]i in the B-cell (for a review see 
Berggren et al., 1992). Previously, Hsu et al. (1991) reported that somatos- 
tatin inhibits insulin secretion by a G-protein-mediated decrease in Ca 2+ 
entry via a voltage-dependent Ca 2+ channel in the B-cell. 

4.4.4.4 Feedback Inhibition o f  Insulin Secretion. Whether or not feedback 
inhibition of insulin secretion occurs is still under debate since the data from 
many studies are contradictory. In particular, in vivo administration of insulin 
has given controversial results. However, in vitro where exogenous insulin 
was added to pancreatic islets or to the perfused pancreas, it showed 
inhibition of glucose-induced insulin release (Ammon and Verspohl, 1976; 
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Verspohl et al., 1982; Ammon et al., 1991). Conversely, glucose-mediated 
insulin secretion was augmented when freshly released insulin was rapidly 
removed from a perfusion system by increasing the flow rate and/or addition 
of insulin antibody (Ammon et al., 1991). This led to the concept of a 
short-loop feedback, where freshly released insulin acts on B-cells (Ammon 
et al., 1991). 

Specific binding of insulin to B-cells has been reported (Verspohl and 
Ammon, 1980). Moreover, exogenous insulin has been found to affect islet 
cell metabolism, i.e. insulin prevented the increase in PPS activity and the 
NADPH/NADP + ratio in the presence of high levels of glucose (Akhtar et 
al., 1977). Inhibition of inositol phosphate turnover has been proposed as 
a possible mechanism of action (Verspohl et al., 1990a). Feedback inhibition 
of insulin gene expression and insulin biosynthesis have also been suggested 
(Koranyi et al., 1992). 

The controversy about negative feedback may be explained by the fact that, 
in vivo at least, insulin levels in the circulation following its administration 
are not as high as its local concentration around the B-cell during stimulation 
of its release. 

4.4.5 Cytotoxicity o f  Interleukin-1 (IL-1) 

IL-1, an important macrophage-derived cytokine, has been shown to decrease 
insulin secretion. Thus, Zawalich and Diaz (1986) reported inhibition of 
glucose-mediated discharge of insulin from rat islets by 100 U ml-~ IL-1. But 
potentiation of glucose-induced insulin release together with increased 
phosphoinositide hydrolysis was also reported when islets had been pre- 
exposed to IL-1 (Zawalich et al., 1989a). 

Inhibition of insulin release by 25 U ml -I IL-1 was associated with a 
decrease in its biosynthesis and oxidative metabolism. Using light micros- 
copy, marked signs of degeneration indicating cytotoxic action on the B-cells 
were seen (Sandier et al., 1987). The early steps of impairment of B-cell 
function by IL-1 seem to be due to protease activation (Eizirik et al., 1991a). 
The effects of IL-1 on insulin-producing cells can be prevented by IL-1 
receptor antagonists (Eizirik et al., 1991b). A 6-9 kDa IL-1 inhibitor was also 
shown to prevent IL-1 islet toxicity (Kawahara et al., 1991). The data 
therefore seem to indicate that the effects of IL-1 are mediated via 
IL-l-receptor interaction. Bergmann et al. (1992) and Corbett et al. (1991) 
claim formation of NO to be responsible for IL-1 cytotoxicity against islet 
cells. This is supported by the findings of Welsh and Sandier (1992) of NO 
formation associated with inhibition of the Krebs cycle enzyme aconitase. 

Thus, taken together, these data indicate that IL-1 is not a physiological 
modulator of insulin secretion but may have pathophysiological implication 
during destruction of B-cells leading to Type-I diabetes. 
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5 Concept of Initiation and Modulation of Insulin Secretion 

A hypothetical scheme for the machinery of insulin release assuming coupling 
of initiation and modulation to the process of granule movement-exocytosis 
is given in Fig. 20. 

Initiation Modulation 
ADP Glucose 

K r̂p- Metabolism PLC Adenylate cyclase 
channel~ ~ ~ A T P  1 / N ~  ~ 

Depolarization IPs DAG .cAMP-~~ I PKA 1 
~ GSSG NADPH 1 

Stored ~_I 
V o l t a g e . d e p ~ t ~ ~ ~ / ~ ~ ~  Ca 2§ "- I PI J 

Ca2+ c h a n ~ l ~ , ~ . , . . j  ~ 

GSH NADP+ ~ [Ca2+],---~.~ CaCaMK l 

... . . .  

Protein phosphorylations 

[ Granulem~ [ O j Exocytosis ther effects 
FIG. 20. Hypothetical model of how insulin secretion is regulated. The most 

important event is the depolarization of the B-cell which causes Ca 2+ influx along 
L-type Ca 2+ channels and subsequent increase in cytosolic Ca "+. Depolarization is 
produced by nutrient (glucose) metabolism via an increase in B-cell ATP and/or 
ATP/ADP ratio which closes KATp channels. Also, sulphonylureas, at a distinct 
location, close KATe channels. The increase in [Ca2+]i activates CaCaMK. Ca 2+ 
uptake appears to be modulated by nutrient metabolism (redox state of NAD(P)H 
and GSH). Insulin release in response to depolarization is also modulated by factors 
affecting PLC and adenylate cyclase. Here, production of IP 3 leads to release of stored 

2+ Ca from the endoplasmic reticiulum. DAG activates PKC whereas cAMP activates 
PKA. CaMK, PKC and PKA cause protein phosphorylations which finally cause 
granule movement and exocytosis. But there will also be other effects of phosphoryla- 
tions related to stimulus-secretion coupling, e.g. a possible interaction with voltage- 
dependent Ca 2 + channels. 
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The hypoglycaemic activity of sulphonylureas was detected by chance as a 
side effect of certain su|phonamides used for the treatment of typhoid fever 
(Janbon et al., 1942a,b). These observations led to clinical trials that 
promoted the development of sulphonylureas as oral hypoglycaemic agents. 
Very soon it was clear that the site of action was the B-cell because the 
blood-sugar-lowering action was not observed in animals whose pancreas had 
been removed (Loubatieres, 1944, 1957). Since in Type-I diabetics these 
compounds were not active, it was concluded that the presence of a pancreas 
is necessary for the hypoglycaemic action of these drugs. 

Sulphonylureas have been used for the treatment of Type-II diabetes for 
more than 30 years. Two actions are thought to be responsible for their ability 
to lower glucose concentration in blood: (1) their action on B-cells which 
causes insulin secretion; (2) the so-called extrapancreatic effects which have 
been mainly demonstrated in in vitro experiments. 

Orally administered hypoglycaemic sulphonylureas provide effective treat- 
ment for Type-II diabetes (for a review see Gerich, 1989; Boyd and Huynh, 
1990; Melander et al., 1990). 

1 Chemical Structure 

Two generations of sulphonylureas (Fig. 21) have been developed which differ 
in chemical structure and potency. The first-generation compounds have an 
aliphatic side chain. By replacement of the aliphatic side chain with a 
cyclohexyl group and by addition of a benzene ring linked to glycine, 
second-generation agents were derived of which glibenclamide (glyburide) 
and glibizide are the most frequently used. The most prominent difference 
between first- and second-generation sulphonylureas is the higher affinity of 
specific binding of the latter which in turn causes much higher stimulation of 
insulin secretion and therefore significantly decreases the doses needed. 

2 Actions 

2.1 PANCREATIC EFFECTS 

2.1.1 Act ion  on Insulin Release 
Numerous studies have demonstrated that addition of sulphonylureas to rat 
pancreas (Bouman and Goorenstroom, 1961), isolated pancreatic islets 
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(Steinke et al., 1972), isolated perfused pancreas (Ammon and Abdel-Hamid, 
1981), isolated B-cells (Gorus el al., 1988) or hamster insulin-secreting 
tumour (HIT) cells (Nelson et al., 1987) results in rapid insulin release. 

2.1.1.1 Use o f  Bovine Serum Albumin  (BSA)  in Incubation Media and 
Sulphonylurea Actions. For all studies with sulphonylureas in vitro and in 
vivo the following should be considered. Sulphonylureas possess a high 
binding affinity for plasma proteins, but only the unbound form is phar- 
macologically active. In in vitro studies incubation media are frequently 
supplemented with BSA to stabilize cells. This holds also for experiments 
on insulin secretion. Bound and free sulphonylureas are in equilibrium. The 
use of BSA is therefore responsible for the fact that relatively high 
concentrations of sulphonylureas have been employed to study insulin 
secretion in vitro. Panten et al. (1989) developed a filtration assay for 
measuring free drug concentrations in the presence of BSA. In perfusion 
experiments with mouse pancreatic islets, they observed half-maximal insulin 
secretion for free glibenclamide (0.4 nM), glibizide (4 nM) and tolbutamide 
(5 p~M), in excellent agreement with the equilibrium dissociation constants 
established for high-affinity binding. 

2.1.2 Binding to and Uptake in Islet Cells 

Sulphonylureas appear to induce their insulin secretory effect mainly from 
the extracellular site of the cytoplasmic membrane. Thus Hellman et al. 
(1984) have shown that, except for glibenclamide, sulphonylureas do 
not enter B-cells or only to a small extent (tolbutamide, carbutamide, 
chlorpropamide and glibizide). 

This raises the question of whether sulphonylureas specifically bind to the 
cytoplasmic membrane and whether or not such binding induces a cascade 
of events which finally leads to exocytosis. In 1982 Kaubisch and colleagues 
reported specific binding of sulphonylureas to crude membrane fractions 
from brain and B-cell tumours. Studies performed by Geisen et al. (1985) 
showed similar results. Here, binding correlated with the hypoglycaemic 
action. Verspohl et al. (1990c) demonstrated the existence of more than one 
binding site for various sulphonylureas. 

For rat B-cell tumour Kd values of 0.03 nM were reported by Geisen et 
al. (1985). The presence of high-affinity binding sites in B-cells was confirmed 
for RIN cells (Schmid-Antomarchi et al., 1987), HIT cells (Gaines et al., 
1988) and mouse pancreatic islets (Panten et al., 1989). In all three studies, 
a high-affinity binding site was observed using [3H]glibenclamide (Kd) in the 
range 0.3-0.8 nM). Receptor isolation has been reviewed by Nelson et al. 
(1992). There is evidence that binding of sulphonylureas to their receptors 
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occurs from the lipid phase of the B-cell membrane rather than from the 
cytoplasm (Zuenkler et al., 1989). 

An important location of the sulphonylurea receptor is the ATP-sensitive 
K + channel. Here, in contrast to ATP action, the binding site for 
sulphonylureas is not on the intracellular side but on the extracellular side 
of this channel (Niki et al., 1990). Niki et al. (1989, 1990) have provided 
evidence that ADP also binds to and competitively displaces glibenclamide 
from high-affinity HIT-cell sulphonylurea-binding sites. They also showed 
that ADP inhibited 86Rb+ efflux, elicited a rapid and sustained increase in 
[Ca2+]i and caused insulin secretion. Since ADP is unable to cross the 
cytoplasmic membrane, they concluded that ADP and sulphonylureas have 
common binding sites on the outer cell surface. 

Recently, a- and/3-endosulfines, peptides isolated from brain, have been 
shown to bind to sulphonylurea receptors of brain membranes (Virsolvy- 
Vergine et al., 1992). The question arises whether they and/or ADP are 
physiological ligands of sulphonylurea receptors. 

2.1.3 Binding to Other Tissues 

2.1.3.1 Brain. In rat cortical membranes [3H]gliquidone binding was 
specific, and could be displaced by other sulphonylureas. Dissociation 
constants were estimated for glibenclamide (0.06 nM), unlabelled gliquidone 
(0.9 nM), tolbutamide (1.4/xM) and chlorpropamide (2.8 ~M). The binding 
affinities were correlated with the rank order of the therapeutic doses (for 
a review see Nelson et al., 1992). A binding site for glipizide was also reported 
in rat cerebral cortex (Lupo and Bataille, 1987) with a Kd of 1.5 nM. Other 
areas of sulphonylurea (glibenclamide) binding in the brain (including 
substantia nigra, globus pallidus, hippocampus, etc.) have been identified 
(Treherne and Ashford, 1991). 

In brain cells sulphonylurea-sensitive ATP-regulated K + channels are 
present which play a role in neurosecretion at nerve terminals. ATP-regulated 
K + channels in substantia nigra, a brain region that shows high sulphonylurea 
binding, are inactivated by high glucose concentrations and by antidiabetic 
sulphonylureas and are activated by ATP depletion and anoxia. ATP- 
regulated K + channel inhibition leads to activation of GABA. These channels 
may be involved in the response of the brain to hyper- and hypo-glycaemia (in 
diabetes) and ischaemia or anoxia (Amoroso et al., 1990). 

2.1.3.2 Other Tissues. Sulphonylurea receptors have also been described 
for cardiac muscle, skeletal muscle and smooth muscle but do not appear 
to be of therapeutic benefit for lowering blood sugar (Panten et al., 1992). 
Specific binding to membranes isolated from other rat tissues (liver, lung, 
kidney, heart, spleen, diaphragm, duodenum, colon and stomach) was 
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negligible. A sulphonylurea-binding protein in the plasma membrane of 
adipocytes has been proposed (Martz et al., 1989). 

2.1.4 Membrane  Potential and Ion Fluxes 

2.1.4.1 Membrane  Potential. As early as 1970 Matthews and Dean 
reported depolarization of the B-cell by tolbutamide and glibenclamide. This 
observation was confirmed by others. Thus, in the presence of a non- 
stimulating glucose concentration (3 mM), tolbutamide and glibenclamide 
produced depolarization and spike activity (Meissner and Atwater, 1976; 
Meissner et al., 1979; Henquin and Meissner, 1982). These effects were not 
due to Na + influx (Kawazu et al., 1980). 

2.1.4.2 K + Eff lux.  As discussed above, inhibition of K + efflux along the 
ATP-sensitive K + channel causes depolarization. In fact, it has been shown 
that tolbutamide, in the presence of a glucose concentration (3 mM) that does 
not stimulate insulin secretion, inhibits 86Rb+ efflux, used as a measure 
of K + efflux (Boschero and Malaisse, 1979; Henquin, 1980b; Henquin 
and Meissner, 1982). A similar effect was observed in the presence of 
glibenclamide (Gylfe et al., 1984). It was also reported that the addition of 
glibenclamide (20/xM) or tolbutamide (1 raM) to the bathing medium of 
excised B-cell plasma membrane patches reduced the number of single 
ATP-sensitive K+-channel openings (Sturgess et al., 1985). Similar results 
were obtained in excised RIN-cell patches using 20nM glibenclamide 
(Schmid-Antomarchi et al., 1987). 

Mb 699, a benzoic acid derivative similar to the non-sulphonylurea moiety 
of glibenclamide, also inhibits 86Rb + efflux, depolarizes the B-cell membrane 
and accelerates 45Ca2+ efflux from islet cells (Garrino et al., 1985). The 
authors suggest that a sulphonylurea group is not required to trigger the 
sequence of events finally leading to insulin release. 

That inhibition of K + efflux by sulphonylureas along ATP-sensitive K + 
channels does not depend on ATP is evident from studies in which RIN cells 
were depleted of ATP by the use of 2-deoxy-D-glucose and oligomycin which 
block glycolysis and oxidative phosphorylation. Here, sulphonylureas such 
as glibenclamide inhibited 86Rb + efflux (Schmid-Antomarchi et al., 1987). 
Similar results were obtained by Niki et al. (1989) using glibenclamide in HIT 
cells. Thus the evidence discussed so far indicates that sulphonylurea-induced 
depolarization is the result of inhibition of K + permeability (Henquin, 
1980b). 

Chronic treatment of rats with glyburide (3mg per kg per day; intra- 
peritoneal injection every hour for 9 days) increased its binding to heart and 
brain membranes. The authors concluded that KATP channels can be 
regulated after chronic treatment (Gopalakrishnan and Triggle, 1992). 
Whether this holds also for B-cells remains to be established. 
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2.1.4.3 Co 2+ Fluxes. As can be expected, sulphonylureas increase net 
Ca 2+ uptake along voltage-dependent Ca 2+ channels (Henquin, 1980b; 
Ammon et al., 1986) and, as far as the chemical structure is concerned, only 
those sulphonylureas that produce insulin release enhance uptake of Ca 2+ 
(Hellman, 1981). Uptake of Ca 2+ is associated with increased [Ca2+]i 
(Abrahamson et al., 1985). In HIT cells, membrane depolarization effected 
by the addition of glibenclamide or tolbutamide increased intracellular Ca 2+ 
by activating voltage-dependent Ca 2+ channels (Nelson et al., 1987). 

It thus seems clear that the initiating mechanism by which sulphonylureas 
promote insulin secretion is depolarization and subsequent uptake of Ca 2+ 
which is similar to the mode of action of glucose. However, and here is the 
difference, sulphonylureas cannot replace the metabolism of glucose in 
B-cells. In contrast, their action on Ca 2+ uptake, but not K + efflux, depends 
on the concentration of glucose; in other words, it depends on the metabolism 
of glucose which seems to modulate the action of sulphonylureas on the 
B-cell. 

2.1.5 Modulating Systems 

The interrelationships between sulphonylureas and modulating systems of the 
B-cell can be seen from two aspects. First, do modulating systems interfere 
with the initiating action of sulphonylureas? Second, do sulphonylureas affect 
the modulating systems? As discussed in chapter 6, section 4, there are at 
least three modulating systems, i.e. glucose metabolism, the adenylate cyclase 
system and the PLC system. 

2.1.5.1 Glucose Metabolism. It has been extensively discussed in chapter 
6, section 3.3.2, that glucose metabolism not only produces a signal (ATP) 
which, by interfering with the ATP-sensitive K + channel, inhibits K + efflux 
and thus causes depolarization, but also delivers one or more metabolic 
products which distally to the KAT P channel, and perhaps close to Ca 2+ 
uptake, are involved in modulating Ca 2+ influx and thus insulin secretion. 
Such metabolic products/factors were suggested to be the redox ratios of 
nicotinamide nucleotides and/or thiols (glutathione) (for a review see also 
Ammon and Wahl, 1994). In the case of sulphonylureas it was shown 
that Methylene Blue and thiol reagents that decrease these redox ratios 
diminished Ca 2+ uptake and insulin secretion in response to tolbutamide and 
glibenclamide (Ammon et al., 1984, 1986). Since these compounds did not 
change ATP levels of pancreatic islets and failed to affect tolbutamide- 
induced inhibition of 86Rb+ efflux (Ammon and Wahl, 1994), it seems 
possible that the redox ratios of NAD(P)H/NAD(P) + and GSH/GSSG are 
involved in sulphonylurea-mediated Ca 2+ uptake and insulin secretion distal 
to depolarization. 

The question of whether or not sulphonylureas interact with the metabo- 
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lism of pancreatic islets has also been studied. It was found that tolbutamide 
changed neither glucose metabolism nor the above redox ratios (Ammon, 
1975), indicating that, in contrast with glucose, which initiates and modulates 
insulin release, sulphonylureas, as far as metabolism is concerned, possess 
only initiating activity. Moreover, they have even been found to decrease 
ATP levels (Hellmann et al., 1969; Kawazu et al., 1980). 

2.1.5.2 Adenylate Cyclase System. In the presence of sulphonylureas some 
increase in cAMP has been observed to occur in islet tissue. This effect seems, 
however, not to be of relevance for insulin secretion (Gylfe et al., 1984) 
because it is small (T~iljedal, 1982). The effect on cAMP is probably due to 
Ca 2+ influx (Malaisse and Malaisse-Lagae, 1984). Another possibility comes 
from the observation that sulphonylureas inhibit low-Km phosphodiesterase 
(Malaisse and Malaisse-Lagae, 1984). 

As discussed above (see chapter 6, section 4.1), initiation of insulin 
secretion via depolarization can be modulated by compounds that affect the 
adenylate cyclase system. It is therefore not surprising that glucagon and 
db-cAMP potentiate tolbutamide-induced insulin secretion (Ammon, 1975). 
This also holds for methylxanthines which, at the concentrations used in vitro, 
inhibit phosphodiesterase and thus cAMP (Lambert et al., 1971; Ammon, 
1975). 

2.2 EXTRAPANCREATIC EFFECTS 

2.2.1 Introduction 

While the pancreatic effects of sulphonylureas on their hypoglycaemic action 
are beyond doubt, the relevance of extrapancreatic effects is controversial. 
In this connection, the increased sensitivity of Type-II diabetics to insulin 
in response to sulphonylureas has been addressed repeatedly. One argument 
among others for the possibility of extrapancreatic effects is the observation 
that, on one hand, normalization of blood glucose levels after a long period 
of therapy with sulphonylureas does not necessarily correlate with increased 
plasma levels of insulin (Reaven and Dray, 1967; Barnes et al., 1974), 
but, on the other hand, hyperglycaemia returns after withdrawal of 
sulphonylureas. Moreover, sulphonylureas were observed to save some 
insulin in insulin-treated pancreactomized dogs (Beyer et al., 1972). In the 
same experimental animal sulphonylureas increased the effect of an intra- 
venous insulin-tolerance test (Beck-Nielsen, 1988). 

From a theoretical point of view there are three possible reasons for the 
extrapancreatic effects of sulphonylureas that lead to a lowering of blood 
glucose: (1) they increase insulin action; (2) they have insulin-like effects; 
(3) they have indirect effects. 
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2.2.2 Increase in Insulin Actions and Insulin-like Effects 

Target tissues for the enhancement of insulin effects and/or direct effects of 
sulphonylureas are adipose tissue, skeletal muscle and liver. 

2.2.2.1 Insulin Receptors. Insulin mediates its effects after binding to 
insulin receptors. Olefsky and Reaven (1976) reported that, in Type-II 
diabetes, treatment of patients with chlorpropamide increased the number 
of insulin receptors of monocytes. Similar results were achieved with human 
fibroblasts after treatment with glibenclamide (Prince and Olefsky, 1980). 
However, further studies carried out by others (for a review see Beck- 
Nielsen, 1988) have produced contradictory results. The major criticism was 
that some of the tissues studied are not involved in blood glucose lowering 
and that the questionable effect of sulphonylureas on insulin receptors may 
be of an indirect nature. Furthermore it was claimed that the doses of the 
sulphonylureas used were very high, leading to maximal secretion of insulin 
(Joost, 1985) or were even higher than necessary for blood glucose lowering 
(Maloff and Lockwood, 1981). It seems therefore unlikely that an increased 
number of insulin receptors is responsible for the potentiation of insulin 
action by sulphonylureas. 

2.2.2.2 Post-receptor Effects. Biological effects of insulin after binding to 
its receptor have been discussed elsewhere. Some of the post-receptor effects 
of insulin have been studied in the presence of sulphonylureas. The problem 
of dosage and binding of sulphonylureas to proteins added to incubation 
media has already been discussed. In connection with insulin release, 
first-generation sulphonylureas have been found to be effective in the 
micromolar range whereas second-generation sulphonylureas are effective in 
the nanomolar range. The studies discussed now must be seen in this light. 

2.2.2.3 Insulin Receptor Metabolism. Frank et al. (1985) determined the 
turnover rate of insulin receptors in liver of rats. They found a doubling after 
6 days of treatment with 5 mg kg -1 glibenclamide daily. If this is true, a 
longer-lasting insulin receptor binding would be conceivable. In this connec- 
tion it should be mentioned that glibenclamide (10-1000 ng ml -I)  inhibited 
degradation of insulin in endothelial cells (Kaiser et al., 1983). 

2.2.2.4 Glucose Transporter. Glucose is carried from the extracellular site 
to the interior of cells by so-called glucose transporters. One of them 
(GLUT-4) operates only after binding of insulin to its receptor. One measure 
for transporter-mediated hexose uptake is the determination of the cellular 
uptake of 3-O-methylglucose and 2-deoxyglucose. Unlike glucose which 
undergoes metabolism immediately after its uptake (and therefore measure- 
ment of tissue concentrations of glucose are not valid as a parameter of 
glucose uptake), 3-O-methylglucose and 2-deoxyglucose are transported by 
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GLUT-4 but are then not metabolized. In fact, in adipocytes glibenclamide 
(2/~g m1-1) increases insulin-induced translocation of glucose transporters 
from the microsomes to the cytoplasmic membrane (Jacobs and Jung, 1985). 
This might be an explanation for the increase in insulin-mediated uptake of 
3-O-methylglucose and 2-deoxyglucose into adipocytes caused by tolazamide 
(3-300/~g ml- 1) and glibenclamide (1/_Lg ml- i) (Lockwood, 1983). Results 
similar to those in adipose tissue were obtained in skeletal muscle (Jacobs 
and Jung, 1985). 

2.2 .2 .5  Glucose  Metabol i sm.  As far as the metabolism of glucose is 
concerned it is interesting to note that sulphonylureas in liver and skeletal 
muscle per  se (absence of insulin) increase fructose 2,6-bisphosphate, a 
metabolite of glycolysis. In perfused liver experiments, Hatao et al. (1985) 
reported stimulation of fructose 2,6-bisphosphate formation by first- and 
second-generation sulphonylureas, the maximum effect being produced by 
tolbutamide at 1 mM and glibenclamide at 1/~M. This action is synergistic 
with that of insulin (50/.~M glipizide, 300/~g m1-1 tolbutamide) (Matsutani 
et al., 1984; Monge et al., 1985; Lopez-Alarcon et al., 1986). An increase 
in fructose 2,6-bisphosphate stimulates the activity of phosphofructokinase, 
increases glycogen synthesis and inhibits gluconeogenesis. Consequently, in 
hepatocytes an increase in insulin-mediated synthesis of glycogen, and 
inhibition of gluconeogenesis and glucose output from liver were seen in 
response to gliquidon (5 mgm1-1) and glibenclamide (1.6 ~g m1-1) (Fleig et 
al., 1984; Rinninger et al., 1984; McGuinness et al., 1987). 

Insulin-stimulated 3-O-methylglucose uptake and glucose oxidation in 
adipocytes were potentiated when the tissue had been taken from rats given 
a daily dose of gliclazide (8 mg kg -1) for 6 days (Hoich and Ng, 1986). 
Activation of glucose transport associated with activation of PKC in rat 
adipocytes by tolbutamide (1-2 raM) and glyburide (20-40 ~M) was also 
reported (Farese et al., 1991). Similar effects of both have also been 
demonstrated in myocytes (Cooper et al., 1990b). In cultured hepatocytes, 
glyburide (2 mg 1-1) directly inhibited glycogenolysis, stimulated glycogen 
synthesis and glycogen synthase and potentiated the action of insulin on 
glycogen synthesis at a post-binding site (Davidson and Sladen, 1987). 

Since most of these extrapancreatic effects of sulphonylureas are coupled 
to the presence of insulin, it would be attractive to conclude that sul- 
phonylureas possess an extrapancreatic action in Type-II diabetes where 
insulin secretion is still possible. 

2.2 .3  Critical Evaluat ion  

In 1985 Joost pointed out that the extrapancreatic effects of sulphonylureas 
can be observed with tolbutamide at concentrations of 0.5-5 mM and with 
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glibenclamide at 1-10 ~M, whereas for maximal insulin secretion only 0.1 mM 
and 0.1 ~M respectively are necessary. Panten (1987), in a review, also raised 
this discrepancy considering that only a few per cent of a given drug are 
unbound and therefore biologically active. These facts make it difficult to 
conclude that in vitro data are transferable to the situation in vivo. This 
sceptical view is supported by the study of Mooradian (1987), who observed 
no improvement in insulin-mediated glucose uptake into liver, adipose tissue 
and skeletal muscle in rats given daily doses of 5 mg kg-1 glipizide. 

If increasing insulin sensitivity is a common feature of sulphonylureas, then 
these compounds should act synergistically with insulin treatment in Type-I 
diabetes. However, this is not the case. 

2.2.4 Indirect Effects 

Taking into account that hyperglycaemia as such can cause insulin resistance, 
it is conceivable that, primarily through an increase in insulin secretion 
caused by sulphonylureas, hyperglycaemia and then normoglycaemia are 
decreased. Since sulphonylureas are more effective during hyperglycaemia 
and since after long-term treatment with sulphonylureas normoglycaemia can 
be achieved, it is also possible to understand why at a later phase of treatment 
no increase in plasma insulin is detectable. 

3 Pharmacokinetics 

Variations in the pharmacokinetics of the sulphonylureas are clinically 
relevant because of the differences in their rate of onset and their duration 
of action. Differences in the rate of onset are important because they relate 
to the capacity to reduce the delay in acute insulin release after nutritional 
challenge and therefore their capacity to reduce the evaluation and prolonga- 
tion of the postprandial hyperglycaemia. Differences in the duration of action 
are important because they relate to the risk of causing chronic hyperin- 
sulinaemia, long-lasting hypoglycaemia, and possibly desensitization to 
sulphonylureas (Melander et al., 1990). 

3.1 DOSAGE AND APPLICATION 

Treatment with a sulphonylurea is begun with a small dose of medication 
and a progressive build-up over a 1-2-week period (Asmal and Marble, 
1984). This is important in order not to induce hypoglycaemia. Furthermore, 
the progress of the patient must be followed closely in the first weeks of 
treatment. The dose must be increased progressively in order to avoid side 
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effects. After treatment for 6 months or 1 year, reduction of the dose or 
complete withdrawal of the treatment must be considered (Beck-Nielsen, 
1991). 

The most appropriate dosage schedules for the application of sul- 
phonylureas are not yet established. Available data suggest that once-daily 
(morning) administration 30 min before breakfast may improve the efficacy 
of sulphonylurea treatment, but only if the exposure to the drug is continuous 
(Samanta et al., 1984). If postprandial hypoglycaemia ensues in the early part 
of the day, or if inadequate glycaemic control occurs in the later part of the 
day, a divided dosage schedule could be tried (Melander et al., 1990). 

The optimal daily dosage is difficult to define, as it is dependent on the 
degree of impairment of/3-cell function before treatment and also the degree 
of compliance with diet regulation. Furthermore, the dose-response curve 
may be bell-shaped, and the steady-state concentrations of several, if not all, 
sulphonylureas show a large interindividual variation following standard 
doses (Melander et al., 1989). 

3.2 PHARMACOKINETIC PARAMETERS (TABLE 5) 

3.2.1 Absorpt ion  

Absorption of both first- and second-generation sulphonylureas is rapid and 
complete except for gliclazide and tolazamide, which are absorbed more 
slowly. The maximal plasma concentrations are usually reached within 2--4 h. 
The kinetics of absorption depend on the formulation and crystalline 
structure of the drug. Absorption of chlorpropamide may also depend on 
pH and therefore on food intake, which appears not to be true for the other 
sulphonylureas (Sartor et al., 1980). The absorption of glibenclamide, 
although rapid and almost complete, can be improved by an appropriate 
formulation (Haupt et al., 1984) which leads to a reduction in the daily dosage 
required. 

At least for some sulphonylureas (gliclazide and glipizide), intra- and 
inter-individual variations in absorption are pronounced, perhaps explaining 
the large variations observed in their responses (Hartling et al., 1987). 

3.2.2 Distribution 

The volume of distribution of the sulphonylureas is between 0.1 and 
0.3 l kg-1. Their plasma protein binding is about 95-99%, but decreases for 
tolbutamide with age in healthy volunteers showing concentration-depend- 
ence (Adir et al., 1982). Displacement from plasma-binding sites is uncharac- 
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TABLE 5 a 
Pharmacokinetic characteristics of oral hypoglycaemic agents 

. . . . . . . . . . . . . .  

Time of Volume of Protein Renal Dosage 
absorption distribution binding excretion (number 

(h) (lkg -1) (%) (% of dose) daily) 

Acetohexamide 0.8-2.4 b - 75 - 0.25-1.5 g 
4-6 c (2) 

Chlorpropamide 24-48 0.1-0.27 88-96 6-60 100-500 mg 
(1) 

Glibenclamide 1.4-2.9 0.3 99 50 2.5-21) mg 
(1-2) 

Glibornuride 5-12 0.25 95 65 12.5-25 mg 
(1-2) 

Gliclazide 6-15 0.2 94 60-70 40-320 mg 
(1-2) 

Glipizide 1-5 0.16 92-99 70 2.5-40 mg 
(1-3) 

Gliquidone 24 0.15 99 8 15-180 mg 
(2-3) 

Glisoxepide 1.7 0.1 93 50 2-16 mg 
(2-3) 

Glymidine 4 - 90 1 0.5-2 g 
(2) 

Tolazamide 4-7 - 87-94 33-66 25-100 mg 
(1-2) 

Tolbutamide 3--28 0.1-0.15 95-97 100 1-3 g 
(2-3) 

aAdapted from Asmal and Marble (1984), Jackson and Bressler (1981) and Ferner and 
Chaplin (1987). bParent drug. CActive metabolite (hydroxyhexamide). 

teristic for glipizide, which is less readily displaced by anionic drugs than 

to lbu tamide  (Crooks  and Brown,  1975). 
Fit t ing of p lasma-concent ra t ion  data  for gl ibenclamide is done  by single-, 

two- or t h r e e - c o m p a r t m e n t  me thods ,  a l though the existence of a " d e e p "  third 
c o m p a r t m e n t  is ques t ionable ,  at least in the single-dose applicat ion experi-  

ments  (Ferner  and Chapl in ,  1987). 

3.2.3 Metabolism 

Metabo l i sm of the su lphonylureas  is mainly via hepat ic  oxidat ion (Table 6) 
leading to metabol i tes  that  are inactive or have very low activity or are present  

only in low concent ra t ions .  
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TABLE 6 
Metabolism of sulphonylureas 

Drug Metabolites 

Chlorpropamide 

Glibenclamide 

Glibornuride 

Gliclazide 
Glipizide 

Gliquidone 
Glisoxepid 

Glymidine 
Tolazamide 

Tolbutamide 

p-Chlorobenzenesulphonylurea (?) 
2-Hydroxychlorpropamide (?) 
3-Hydroxychlorpropamide (?) 
4-trans-Hydroxyglibenclamide (a) 
3-cis-Hydroxyglibenclamide (i) 
One unidentified metabolite (i) 
Five monohydroxy derivatives (i) 
One carboxy derivative (i) 
Eight hydroxylated or N-oxygenated compounds (i) 
Two hydroxycyclohexyl derivatives 
N-(2)-acetylaminoethylphenylsulphonyl-N'-cyclohexylurea (i) 
Two unidentified metabolites 
Five hydroxylated and demethylated derivatives (i) 
Four derivatives (i) 
Desmethylglymidine (a) 
Carboxylic acid (i) 
p-Carboxytolazamide (a) 
Two hydroxy derivatives (a,i) 
p-Toluenesulphonamide (a) 
One unknown metabolite 
Hydroxytolbutamide (a) 
Carboxytolbutamide (i) 

Metabolites: (a) active; (i) inactive; (?) uncharacterized. 

3.2.4 Elimination 

The inactivation and disappearance of sulphonylureas is dominated by their 
metabolism. An enterohepatic recirculation is postulated for gliclazide from 
animal experiments but seems to be absent in humans (Benakis and Glasson, 
1980). 

3.3 PATHOLOGICAL CHANGES IN THE PHARMACOKINETICS OF SULPHONYLUREAS 

In the elderly patient, the elimination half-life is significantly increased for 
most sulphonylureas, although this effect is compensated by reduced 
absorption and volume of distribution. Owing to the mainly hepatic 
elimination of the sulphonylureas, their accumulation and therefore 
hypoglycaemia may be expected. Nevertheless, the clinical significance of this 
accumulation is questionable, since the metabolic function of the liver is 
maintained even in severe liver diseases, and elimination of the metabolites 
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can be compensated for by renal excretion. This has been shown for 
gliquidone, for example. In diabetics with damaged liver function without 
cholestasis, gliquidone was eliminated from plasma after 24 h, and in patients 
with cholestasis it was eliminated after 48 h, the urinary elimination of 
gliquidone in the first group was about 5%, and that in the second about 
20%; the rest was eliminated in the faeces (Nelson, 1964; Koss et al., 1976; 
Williams et al., 1977). 

Sulphonylureas should ideally be avoided when the glomerular filtration 
rate is below 30 ml min -1, since hypoglycaemia may be expected in patients 
with renal failure associated with impaired liver function. Although tol- 
butamide can be given in normal doses to patients with renal failure 
(Hasselblatt, 1989), it is generally recommended not to be used in patients 
with severe impairment of renal function (Martindale, 1989). 

4 Toxic Effects 

Overdosage can produce hypoglycaemia. In order of general appearance, the 
signs and symptoms associated with hypoglycaemia include: hunger; nausea; 
diminished cerebral function (lethargy, yawning, confusion, agitation, nerv- 
ousness); tingling of lips and tongue; increased sympathetic activity (tachycar- 
dia, sweating, tremor); and ultimately, convulsions, stupor and coma. 
Hypoglycaemic coma may lead to permanent brain damage if consciousness 
is not regained after some months (Lazner, 1970). 

4.1 TREATMENT 

Mild hypoglycaemia without loss of consciousness or neurological findings 
should be treated with oral glucose and closely monitored adjustments in drug 
dosage or meal patterns. Severe hypoglycaemic reactions require immediate 
hospitalization. If hypoglycaemic coma is suspected, concentrated (50%) 
dextrose has to be rapidly injected intravenously. A continuous infusion of 
more dilute (10%) dextrose at a rate that will maintain the blood glucose 
at a level above 100mg d1-1 is necessary. Hypoglycaemia may recur after 
apparent clinical recovery. 

Because of the prolonged hypoglycaemic action of chlorpropamide, 
patients who become hypoglycaemic from this drug require close supervision 
for a minimum of 3-5 days, others for a minimum of 24-48 h. 

In acute poisoning the stomach should be emptied by aspiration and lavage. 
Activated charcoal probably adsorbs sulphonylureas and so may be of benefit 
in acute poisoning (Neuvonen et al., 1983; Neuvonen and K~irkkiiinen, 1983; 
Kannisto and Neuvonen, 1984). Glibenclamide is cytotoxic in vitro (Popiela 
and Moore, 1991). 
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5 Side Effects 

All sulphonylureas may produce severe hypoglycaemia (Seltzer, 1979, 1989; 
Melander et al., 1989; Binder and Bendtson, 1992). In particular, 
chlorpropamide and glibenclamide, either alone or with a second 
hypoglycaemic or potentiating agent, account for 63% of all earlier cases 
(Seltzer, 1989) which were severe, prolonged and sometimes fatal (see section 
4). Because of the long half-life of chlorpropamide and glibenclamide, 
patients who become hypoglycaemic during therapy require careful 
supervision of the dose and frequent feeding for at least 3-5 days. 
Hospitalization and intravenous glucose may be necessary. 

Of 204 episodes of severe hypoglycaemia in adults, recorded during a 
1-year prospective survey of admissions to a hospital accident and emergency 
department, 200 occurred in insulin-treated diabetics, three in elderly 
patients receiving sulphonylureas, and one in a patient with insulinoma 
(Potter et al., 1982). In a similar study, two of 77 episodes of hypoglycaemia 
occurred in patients taking oral hypoglycaemic drugs and the remainder in 
patients receiving insulin therapy (Moses et al., 1985). A report of severe 
hypoglycaemia, at first thought to be due to insulinoma but later found to 
be due to adult nesidioblastosis (proliferation of the islet cells), was observed 
in a woman covertly taking chlorpropamide (Rayman et al., 1984). 

It is not necessarily only the sulphonylurea that is responsible for the side 
effects, the circumstances of drug intake and disposition also have to be 
recognized: restricted carbohydrate intake is by far the most frequent 
predisposing factor, followed by age. Hypoglycaemia is more likely to occur 
when caloric intake is deficient, after severe or prolonged exercise, when 
alcohol is ingested or when more than one glucose-lowering drug is used. 
Patients over 60 years of age are particularly at risk. Abnormal liver or kidney 
functions are important contributing factors, depending on the drug adminis- 
tered (Seltzer, 1979). Renal or hepatic insufficiency may elevate blood drug 
levels and the latter may also diminish gluconeogenic capacity, both of which 
increase the risk of serious hypoglycaemic reactions. Elderly, debilitated or 
malnourished patients, and those with adrenal or pituitary insufficiency, are 
particularly susceptible to the hypoglycaemic action of glucose-lowering 
drugs. Hypoglycaemia may be difficult to recognize in the elderly, and in 
patients taking/3-adrenergic-blocking drugs. Proper patient selection, dosage 
and instructions are important to avoid hypoglycaemic episodes. 

Moreover, the threshold for hormonal counter-regulatory responses of 
adrenaline, growth hormone and cortisol is lowered after a period of strict 
metabolic control in insulin-dependent diabetic patients. The glucose level 
at which patients become subjectively aware of hypoglycaemia is correspond- 
ingly reduced (Binder and Bendtson, 1992). 

When a patient stabilized on any diabetic regimen is exposed to stress such 
as fever, trauma, infection or surgery, a loss of blood glucose control may 
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occur. At such times, it may be necessary to discontinue the drug and 
administer insulin. The effectiveness of any oral hypoglycaemic in lowering 
blood glucose to a desired level decreases in many patients over time 
(secondary failure), this may be due to progression of the severity of the 
diabetes or to diminished drug responsiveness. Primary failure occurs when 
the drug is ineffective in a patient when first given. Certain patients who 
demonstrate an inadequate response or true primary or secondary failure to 
one sulphonylurea may benefit from a transfer to another. Sulphonylureas 
have been reported to have a high failure rate with time (Harrower and 
Wong, 1990). The age at onset of diabetes and the duration of effective 
treatment were found to be inversely proportional. The treatment of patients 
who develop diabetes before the 50th year of age has been found to be 
effective for longer (mean 10.1 +_ 5.3 years) (Stryjek-Kaminska et al. ,  1989). 
Secondary failure to treatment with oral hypoglycaemic agents is determined 
by the disease itself rather than by patient-related factors. Treatment of 
secondary drug failure should therefore aim at ameliorating both hepatic and 
peripheral insulin resistance (Groop et al . ,  1989). 

Combined insulin-suiphonylurea therapy appears to be an interesting 
alternative for treating diabetic patients with secondary failure to sul- 
phonylureas (Berger, 1971; Mezitis et al. ,  1992). In addition to better glucose 
profiles and/or decreased insulin needs, which have been shown to persist 
after 1 year or more, the risk of hypoglycaemic episodes is rather small when 
insulin doses are adapted at the beginning of the combined therapy (Berger, 
1971). 

Although sulphonylureas are selective blockers of ATP-sensitive K + 
channels, their ability to prevent cellular K + loss and shortening of action 
potential duration during ischaemia or hypoxia in the intact heart is modest 
compared with their efficacy at blocking K + channels in excised membrane 
patches (Venkatesh et al.,  1991). The first-generation sulphonylureas were 
found to exert a positive inotropic effect in dogs, in contrast to second- 
generation compounds (Ballagi-Pordany et al. ,  1991; Groop et al. ,  1989). 
Work on tolbutamide has suggested that the sulphonylureas might be 
associated with an increase in cardiovascular mortality; this has been the 
subject of considerable debate (Paice et al. ,  1985). 

Other severe effects may be allergic in nature. They include 
cholestatic jaundice, leucopenia, thrombocytopenia, aplastic anaemia, 
agranulocytosis, haemolytic anaemia, erythema multiforme or the Stevens- 
Johnson syndrome, exfoliative dermatitis and erythem anodosum. Rashes are 
usually allergic reactions and may progress to more serious disorders. 

Among the mild adverse effects (mostly dose-dependent) observed with 
sulphonylureas we find gastrointestinal disturbances such as nausea, vomit- 
ing, heartburn, anorexia, constipation, diarrhoea and a metallic taste, and 
there may be headache, dizziness, weakness, paraesthesia and tinnitus. Skin 
rashes and pruritus may occur and photosensitivity has been reported. 
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The second-generation oral hypoglycaemic agents such as glibenclamide 
and glipizide are more potent osmotic agents than their predecessors and may 
give rise to crystalline lens changes and refractive error shifts (Lightman et 
al., 1989). 

Acute porphyriasis may be exacerbated; chlorpropamide was considered 
to be unsafe in patients with acute porphyria as it has been associated with 
acute attacks (Moore et al., 1987). Tolazamide was considered to be unsafe 
in patients with acute porphyria because it has been shown to be por- 
phyrinogenic in animals and in vitro systems (Moore et al., 1987). 

The sulphonylureas, particularly chlorpropamide, may infrequently induce 
a syndrome of inappropriate secretion of antidiuretic hormone (aug- 
menting hypothalamic-pituitary release of this hormone) characterized by 
water retention, hyponatraemia, low serum osmolality and high urine 
osmolality, and central nervous system signs. Water retention and dilutional 
hyponatraemia have occurred after administration of chlorpropamide and 
tolbutamide to NIDDM patients, especially those with congestive heart 
failure or hepatic cirrhosis. Glipizide, acetohexamide (Moses et al., 1973), 
tolazamide, glibenclamide are mildly diuretic. 

5.1 WHILE DRIVING 

Hypoglycaemic events are the most common cause of drug-induced acute 
illness while driving. Drivers needing insulin should not drive vocationally. 
Vocational drivers needing oral hypoglycaemic drugs have a difficult problem 
especially if they are on rotating shifts, if the amount of physical exercise 
varies greatly, or if they change jobs frequently. If they are to be allowed 
to drive, they should be taking a biguanide or a short-acting sulphonylurea 
(Raffle, 1981). 

5.2 DURING PREGNANCY 

Reproduction studies with glibenclamide in animals at higher than recom- 
mended human doses have revealed no evidence of impaired fertility or fetal 
harm. Other sulphonylureas are teratogenic in animals. There are no 
adequate studies in pregnant women. They should only be used during 
pregnancy if clearly needed, and it is better to switch to insulin. In general, 
they will not provide good control in patients who cannot be controlled by 
diet alone. Because abnormal blood glucose levels during pregnancy may be 
associated with a higher incidence of congenital abnormalities, insulin is 
recommended to maintain blood glucose levels as close to normal as possible. 
However, fetal mortality and major congenital anomalies generally occur 3 
to 4 times more often in offspring of diabetic mothers. 
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5.3 DURING LABOUR 

Prolonged severe hypoglycaemia (4-10 days) has been reported in neonates 
born to mothers who were receiving a sulphonylurea at the time of delivery. 
This has been reported more frequently with agents with prolonged half-lives. 
If sulphonylureas are used during pregnancy (even though they should not), 
they must be discontinued at least 2 weeks (chlorpropamide and glipizide, 
1 month) before the expected delivery date. 

5.4 DURING LACTATION 

Chlorpropamide and tolbutamide are excreted in breast milk. Data on other 
sulphonylureas are not available. Because of the potential for hypoglycaemia 
in nursing infants, it has to be decided whether to discontinue nursing or to 
discontinue the drug. 

5 . 5  IN CHILDREN 

Safety and efficacy in children have not been established. 

5.6 SPECIAL REMARKS WITH RESPECT TO INDIVIDUAL SULPHONYLUREAS 

5.6.1 Chlorpropamide 

More than 50% of reactions to chlorpropamide have been related to skin 
reactions including the Stevens-Johnson syndrome, exfoliative dermatitis, 
eczema, photodermatitis, erythema nodosum and purpuric and papular 
rashes. Blood disorders include aplastic anaemic (5%), agranulocytosis 
(3%), pancytopenia (5%), leucopenia (6%), thrombocytopenia (8%) and 
haemolytia anaemic (3%). Liver damage occurs in 12% of patients and is 
mainly of the cholestatic type accompanied by jaundice (Harris, 1971). A 
5-day challenge with chlorpropamide results in a mild decrease in acuity 
followed by return to baseline values when treatment is again stopped. 
Drug-induced optic neuropathy sometimes may occur (Wymore and Carter, 
1982). Nephrotic syndrome, glomerular lesions (of an immunocomplex 
nature) and Stevens-Johnson syndrome have all been described (Kanefsky 
and Medoff, 1980). 

5.6.2 Glibenclamide 

A review of 57 instances of hypoglycaemia associated with glibenclamide 
exists. Coma or disturbed consciousness was observed in 46 patients and in 



126 ANTIDIABETIC AGENTS 

10 there was a fatal outcome. Death occurred up to 20 days after presentation. 
In discussing their review, the authors reported that, including the present 
series of 57 cases, there have been published reports on 101 severe 
hypoglycaemias, 14 with a fatal outcome (Asplund et al., 1983). There was 
a significant increase in nocturia in diabetic patients given glibenclamide 
compared with those treated with chlorpropamide or insulin or by dietary 
control (Shaw et al., 1977). 

5.6.3 Glymidine 

Gastrointestinal disturbances, skin eruptions and urticaria, leucopenia, and 
thrombocytopenic purpura have been reported. Patients allergic to the other 
sulphonylureas may not be sensitive to glymidine. 

5.6.4 Tolbutamide 

Mortality from cardiovascular causes has been reported by the University 
Group Diabetes Program (UGDP) to be higher (ca. 2.5 times) in patients 
receiving tolbutamide (1.5 g per day) than in patients receiving insulin. The 
administration of other oral hypoglycaemic drugs is expected to be associated 
with increased cardiovascular mortality over treatment with diet alone or diet 
plus insulin. This long-term prospective clinical trial involving 823 patients 
evaluated the effectiveness of glucose-lowering drugs in preventing or 
delaying vascular complications in patients with non-insulin-dependent 
diabetes. While this has been accepted by the Food and Drug Administration 
(FDA), the outcome of the association of sulphonylurea treatment with 
cardiovascular complications has been the subject of intense and continued 
debate. The reports from the UGDP have aroused prolonged controversy 
not entirely settled by detailed reassessment of relevant studies. The FDA 
is about to make it a requirement that sulphonylureas be labelled with a 
specific warning about the possibility of increased cardiovascular mortality 
associated with the use of these drugs. Thrombophlebitis has occurred 
following the intravenous injection of tolbutamide sodium; too rapid injection 
may cause a transient sensation of heat in the vein. 

5.7 PRECAUTIONS 

Diet and exercise remain the primary considerations of diabetic patient 
management. Caloric restriction and weight loss are essential in the obese 
diabetic. These drugs are an adjunct to, not a substitute for, dietary 
regulation. In patients with Type-II diabetes who have few or no symptoms 
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but do not respond satisfactorily to diet, a sulphonylurea should be 
introduced at a low dose with gradual increases until a satisfactory response 
occurs, thus avoiding hypoglycaemia. Abuse of sulphonylureas occurs when 
patients who could benefit from diet alone are treated with the drug 
unnecessarily or, more often, when patients with poorly controlled disease 
continue to take maximum doses of the drugs (Davidson, 1992). 

5 . 8  MONITORING THERAPY 

Patients should be kept under continuous medical supervision. During the 
initial test period the patient should communicate with the physician daily, 
and report at least weekly for the first month for physical examination and 
evaluation of diabetic control. After the first month, examination should be 
at monthly intervals or as indicated. Uncooperative individuals may be 
unsuitable for treatment with oral agents. 

5.9 HEPATIC AND RENAL IMPAIRMENT 

Oral hypoglycaemic agents are metabolized in the liver. The drugs and most 
of their metabolites are excreted by the kidneys. Hepatic impairment may 
cause inadequate release of glucose to balance hypoglycaemia. Renal 
impairment may cause decreased elimination of sulphonylureas leading to 
accumulation producing hypoglycaemia; therefore these agents should be 
used with caution in NIDDM patients with renal or hepatic impairment. 
Renal and liver function should be monitored frequently. 

6 Interaction with Other Drugs 

Many compounds have been reported to interact with sulphonylureas. Most 
of the interactions result from changes in absorption, displacement from 
plasma proteins, alterations in their metabolism, or from the interacting drug 
having its own effect on blood sugar. Oral sulphonylureas with high plasma 
protein binding (e.g. glibenclamide, glibornuride, glipizide, gliquidone and 
tolbutamide) may be displaced from binding proteins by chloramphenicol, 
clofibrate, coumarins, phenylbutazone, salicylates and sulphonamides with 
the risk of hypoglycaemia. It has been suggested that interactions due to 
displacement from binding sites may be less likely with glibenclamide than 
with other sulphonylureas. Sometimes these effects are not clinically 
significant with respect to inhibition of plasma protein binding. 

Compounds that may increase the hypoglycaemic effect of sulphonylureas 
and cause a reduction in their dosage requirement include: antibiotics and 
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anti-infective agents such as chloramphenicol (Christensen and Skovsted, 
1969) and sulphonamides including co-trimoxazole (Berger, 1971; Wing and 
Miners, 1985); coumarin anticoagulants (Berger, 1971; Judis, 1973); anti- 
inflammatory agents and analgesics including azapropazone, phenylbutazone 
and salicylates (Schulz, 1968; Harris, 1971; Andreasen et al.,  1981; Karsh, 
1990); lipid-regulating agents such as clofibrate and halofenate (Jain et al. ,  
1975; Ferrari et al. ,  1976). Other compounds implicated in increasing the 
hypoglycaemic effect of sulphonylureas are cimetidine and ranitidine (Dey 
et al. ,  1983; Feely and Peden, 1983; MacWalter et al.,  1985), fenfluramine 
(Verdy et al., 1983), indobufen (Elvander-Stahl et al. ,  1984), methyldopa 
(Gachhlyi et al.,  1980), miconazole (Meurice et al.,  1983) and sulphin- 
pyrazone (Birkitt et al.,  1982)./3-Blockers may mask some of the symptoms 
of hypoglycaemia. While there has been a report of/3-blockers reducing the 
hypoglycaemic action of glibenclamide (Zaman et al.,  1982), other studies 
have failed to observe an interaction with fl-blockers and glibenclamide or 
tolbutamide (Davies, 1984; Miners et al.,  1984). 

Compounds that may diminish the hypoglycaemic effect and thus cause an 
increase in the dosage requirement of sulphonylurea include rifampicin 
(Syv/ilahti et al.,  1974). There is a theoretical risk of a diminished 
hypoglycaemic effect with corticosteroids and with oral contraceptives. It has 
been stated that the absorption of glibenclamide from the gastrointestinal 
tract may be reduced if it is taken together with guar gum. 

The elimination of renally excreted sulphonylureas (e.g. carbutamide, 
chlorpropamide, glisoxepide) may be diminished by probenecide and salicy- 
lates. 

It is considered that any interaction between sulphonylureas and Ca 2+- 
channel blockers such as nifedipine and verapamil is not significant. 

Instead of first-generation sulphonylureas, second-generation drugs must 
be preferred in cardiac glycoside-treated diabetics (Ballagi-Pordany et al. ,  
1989). In rabbits and rats, glibenclamide decreased, while tolbutamide and 
carbutamide increased, strophantidin toxicity and myocardial ischaemia- 
induced transitory ventricular fibrillation in a dose-dependent manner 
(Pogatsa et al., 1988). 

6.1 DISULFIRAM-LIKE SYNDROME 

A sulphonylurea-induced facial flushing reaction may occur when some 
sulphonylureas are administered with alcohol. This syndrome is characterized 
by facial flushing and occasional breathlessness but without the nausea, 
vomiting and hypotension seen with a true alcohol-disulfiram reaction. The 
facial flushing reaction occurs in approximately 33% of NIDDM patients 
taking chlorpropamide and alcohol. It is uncertain whether glibenclamide and 
glipizide can cause the facial flushing reaction. 
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It has been proposed that the symptom of facial flushing could be used 
as a diagnostic test for NIDDM (Leslie and Pyke, 1978; Raffle, 1981; Wiles 
et al., 1984). However, there have been reports of the test not being specific 
(de Silva and Tumbridge, 1981; Fui et al., 1983) and despite a great 
deal having been published on the chloropropamide-alcohol flushing test 
(CPAF), its value is not clearly defined. Alcohol, as well as provoking a 
flushing reaction with chlorpropamide, has been reported both to increase 
and decrease the half-life of tolbutamide, depending on whether the alcohol 
administration was acute or chronic (Sellers and Holloway, 1978). 

7 Clinical Studies 

7.1 HEALTHY VOLUNTEERS 

Oral hypoglycaemic agents have been in clinical use since 1956 in the United 
States. Despite more than 35 years of clinical practice and thousands of 
scientific papers, controversy still exists with regard to the exact mode of their 
hypoglycaemic action and the best clinical use of sulphonylurea agents. 
Recent advances mainly have been made in the understanding of clinical 
efficacy, long-term actions and effects on hypoglycaemia and lipoproteins as 
well as on late complications. More information has also been gained on 
secondary failure and the combined therapy with insulin. 

7.1.1 Comparison o f  Various Sulphonylureas 

Despite a seemingly fundamental differentiation between first- and second- 
generation sulphonylureas, very few basic differences are demonstrable 
between these groups from a clinical perspective, with the exception of 
potency on a molar basis (Melander et al., 1989). The therapeutic usefulness 
of the second-generation drugs must also be questioned in view of the fact 
that most of them are ineffective in the treatment of secondary failure to 
first-generation sulphonylureas (Lev et al., 1987). Glibenclamide at 5 mg 
increases serum insulin for as long as 250mg chlorpropamide, and in 
long-term therapy (8 weeks) the two drugs show similar efficacy (Ylitalo et 
al. , 1985). 

These findings were confirmed by Pendergast (1984), who noted that 
second-generation glyburide and glipizide do not seem to be more effective 
in controlling blood glucose than first-generation chlorpropamide and 
tolazomide, and that these agents do not appear to offer a major therapeutic 
advantage over first-generation sulphonylureas. Conversely, Harrower (1985) 
examined the effects of five different sulphonylureas over a period of 1 year 
and noted differences that could well be of clinical advantage in certain 
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diabetic patients. Gliclazide was found to produce normal HbA1 levels in 
a significantly greater number of patients than chlorpropamide and gli- 
quidone, while gliquidone and gliclazide were more effective in lowering 
HbA1 than glipizide. 

Glipizide, 15 mg, potentiated insulin action and amplified plasma insulin 
response to meals more than glyburide, 15 mg, which improved insulin 
sensitivity, as assessed by an insulin-tolerance test, more than glyburide. The 
two agents both improved glucose control by 25% compared with placebo 
(Groop et al., 1985). 

Glyburide, unlike other sulphonylureas, is inactivated by the liver and 
kidneys and excreted in the faeces and urine. It should therefore not be 
prescribed in patients with liver and renal disease. Glyburide appears to 
decrease resistance to insulin and sensitize the receptor while utilizing the 
patients available endogenous insulin (Krall, 1984). 

Because diabetes is a heterogeneous disease, each patient must be treated 
individually. More studies, however, are necessary to determine which of 
several available sulphonylureas is most appropriate in clinical treatment. 
The evidence of the relative efficacy of sulphonylureas, however, is still 
inconclusive. The blood glucose-lowering effect has always been primarily 
attributed to their insulinotropic action. In subjects not previously exposed 
to sulphonylureas, close association between the appearance of the drug in 
the plasma after a single dose and the release of insulin has been amply 
demonstrated. Sulphonylureas, however, also seem to exert potent extra- 
pancreatic effects. This may explain why, in two recent reports, these agents 
were found to also be beneficial in the management of insulin-dependent 
diabetes. 

7.2 TYPE-I DIABETES MELLITUS 

IDDM patients are not suitable candidates for sulphonylurea therapy. In 
insulin deficiency, these drugs (e.g. glyburide) produced no changes in 24- h 
glucose level, glucosuria, HbAl or basal hepatic glucose production (Simon- 
son et al. ,  1987). However, in patients who were C-peptide secretors, 
glibenclamide was found to induce a fall in daily blood glucose and improve 
HbA1 markedly. There was no change in any of the measurements, however, 
in C-peptide non-secretors and no evidence was seen for any extrapancreatic 
effects of glibenclamide (Burke et al., 1984). 

In 1988, Kabachi and Birkenholz, noted that sulphonylureas enhanced the 
effect of endogenous insulin. In a double-blind clinical trial with tolazamide 
and insulin for 3 months, fasting plasma glucose and HbA1 markedly 
improved compared with placebo administration. In general, however, the 
enhancement of insulin sensitivity by sulphonylureas in IDDM patients is 
only minor and clinically without importance (Stocks et al.,  1988); a 



COMPOUNDS ACTING ON INSULIN SECRETION: SULPHONYLUREAS 131 

combination of insulin and sulphonylureas therefore does not seem to be 
warranted in the treatment of Type-I diabetic patients! 

7.3 TYPE-II DIABETES MELLITUS 

7.3.1 Monotherapy 

The majority of Type-II diabetics are obese (II b) and suffer predominantly 
from an impairment of insulin action due to heterogeneous mechanisms. 
Decreased insulin responsiveness of peripheral tissues may be due to (1) a 
post-receptor defect with secondary hyperinsulinaemia, (2) down-regulation 
of the number of insulin receptors, or (3) the glucotoxic effect of hyper- 
glycaemia caused by accelerated hepatic glucose production. An additional 
impairment of insulin secretion is present, however, only in non-obese 
Type-II-a diabetics. 

The cornerstone of management of Type-II (NIDDM) diabetics is diet and 
exercise. The majority of these patients, however, will remain hyperglycaemic 
and are candidates for oral hypoglycaemic agents. 

Sulphonylurea compounds have been shown to lower blood glucose 
effectively in Type-II diabetics on acute administration and chronic applica- 
tion as well. The mechanisms responsible for this effect are controversial and 
determined by the type of NIDDM, and the nature and the duration of 
treatment. 

Sulphonylureas increase endogenous insulin secretion and are therefore 
the drug of choice in non-obese NIDDM patients with prevailing impaired 
islet cell function. B-cell sensitivity to glucose is improved by sulphonylureas 
during acute administration, and hyperinsulinaemia is maintained for 3-6 
months. Following a 3-month treatment, glycaemic control is markedly 
improved and accompanied by an increase in insulin secretion (Kolterman 
and Olefsky, 1984). Similar results were reported by Peacock and Tattersall 
(1984), who noted that, after 6 months treatment with sulphonylureas, 
glucagon-stimulated pancreatic insulin secretion was much higher than in 
patients on insulin with identical glycaemic control. After 18 months, 
however, when plasma glucose had improved significantly, the glucotoxic 
effect disappeared and insulin effectiveness improved, and sulphonylurea- 
induced hyperinsulinaemia was no longer demonstrable. At that time, Faber 
et al. (1990) did not find any additional effects of glyburide on insulin- and 
C-peptide response to a meal or during continued fasting in patients treated 
with sulphonylureas. Good metabolic control, however, was still main- 
tained. 

As plasma glucose fell, the stimulating sulphonylurea effect on insulin 
secretion was still present although masked and could only be detected if the 
challenge (sulphonylurea) was given at the previous glucose levels (Fig. 22). 
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FIG. 22. Plasma insulin concentrations achieved during oral glucose tolerance test 
before and during therapy with glyburide. The concentrations were increased at 2 
months but returned to control values by 6 months. Controls (---O---), 2 months 
(n&__), 6 months (---0---). (Source: Feldman, 1985.) 

With loss of the sulphonylurea-induced hyperinsulinaemia, down-regulation 
of insulin receptors improved and an additional aspect of peripheral insulin 
resistance in NIDDM improved with sulphonylurea treatment. 

In obese Type-II diabetics, however, where peripheral insulin resistance 
is the most prevailing and clinically dominating defect, weight reduction and 
exercise are the most effective means of achieving hypoglycaemia and lasting 
reduction of insulin resistance. Sulphonylureas should not be applied as the 
first-choice drug. Non-insulinotropic hypoglycaemic drugs such as acar- 
bose or biguanide should be preferred if patients stay hyperglycaemic. 
Nevertheless, sulphonylureas also seem to ameliorate metabolic control 
acutely in obese diabetics by suppression of hepatic glucose output and 
insulin-stimulated glucose transport (DeFronzo and Simonson, 1984). Sul- 
phonylureas do not increase the number of insulin receptors because of a 
further increase in insulin secretion in these patients (Pfeifer et al., 1984). 
In a later phase, however, insulin binding may also be increased. Decreased 
insulin receptor degradation has only been noted in vitro by Prince and 
Olefsky (1980). 

Post-receptor effects are still controversial. Kolterman and Olefsky (1984) 
felt that an increase in post-receptor function appears to be a crucial 
determinant of the clinical response to sulphonylureas (Fig. 23). Extra- 
pancreatic mechanisms in obese NIDDM patients may vary with the 
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Fie. 23. Basal hepatic glucose production rates in normal subjects and in Type-II 
diabetic patients before and after 3 months of glyburide therapy. (Source: Kolterman 
and Olevsky, 1984.) 

sulphonylurea and the duration of treatment. Glipizide potentiates the effects 
on glucose disposal but does not alter insulin effects on hepatic glucose 
production (Putnam et al., 1981) while glibenclamide may also reduce 
hyperglycaemia by inhibiting the absorption of glucose from the gastrointes- 
tinal tract (Teale and Love, 1972). 

Glycaemic control of Type-II diabetics, however, is by no means perfect 
after sulphonylurea therapy. Many patients continue to have hyperglycaemia 
on maximal sulphonylurea therapy. This may be called "secondary failure", 
which develops at a rate of ca. 5% per year in Type-II diabetics (Thoelke 
and Ratzmann, 1989). To achieve the prime aim of normal fasting glucose 
concentration in these diabetics, different options are available. 

7.3.2 Combination Therapy 

According to modern pathophysiological understanding of Type-II diabetes 
and the mechanism of sulphonylurea action, combined insulin-sulphonylurea 
therapy appears to be an interesting alternative for treating NIDDM patients 
with secondary failure to sulphonylureas. Several recent clinical trials 
confirmed favourable results (Stenman et al., 1988). Holman et al. (1987) 
studied the metabolic profiles of 24 Type-II diabetics who were treated 
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with sulphonylureas + metformin, sulphonylureas + ultralente insulin, insulin 
alone and ultralente + soluble insulin. The mean HbA1 concentration was 
reduced significantly only by the treatment that included insulin. Fasting 
normoglycaemia could be achieved easily by means of basal insulin sup- 
plementation. Combining sulphonylureas with insulin, however, did not 
significantly improve overall glucose control over treatment with insulin 
alone. Only a slight improvement in diabetic control by the combination 
therapy was noted by Groop et al. (1984, 1985) and Schade et al. (1987). 
Long-term results were recorded as being uncertain, since the effect tended 
to vanish with time. No additional effects were seen on insulin binding to 
erythrocytes or insulin sensitivity due to combination therapy. 

Quatraro et al. (1986) also pointed out that combination therapy may 
increase the cost of treatment considerably and concluded that sul- 
phonylurea-insulin combination therapy in NIDDM appears warranted only 
in selected patients (Falko and Osei, 1985). It was therefore claimed that 
combination therapy responders should be defined as having high fasting 
C-peptide levels and short duration of diabetes (less than 8 years). Lewitt 
et al. (1989), however, reported that 31 Type-II diabetics treated with 
insulin + glyburide compared with insulin alone had a significant improve- 
ment in glycaemic control and reduction of HbA1. Casner (1988) noted that 
an improvement in fasting glucose and HbA1 levels as well as an increase 
in C-peptide after insulin-glyburide combination therapy in NIDDM patients 
was maintained over a period of at least 3--6 months. Similar results were 
obtained by Quatraro et al. (1986) in Type-II diabetics treated with gliclazide 
combined with insulin for 12 months. The diurnal glucose profile and HbAl 
improved significantly. 

Lotz et al. (1988) treated their patients with secondary failure for 2 years 
with either insulin alone or glibenclamide 3.5 mg every 2 days, plus small 
amounts of intermediate-acting insulin. Nearly identical metabolic control 
was achieved with 14 units in the combined-therapy group. A reduction of 
daily insulin doses by 25% in the combination therapy with a significant 
lowering of fasting glucose and an increase in C-peptide was also observed 
(Stenman et al., 1988). Most authors now agree that combination therapy 
may be an appropriate treatment regimen in Type-II diabetics with secondary 
failure, who still secrete some endogenous insulin. 

7.3.3 Su lphonylureas  and  Hypoglycaemic  Reaction 

Hypoglycaemic reactions may appear after acute and chronic sulphonylurea 
application. The incidence of hypoglycaemia was examined for two different 
periods (1960-1969 and 1975-1984) by Berger et al. (1986) and was shown 
to be constant and quite comparable with 0.22 versus 0.25 per 1000 patients 
per year. However, the risk was significantly higher with glibenclamide and 
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chlorpropamide treatment than with glibornuride and tolbutamide. Some 
6.5% of the hypoglycaemic episodes were fatal in the years 1960-1969, 
compared with 4.3% for the later period. 

Data on relative safety suggest that chlorpropamide is the most toxic 
sulphonylurea (Ferner, 1988), but glyburide causes more dangerous 
hypoglycaemias than chlorpropamide. Glibenclamide has been shown to have 
a delayed effect on stimulating insulin secretion and this may be responsible 
for many unexpected severe hypoglycaemic episodes (Turner et al., 1987). 

No significant difference was seen in the calculated mortality 
risk for metformin-associated lactacidosis and glibenclamide-associated 
hypoglycaemia. Sulphonylureas were no less dangerous than metformin and 
both should be used with care in non-insulin-dependent diabetics, especially 
in elderly subjects and those with impaired renal or hepatic function 
(Campbell, 1985). 

7.3.4 Sulphonylureas and Lipoproteins 

Patients with diabetes frequently have elevated plasma concentrations of 
triglycerides and low-density lipoprotein (LDL) cholesterol concentration, 
together with reduced high-density lipoprotein (HDL) cholesterol concentra- 
tion. Studies of the effect of sulphonylureas on lipid metabolism in Type-II 
diabetes, however, are quite controversial and the results have been discussed 
widely during the last few years. Glibenclamide and metformin were found 
to have no primary effect on serum triglycerides (Rains et al., 1988). Neither 
drug altered HDL cholesterol or subfraction cholesterol. Metformin alone, 
however, reduced LDL cholesterol. 

Glyburide caused a significant reduction in VLDL cholesterol in patients 
with NIDDM and Type-IV hyperlipoproteinaemia along with a variable 
change in HDL cholesterol, independent of its effect on plasma glucose. The 
best study on the effect of glipizide exhibited a correlation in plasma glucose 
with a reduction in plasma triglycerides and LDL cholesterol. There was also 
a significant increase in the plasma HDL cholesterol/total cholesterol ratio 
(Greenfield et al., 1982). Tolazamide had no effect on serum cholesterol, 
although serum triglyceride concentration tended to increase (Gunderson et 
al., 1975). 

7.3.5 Sulphonylureas and Late Complications o f  Diabetes 

Apart from the amelioration of acute symptoms, a major aim of the treatment 
of NIDDM should be the prevention of cardiovascular complications. Since 
the studies of the university groups diabetes programme (UGDP) in 1970, 
the initial advice of the American Diabetes Association (ADA) concerning 
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caution in the use of sulphonylureas was later withdrawn because it was felt 
that there was insufficient evidence to prove that sulphonylurea therapy might 
induce an associated increased risk from cardiac death. In the meantime a 
new prospective randomized study has been set up (UK-P.D.S.). Until these 
results become available it is reasonable to continue to use diet and 
sulphonylureas to reduce hyperglycaemia if diet alone has failed to produce 
a normal fasting plasma glucose. 

However, the two biochemical abnormalities that predispose to increased 
macrovascular disease in diabetes are hyperlipidaemia and hyperglycaemia. 
Both parameters improve with the application of sulphonylureas in metaboli- 
cally uncontrolled Type-II diabetes. In addition a reduction in increased 
platelet aggregation in NIDDM was noted by glyburide and glicazide (Klaff 
et al., 1979). It is not clear, however, if this is solely due to the reduction 
in hyperglycaemia or if sulphonylureas have a direct effect on platelet 
function (Feldman, 1985). 

Akanuma et al. (1988) compared the effect of gliclazide and other 
sulphonylureas on diabetic microangiopathy. In long-term comparative 
clinical trials, it was claimed that gliclazide has additional properties in 
preventing deterioration of diabetic retinopathy and particular progression 
to proliferative retinopathy. Jerums et al. (1987), however, did not observe 
a reversal of early diabetic microangiopathy in a prospective double-blind 
controlled study over 2 years in insulin- and non-insulin-treated diabetics 
comparing gliclazide and placebo. There was also no effect when comparing 
gliclazide and placebo with regard to any parameter of platelet function 
(Larkins et al., 1988), while Holmes et al., (1984) reported a reduction of 
platelet adhesiveness and aggregation. 

A decrease in basement membrane thickening in diabetics to levels close 
to these found in subjects without diabetes was reported by Camerini- 
Davalos et al. (1988), who treated 35 patients with Type-II diabetes and 
compared the results with those obtained with placebo. However, since 
plasma glucose and HbA1 also decreased significantly, basement-membrane 
changes were felt to be a consequence of effective oral medication and not 
due to a specific sulphonylurea agent. 

7.3.6 Conclus ion  

When appropriately used, sulphonylureas can provide a safe and effective 
adjunct to diet in the management of patients with NIDDM. 
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1 Chemistry 

Metformin and phenformin are biguanides. It has been known for six decades 
that guanidine and derived structures possess hypoglycaemic effects. Most 
of them, such as decamethylenbiguanid, have been withdrawn because of 
toxic effects. Unlike other glucose-lowering biguanides, there is no lipophilic 
side chain, no intramolecular N - H - N  binding and no ring formation with 
metformin (Fig. 24); under physiological conditions the predominant form 
of the molecule is singly protonated on the central amino group; taken 
together, these properties may lead to fewer side effects of metformin, since 
it enters the cell to a lesser extent than other biguanides. 
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2 Pharmacology 

Phenformin is a hypoglycaemic (better to say antihyperglycaemic) agent that 
was formerly used in the treatment of NIDDM. It is associated with an 
unacceptably high incidence of lactacidosis that has often proved fatal. 
Metformin is still on the market in Canada and Europe, but the sul- 
phonylureas comprise the only class of oral agents that are commercially 
available for the treatment of Type-II diabetes in the United States. 

H , N - C - - N H "  C---N(CH,), 
I1 !1 
NH NH 

Mettormln 

H2N---C -- NH---C --- NH--- C H ~--- CH ~ ---~ /~ 
II II 
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2.1 

FIG. 24. Chemical structure of two biguanides. 

MECHANISMS OF ACTION 

The mode of action of metformin is complex and not fully understood 
(Hermann, 1979). It decreases blood glucose levels of diabetics and adipose 
non-diabetics, but not of normal subjects. It does not stimulate insulin release 
but does require that some insulin be present for it to exert a hypoglycaemic 
effect. It appears to act directly on insulin target cells to enhance insulin 
action. Some data indicate that metformin increases the number of low- 
affinity insulin-receptor-binding sites on the erythrocytes of obese patients 
with Type-II diabetes (Lord et al.,  1983). Similar results were obtained using 
monocytes (Trischitta et al., 1983). Accordingly, the drug potentiates 
insulin suppression of hepatic gluconeogenesis (Wollen and Bailey, 1988a) 
and increases insulin-mediated peripheral glucose uptake and metabolism, 
anaerobic glycolysis, glucose efflux and increase in lipolysis. 

Interpretation of the changes in insulin binding after metformin dosing is 
still controversial. Although metformin may increase insulin receptor binding, 
its main effect appears to be directed at the post-receptor level of insulin 
action (Bailey and Natrass, 1988; Gregorio et al., 1990; Bailey, 1992). The 
change in binding may be secondary to pH changes (see section 5.1 on 
lactacidosis). The increase in insulin binding in various cell types by 
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metformin is not universal and does not correlate with stimulation of glucose 
utilization. Furthermore, changes in insulin binding and insulin internaliza- 
tion by isolated monocytes do not correlate with the improvement in 
glycaemic control. In addition, direct effects of the drug on the glucose- 
transport system have been demonstrated. Metformin elevates the uptake of 
non-metabolizable analogues of glucose in both non-diabetic rat adipocytes 
and diabetic mouse muscle. In the latter, the stimulatory effect of the drug is 
additive to that of insulin. In human and rat muscle cells in culture, metformin 
increases glucose-analogue transport independently of and additively to 
insulin. Most of these results suggest that the basis for the hypoglycaemic 
effect of this biguanide is probably at the level of skeletal muscle by increasing 
glucose transport across the cell membrane (Klip and Leiter, 1990). It was 
proposed that the molecular basis of metformin action in skeletal muscle 
involves the subcellular redistribution of GLUT-1 proteins from an intracel- 
lular compartment to the plasma membrane; such a recruitment process may 
form an integral part of the mechanism by which the drug stimulates glucose 
uptake and utilization in skeletal muscle and facilitates lowering of blood 
glucose in the management of Type-lI diabetes (Hundal et al. ,  1992). The 
presence of insulin is required, and enhancement of insulin action at the 
post-receptor level occurs in peripheral tissues such as muscle. 

In peripheral tissues metformin increases insulin-mediated glucose uptake 
and oxidative metabolism. Metformin also increases glucose utilization by 
the intestine, primarily via non-oxidative metabolism. The extra lactate 
produced is largely extracted by the liver and serves as a substrate to sustain 
gluconeogenesis. This limits the extent to which metformin reduces hepatic 
glucose production but provides a safeguard against excessive glucose 
lowering (Bailey, 1992). 

Biguanides inhibit the enteric absorption of glucose. Owing to appetite loss 
the patient is forced to take smaller meals. They do not work when given 
parenterally. 

The effect of metformin on insulin binding and insulin action in the 
presence of anti-insulin receptor antibodies was investigated in a case of type 
B extreme insulin resistance (DiPaolo, 1992). Addition of metformin to 
antibody in preincubation buffer strongly enhanced basal glucose incorpora- 
tion into lipids, but did not prevent insulin unresponsiveness (DiPaolo, 1992). 
Controversial recent data show that metformin and phenformin potentiate, 
at least in rats, the late phase of the insulin-secretory response to high glucose 
(16.7 mM) mainly by facilitating the transmembrane Ca 2+ ion influx respon- 
sible for the second phase of insulin release (Gregorio et al. ,  1989). 

Metformin profoundly alters the sensitivity of adenylate cyclase to 
inhibition by insulin, with inhibition being increased to some 32% using liver 
membranes from either lean or obese animals (Gawler et al. ,  1988, 1989). 
Metformin also changes the kinetics of inhibition of adenylate cyclase by 
insulin (Gawler et al. ,  1988). 
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Metformin achieves a 23% lower mean HbA1 than placebo (Dornan et al., 
1991). Unlike sulphonylureas, it is not bound to plasma proteins (no drug 
interactions), is not metabolized and is eliminated rapidly by the kidney 
(Bailey, 1992). 

2.2 EFFECTS ON GLUCOSE METABOLISM 

Metformin treatment has no significant effect on basal glucose uptake but 
increases insulin-stimulated glucose transport of isolated adipocytes (Mat- 
thaei et al., 1991). Its effects on intestinal glucose absorption, insulin 
secretion and hepatic glucose production are insufficient to explain its 
hypoglycaemic action, with most evidence suggesting that the major effect 
of the drug is on glucose utilization. In vivo and in vitro studies have 
demonstrated that metformin stimulates the insulin-induced component of 
glucose uptake into skeletal muscle and adipocytes in both diabetic in- 
dividuals and animal models. This increase is more significant in diabetic than 
in non-diabetic animals, suggesting an enhanced action of the drug in the 
hyperglycaemic state. The increase in glucose uptake is also reflected in an 
increase in the insulin-dependent portion of glucose oxidation. 

Insulin-stimulated glucose uptake measured during hyperinsulinaemic 
clamp studies was similar before and after metformin treatment. Thus, the 
ability of metformin to lower plasma glucose concentration in NIDDM does 
not appear to be secondary to an improvement in insulin action (Wu et al., 
1990). 

A clamp study revealed that metformin treatment was associated with an 
enhanced insulin-mediated glucose utilization, whereas insulin-mediated 
suppression of hepatic glucose production was unchanged (Hother-Nielsen, 
1989). Also basal glucose clearance was improved whereas basal hepatic 
glucose production was unchanged. Metformin treatment in obese Type-II 
diabetic patients therefore reduces hyperglycaemia without changing the 
insulin secretion (Hother-Nielsen, 1989). 

2.3 EFFECTS ON LIPID METABOLISM 

Metformin treatment of patients with NIDDM led to an improvement in both 
glycaemic control and lipoprotein metabolism (Wu et al., 1990). Triglycerides 
are reduced by 40% in Patients with hyperlipoproteinaemia. Metformin helps 
combat hypertriglyceridaemia (Bailey, 1992) and has been ascribed some 
vasoprotective properties (Bailey, 1992). Metformin prevents experimental 
atherosclerosis and induces structural changes in lipoproteins in experimental 
animals. The reduction in total and LDL cholesterol levels was shown for 
diabetic patients with hypercholesterolaemia (Rains et al., 1989; Pentik/iinen 



COMPOUNDS ACTING ON G L U C O S E  UPTAKE: B I G U A N I D E S  141 

et al., 1990; Landin et al., 1991). While a reduction in VLDL is observed 
together with improved glucose control irrespective of the applied method, 
the observed compositional changes in VLDL and LDL appear to be 
metformin-specific (Schneider et al., 1990). 

2.4 BLOOD PARAMETERS 

Tissue plasminogen activator (t-PA) activity is increased and t-PA antigen 
decreased (Landin et al., 1991). 

2.5 USE AND ADMINISTRATION 

Metformin is an antihyperglycaemic agent which can be used to decrease 
resistance to insulin. It is used in NIDDM when dietary control and 
sulphonylureas have failed (Clarke and Campbell, 1977; Siitonen et al., 
1980). It is sometimes given to patients who no longer respond to 
sulphonylureas. Overweight NIDDM patients may experience a beneficial 
weight loss (Bailey, 1992) and this has sometimes been the rationale behind 
combining insulin and metformin in insulin-dependent diabetes (Gin et al., 
1982; Pagano et al., 1983; Bonora et al., 1984). 

The administration of metformin at bedtime instead of supper time may 
improve diabetes control by reducing morning hyperglycaemia (Ravina and 
Minuchin, 1990). Metformin was not distinguished from tolbutamide in 
elderly diabetic patients, except in that it was associated with weight loss 
(Josephkutty and Potter, 1990). 

2.5.1 Combinat ion with Sulphonylureas 

The rationale for this combination is based on the different sites of action 
of the two kinds of drug and the possibility of obtaining additive or 
potentiating effects and reduced side effects (see Raptis et al., 1990). The 
clinical usefulness of chlorpropamide and glyburide in combination with 
metformin has been demonstrated in some clinical trials. The combination 
may provide satisfactory glycaemic control for several years, and possibly 
insulin therapy can be postponed or even avoided. No special safety problems 
are encountered with the use of the combination other than those attributed 
to the use of metformin or sulphonylurea alone, i.e. lactacidosis and 
hypoglycaemia respectively. The lethality risks of these associated conditions 
are comparable (Hermann, 1979). Low doses of metformin (500mg twice 
daily) were administered to 20 diabetic patients, combined with the original 
sulphonylurea treatment which had become ineffective even at full dosage. 
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After 1 and 5 weeks, metformin clearly improved glycaemic control by 
reducing fasting blood glucose (Gregorio et al., 1990); the diurnal blood 
glucose average fell from 235.33 to 174.66mgd1-1 after 1 week and to 
177.65 + 21.71 mgd1-1 after 5 weeks (Gregorio et al., 1990). 

3 Pharmacokinetics 

3.1 DOSAGE AND APPLICATION 

Treatment with biguanides should begin with a small dose of medication and 
a progressive build-up over a 1-2-week period (Asmal and Marble, 1984). 
As far as metformin is concerned, its elimination half-life requires a dosage 
interval of about 8 h or more (three times or twice a day) which will not 
induce accumulation when renal function is normal (Pentik~iinen et al., 
1979). 

Metformin is given as a hydrochloride, chlorophenoxyacetate or embonate 
salt (Martindale, 1989). Therapeutically effective doses are initially 500- 
850 mg per day which can be increased to about 3000 mg per day (Waldh~iusl, 
1987). It should preferentially be given two to three times a day (500-850 mg) 
after meals. 

3.2 PHARMACOKINETIC PARAMETERS 

Metformin is less lipophilic than buformin or phenformin because of its 
shorter side chain (Table 7). 

3.2.1 Absorp t ion  

Metformin has an absolute oral bioavailability of about 50-60% of the dose 
after oral application of a single dose. Deconvolution analysis showed that 
after a short lag-time, the available remainder of the oral dose was absorbed 
at an exponential rate over about 6 h (Tucker et al., 1981). The bioavailability 
of phenformin seems to be more variable but also in the range of about 50% 
(Beckmann, 1968; Travis and Sayers, 1970). In general, absorption of 
biguanides is slower than their elimination, hence the plasma levels follow 
flip-flop kinetics (Pentik~iinen et al., 1979). 

3.2.2 Plasma Levels 

Maximal plasma levels of about 1.5-2.5 mg l -~ after a single oral dose of 
0.5-1.5 g were reached after 2-4 h (Tucker et al., 1981). The plasma levels 
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TABLE 7" 
Pharmacokinetic data of the biguanides 

Compound tl/2 Bioavailability Free Volume 
(h) (%) plasma of 

fraction distribution 
(%) (lkg -1) 

Fraction Total 
excreted clearance 

unchanged (ml rain-l) 
(%)  

Buformin (e) 2-6 - 80 - 100 540 
(d) 1 . . . . .  

Metformin (e) 1.5-3 60 100 1 100 450 
(e)ii 9 - (80) - - - 
(b) 3 . . . . .  

Phenformin (e) 9-13 - 80 - 90 - 
. . . . . . . . . .  

"Taken from Pentikfiinen et al. (1979) and Tucker et al. (1981). 
tl/2 (half-life): e, terminal elimination" (e)ii, second phase of elimination period; d, 
distribution" b, biological effect. 

obtained after continuous application can be predicted from the single-dose 
kinetics although a discrepancy is seen between the predicted and measured- 
through levels because of the existence of a slow elimination phase (Tucker 
et al . ,  1981). For a daily dose of 1700 mg, a mean plasma level of 0.38 mg 1-1 
was obtained, and at 2550mg per day about 1.04 mg1-1 (Sirtori et al. ,  

1978). 

3.2 .3  Dis t r ibu t ion  

Metformin is rapidly distributed, and accumulates in these tissues in which 
the drug possesses most of its activity (muscles, intestine, liver). For 
buformin, diffusion in the peripheral compartment is reported to be faster 
than the rediffusion, leading to an accumulation in the respective tissues 
(Lintz et al. ,  1974). Plasma protein binding of the biguanides is only about 
20% (Garret et al. ,  1972) or even undetectable (Rang and Dale, 1991). 

3 .2 .4  E l im ina t ion  and  M e t a b o l i s m  

Buformin and metformin undergo glomerular filtration and tubular secretion. 
In contrast, about one-third of a dose of phenformin is hydroxylated in the 
liver and partially excreted in the bile. The remainder undergoes renal 
excretion unchanged (Asmal and Marble, 1984). Nevertheless, for metformin 
and buformin the urinary recovery of the administered dose is sometimes 
only about 80%, with no metabolites being detected. Therefore secretion into 
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the intestine in humans was suggested (Lintz et al. ,  1974). The elimination 
kinetics is represented by a rapid first phase with a half-life of about 1.7-3 h, 
which is valid for more than 90% of the absorbed amount, and a slow 
elimination phase with a half-life of 9-12 h for the remaining 5-10% (Sirtori 
et al . ,  1978). 

3.3 PATHOLOGICAL CHANGES IN THE PHARMACOKINETICS 

The elimination of biguanides is correlated with renal function, hence the 
elimination of metformin follows creatinine clearance. For buformin, the 
elimination in mild renal failure is unchanged (Held et al. ,  1970). The 
elimination half-life of metformin increases with renal failure; at a creatinine 
clearance of 20-48 ml min-z it is increased to about 5 h because of a decrease 
in metformin clearance from 450 ml min-1 to only 88 ml min-1 (Sirtori et al . ,  
1978). Hydroxylation of phenformin is influenced by the genetic polymor- 
phism of the mono-oxygenase. With high circulating amounts of phenformin 
its metabolism is reduced (Bosisio et al.,  1981). Both pathological effects on 
liver and kidney account for an accumulation of the drug and a related risk 
of lactacidosis. 

4 Toxic Effects 

Acute poisoning with metformin calls for intensive supportive therapy. 
Lactacidosis may require treatment with sodium bicarbonate or furosemide, 
a combination of insulin and glucose or peritoneal dialysis or haemodialysis 
(Lalau et al.,  1989). 

5 Side Effects 

Metformin can cause adverse gastrointestinal effects with anorexia, nausea 
and vomiting. Patients may experience a metallic taste and there may be 
weight loss, which in some diabetics could be an advantage. Hypoglycaemia 
is less of a problem with metformin than with sulphonylureas. 

5.1 LACTACIDOSIS 

This side effect is rare, but dangerous and serious (Misbin, 1977; Korbonen 
et al. ,  1979). Lactacidosis, which is fatal in 50% of cases, occurs less with 
metformin than with phenformin (Cavallo-Perin et al. ,  1989), usually in 
patients whose condition contraindicated the use of metformin in the first 
place. There may be the possibility of a process of adaptation on prolonged 
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treatment (Chandalia and Rangnath, 1990). I twas  estimated in 1983 that 
there had only been 28 cases of lactacidosis with metformin; at the time of 
this estimate the worldwide population receiving metformin was considered 
to be 650000 (Lucis, 1983). 

Kidney failure requires special attention because of metformin accumula- 
tion. Severe lactacidotic coma despite normal renal function has been 
reported in a 35-year-old diabetic man taking metformin and alcohol (Ryder, 
1984). While fasting plasma lactate concentrations remained unaltered after 
metformin, a rise was noted in response to meals (from 1.4+0.1 to 
1.8 + 0.2 mM) (Pedersen et al., 1989). Arterial blood gas analysis in one case 
revealed a pH of 6.76 and a bicarbonate level of 1.6 mM before treatment 
of lactacidosis. After therapy, which included oxygen, volume expansion and 
haemodialysis, the patient completely recovered (Gan et al., 1992). 

Metformin treatment is associated with less imbalance of intracellular 
redox state than phenformin, and therefore should be considered advan- 
tageous in the long-term treatment of non-insulin-dependent diabetics 
(Cavallo-Perin et al., 1989). In vitro, the antigluconeogenic effect of 
10-2M metformin alone is associated with an increased mitochondrial 
NADH/NAD + ratio. Thus a reduction in gluconeogenesis caused by high 
concentrations of metformin may involve changes in redox state. However, 
therapeutic concentrations of metformin potentiate the antigluconeogenic 
effect of insulin to a similar extent from a range of substrates, without altering 
energy status or redox state (Wollen and Bailey, 1988b). Metformin increases 
glucose utilization, primarily via non-oxidative metabolism; the extra lactate 
produced is largely extracted by the liver and serves as a substrate to sustain 
gluconeogenesis (Bailey, 1992). 

In order to avoid lactacidosis, it is important to select patients correctly 
and to ensure that contraindications such as renal involvement, advanced age 
and chronic alcoholism are observed before treatment with metformin 
(Lebech and Olesen, 1990). The role of lactic acid in the triggering of panic 
attacks has been discussed (Gin et al., 1989b). 

The risk of lactate accumulation should be appreciated in patients with 
renal insufficiency, liver dysfunction and after acute illness with hypoxia, 
when therapy should be stopped. Although metformin is often bracketed with 
phenformin in the context of lactacidosis, different pharmacodynamics and 
adherence to prescribing guidelines render such a comparison unwarranted 
(Bailey and Nattrass, 1988). 

5.2 OTHER SIDE EFFECTS 

Biguanides are implicated in controversial reports of excessive cardiovascular 
mortality associated with oral hypoglycaemic therapy (Paterson et al., 
1984). 
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Metformin affects platelet aggregation independently of other metabolic 
factors (Gin et al.,  1989a). Leucopenia and thrombocytopenia are very rare. 

Gastrointestinal side effects include loss of appetite, nausea, vomiting and 
taste disturbances (15-25%). A retrospective survey of diarrhoea episodes 
in treated diabetic patients was carried out by Dandona et al. (1983). Of 265 
patients investigated, 30 reported diarrhoea or alternating diarrhoea and 
constipation: 11 from 54 taking metformin; 9 from 45 taking metformin with 
a sulphonylurea; 3 from 53 taking a sulphonylurea only; 5 from 78 on insulin 
therapy; 2 from 35 on diet alone. Of 150 non-diabetic controls, 12 reported 
having diarrhoea (Dandona et al.,  1983). 

6 Interactions with Other Drugs 

Malabsorption of vitamin B12 was observed in 14 of 46 diabetics taking 
metformin or phenformin (Callaghan et al. ,  1980; Adams et al.,  1983); 
metformin was more often to blame. Withdrawal of the drug resulted in 
normal absorption in only 7 of the 14 (Adams et al.,  1983). 

Tetracyclines increase the danger of biguanide-induced lact- 
acidosis. Dietary fibre and by-products of some vegetable extracts (guar 
etc.) are advocated to reduce postprandial hyperglycaemia (see chapter 9). 
Metformin blood levels showed that when given together with guar there was 
a reduction in the absorption rate over the first 6h (Pedersen et al.,  
1989). 

7 Clinical Studies 

7.1 HEALTHY VOLUNTEERS 

Biguanides do not affect glycaemia in normal individuals and do not increase 
insulin output. However, because the liver is the dominant site of action in 
a physiological in vivo situation, hepatic glucose transport is reduced leading 
to an increased hepatic insulin sensitivity. 

In normal obese hyperinsulinaemic subjects, metformin 3 • 50 mg daily 
influenced insulin binding with increases in insulin receptor capacity (Vigneri 
et al.,  1984), while in normal-weight volunteers no effect on number and 
affinity of insulin receptors was noted. 

Clinical studies indicate a lipid-lowering effect of biguanides (metformin), 
particularly in patients with hyperlipoproteinaemia type IV (Gustafson et al.,  
1971; Descovich et al., 1978). A slight reduction in total serum cholesterol 
was also noted in non-diabetic hyperlipidaemia by Aro et al. (1985). In a 
double-blind cross-over study of 9 weeks duration with 1 or 2 g metformin, 
cholesterol was reduced from 328mg per 100ml to 313mg per 100ml 
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and 294mg per 100ml. HDL cholesterol remained unchanged. Metfor- 
min, however, is not recommended as the drug of choice in hyper- 
lipoproteinaemia. 

In obese NIDDM, metformin tends to promote weight loss. This, however, 
is felt to be more a "weight-stabilizing effect" than a genuine weight-reducing 
action. In healthy subjects, biguanides should therefore not be used as 
anorectic agents. 

There have been various reports that metformin increases fibrinolysis, 
reduces thrombus formation (Weichert and Breddin, 1988) and reduces 
platelet adhesiveness and aggregation (Holmes et al., 1984). This, however, 
was mostly felt to be secondary to improved glycaemic control, because 
similar effects have been reported with sulphonylureas (Vague et al., 1987). 
In healthy subjects, biguanides should therefore not be used to increase 
fibrinolytic activity. 

7.2 TYPE-I DIABETES MELLITUS 

Biguanides should not be used for the treatment of IDDM. Biguanides 
(metformin) have a hypoglycaemic potency which is more of an an- 
tihyperglycaemic action since it cannot induce clinical hypoglycaemia. 
Metformin is not effective via an insulinotropic action. It has, however, an 
acute insulin-like effect in vitro (Fantus and Brosseau, 1986) and acts in vivo 
at post-receptor sites without significant effects on insulin-binding capacity 
(Nosadini et al., 1987). Metformin increases the sensitivity of the liver to 
insulin and induces a reduction of insulin requirements in Type-I diabetes 
up to 26% following an additional metformin treatment (2 • 850 mg) for 2 
days (Gin et al., 1982). A 25% reduction in insulin was reported by Pagano 
et al. (1983) following an additional metformin therapy in NIDDM patients 
as assessed with the artificial pancreas. An increased response to insulin in 
Type-I diabetics after metformin administration was also noted by Keen et 

al. (1987). 
Metformin might therefore be used to ameliorate the glycaemic profile in 

Type-I diabetes, with a possible reduction in insulin requirement. 
Metformin has also been used occasionally to reduce insulin requirement 

in cases of true insulin resistance: those requiring more than 200 units a day. 
In contrast with others (Stowers, 1980), however, we feel that biguanides 
should not be used at all in gestational diabetes or pregnant Type-I diabetic 
women. 

7.3 TYPE-II DIABETES MELLITUS 

Biguanides, mainly metformin, are primarily indicated for the treatment of 
Type-II diabetes, where satisfactory control of blood glucose cannot be 
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obtained by diet alone. The use of metformin in the treatment of diabetes 
is based on over 30 years of clinical experience. Although still controversial 
in some respects, metformin is regarded as a valuable drug in the treatment 
of obese non-ketonic hyperinsulinaemic insulin-resistant Type-II diabetics 
(Dornan et al., 1988). The main clinical effect of metformin is an antidiabetic 
action. In addition, metformin has weight-reducing and lipid-lowering 
properties and effects on fibrinolysis (Campbell, 1990) which could be of 
additional advantage during treatment of obese diabetics suffering from the 
metabolic syndrome (Vigneri and Goldfine, 1987). 

There are three conditions for the clinical use of metformin as a 
glucose-lowering agent in patients with NIDDM: (1) as a primary drug, (2) 
in combination with other oral hypoglycaemic agents such as sulphonylureas 
and acarbose, and (3) together with insulin after secondary sulphonylurea 
failure. 

Metformin used as monotherapy reduced plasma glucose levels in normal- 
weight Type-II diabetics considerably (172 to 103mg per 100ml), whereas 
serum insulin was unchanged over a 3 month period (Jackson et al., 1987). 
The hypoglycaemic action of metformin became fully effective within 2-3 
weeks of treatment. Clinical studies point out that gastrointestinal side effects 
can be avoided if medication is started slowly and taken postprandially (Fig. 
25). 

More effective blood glucose lowering can be achieved in obese Type-lI 
diabetics where a lowering of fasting blood glucose was noted from 260 to 
116 mg per 100 ml and a postprandial drop from 280 to 136 mg per 100ml 
(Granovskaja-Svetkova, 1977). In obese Type-II diabetics, Lord et al. (1983) 
studied the effect of 1500 mg metformin and recorded a decrease in fasting 
blood glucose from 200 to 160 mg per 100 m! and a reduction of HbA1 from 
14.0 to 12.6%. 

A reduction in hyperinsulinaemia caused by mefformin has been 
demonstrated in several clinical studies (Schatz et al., 1972; Hausmann and 
Schubotz, 1975; Ferlito et al., 1983). Sensitivity to insulin was also found to 
be increased after short-term biguanide treatment with phenformin, buformin 
and metformin. Biguanides increase both sensitivity to insulin and 
responsiveness in muscle and to a lesser extent in adipose tissue (Bailey et 
al., 1984). 

A comparison of the blood glucose-lowering effect of metformin and 
sulphonylureas did not reveal significant differences in their hypoglycaemic- 
antihyperglycaemic potency or the number of primary or secondary failures 
in newly diagnosed Type-II diabetics over a 12-month period (Clarke et al., 
1967). While sulphonylurea-treated patients gained body weight, metformin 
therapy induced a weight loss. Similar results were noted in a cross-over trial 
reported by Clarke and Duncan (1968). 

A reduction in hyperinsulinaemia following metformin treatment is the 
most important argument for the clinical use in obese insulin-resistant Type-II 
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FIG. 25. Mean plasma glucose and plasma insulin responses to oral glucose before 
(0) and after (O) 1 week of metformin treatment in NIDDM patients. Plasma glucose 
concentrations decreased significantly. (Source: Fantus and Brosseau, 1986.) 

diabetics. Despite the controversy about hyperinsulinaemia as an independ- 
ent risk factor for coronary heart disease, there is no doubt of its relationship 
to other risk factors (Campbell, 1990). In contrast to sulphonylureas, the 
non-insulinotropic biguanides are therefore the drug of choice (together with 
acarbose) for the treatment of dietary failure in obese Type-II diabetes 
mellitus. Fasting and postprandial serum insulin after 3 months of metformin 
is significantly lower than after treatment with sulphonylureas (McAlpine et 
al., 1988). 
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A combination of biguanides with sulphonylurea can be useful in patients 
who have failed to respond to sulphonylureas alone. In "secondary failure", 
the combination of metformin and sulphonylurea responded in more than 
50% of cases. Clarke et al. (1967) reported a clinical study where blood 
glucose dropped from 266 to 184 mg per 100ml after 12 weeks and HbA1 
improved from 9.1 to 7.6%. Similar results were obtained by Haupt et al. 
(1989). In contrast, Debry et al. (1977) did not agree that the combination 
of biguanides and sulphonylureas was beneficial. No significant differences 
were seen in blood glucose levels in Type-II diabetics treated with metfor- 
min + sulphonylureas versus sulphonylureas alone, while serum insulin was 
higher after sulphonylurea treatment only. It has been reported that the 
choice between metformin and metformin + sulphonylureas does not depend 
on the age or sex of the subjects. The only factor of therapeutic importance 
is the degree of intensity of metabolic imbalance. 

The mortality risk for hypoglycaemia caused by sulphonylureas is not 
significantly different from lactacidosis associated with metformin (Campbell, 
1984). 

The combination of metformin and insulin in Type-II diabetics increases 
the efficacy of insulin and reduces insulin resistance in obese patients. A 
considerable reduction in insulin doses has been achieved (Leblanc et al. ,  
1987). Free serum insulin levels have been reduced from 51 to 41 units/m1-1 
(Stowers, 1980). On mixed biguanide-insulin treatment, the atherogenic 
effect of hyperinsulinaemia and the number of hypoglycaemic reactions can 
be reduced. 

The hypolipidaemic effect of metformin has not been elucidated satisfac- 
torily. The reduction of serum triglycerides and to a smaller extent total 
plasma cholesterol, however, is very welcome in the treatment of the 
metabolic syndrome in Type-II diabetes. The inhibitory effect of metformin 
on fatty acid oxidation (Sch6nborn et al. ,  1975) has been regarded as pivotal 
in its mechanism of antidiabetic action, because of the interrelations between 
fatty acid and carbohydrate metabolism. 

In conclusion, it can be stated, that biguanides, preferably metformin, have 
been shown in innumerable clinical trials to be highly effective as antihyper- 
glycaemic drugs. Together with acarbose, they may be the first-choice drug 
for the treatment of obese hyperinsulinaemic, insulin resistant Type-II 
diabetics with dietary failure. They help to correct most of the unwanted 
aspects of the metabolic syndrome, which is felt to contribute most to the 
high mortality rate of NIDDM patients with heart disease. 



Compounds Acting on Glucose 
Absorption 

1 Guar 
1.1 Chemistry . 
1.2 Actions . 

1.2.1 Uses and Administration 
1.2.2 Glucose Metabolism 
1.2.3 Lipid Metabolism 
1.2.4 Blood Parameters 

1.3 Pharmacokinetics. . 
1.3.1 Dosage and Application 
1.3.2 Pharmacokinetic Parameters 

1.4 Toxic and Side Effects 
1.5 Interactions with Other Drugs 
1.6 Clinical Studies 

1.6.1 Healthy Volunteers. 
1.6.2 Type-I Diabetes Mellitus 
1.6.3 Type-II Diabetes Mellitus 

2 Acarbose . 
2.1 Chemistry . 
2.2 Actions . 

2.2.1 Glycogen Metabolism 
2.2.2 Lipid Metabolism 

2.3 Uses and Administration 
2.4 Pharmacokinetics. 

2.4.1 Absorption 
2.4.2 Plasma Levels 
2.4.3 Distribution 
2.4.4 Half-life 
2.4.5 Metabolism 
2.4.6 Excretion . 

2.5 Toxic and Side Effects 
2.6 Interaction with Other Drugs 
2.7 Clinical Studies 

2.7.1 Healthy Volunteers. 
2.7.2 Type-I Diabetes Mellitus 
2.7.3 Type-II Diabetes Mellitus 

151 
151 
152 
152 
153 
153 
153 
153 
153 
154 
154 
154 
154 
155 
156 
156 
159 
159 
159 
160 
160 
161 
161 
161 
162 
162 
162 
162 
162 
163 
163 
163 
163 
165 
165 

1 G u a r  

1.1 CHEMISTRY 

G u a r  is d e r i v e d  f r o m  the  e n d o s p e r m  of  the  s eed  Cyamopsis psoraloides (C. 
tetragonoloba). It  c o n t a i n s  m o r e  t h a n  6 6 %  h i g h - m o l e c u l a r - m a s s  p o l y s ac -  

cha r ide s ,  o - M a n n o s e  m o l e c u l e s  a re  1 ,4 /3 -connec ted ,  a n d  e v e r y  s e c o n d  

m a n n o s e  is c o n n e c t e d  to D-ga lac tose  in p o s i t i o n  6. 
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1.2 ACTIONS 

The postprandial (Jenkins et al., 1977b; Morgan et al., 1979; Torsdottir et 
al., 1989; Lim et al., 1990; Satchithanandam et al., 1990) increases in blood 
glucose and insulin concentrations in response to carbohydrate-containing 
meals are reduced in healthy subjects when they eat test meals containing 
guar gum, pectin or both (Jenkins et al., 1977b). Even basal plasma glucose 
may be slightly reduced. Guar postpones the absorption of carbohydrates, 
but does not avoid it. It is widely accepted that insulin levels fall in parallel 
(Chuang et al., 1992). Mean urinary glucose excretion falls markedly in 
diabetics when guar gum is added to their diet (Jenkins et al., 1977a). Guar 
reduces the rate of amino acid absorption and amino acid-stimulated insulin 
release (Gulliford et al., 1988a). Modulation of intestinal mechanisms is 
sufficient to mediate the latter effect (Gulliford et al., 1988b). The reduction 
in peripheral blood insulin levels caused by guar is not associated with a 
change in hepatic insulin extraction (Gulliford et al., 1988b). 

Postprandial glucose-dependent insulinotropic polypeptide (GIP) levels 
were lowered in a guar-gum-supplemented meal (Morgan et al., 1990) and 
may contribute to lower insulin levels. Guar delays intestinal calcium 
absorption in humans (Gulliford et al., 1988b). The decrease in pancreatic 
amylase release may simply be a result of diminished insular-exocrine axis. 

Optimistic reports about fibre supplementation in the management of 
diabetes need to be confirmed by careful long-term studies, since there exist 
negative findings for obese poorly controlled diabetics given guar gum or bran 
(Cohen and Martin, 1979). A brief review of guar gum concluded that its 
contribution to the management of diabetic patients remains unproven. 

The efficacy of guar is probably dependent mainly on its capacity to hydrate 
rapidly and thus to increase viscosity in the small intestine postprandially. 
Measurement of the rate of hydration in vitro might therefore be a useful 
index of the effectiveness of guar formulations. A simple method for 
monitoring the hydration rate of guar gum has been developed (Ellis and 
Morris, 1991). Marked differences in hydration rate and ultimate (maximum) 
viscosity between the different guar samples were observed (Ellis and Morris, 
1991). These results may explain why some guar gum preparations are 
clinically ineffective (Ellis and Morris, 1991). 

1.2.1 Uses and Admin is t ra t ion  

Guar gum is used in diabetes mellitus as an adjunct to treatment with diet, 
insulin or oral hypoglycaemics because it is considered to reduce the peak 
blood glucose concentrations that occur following meals. It cannot be used 
instead of other/earlier therapy regimes. It must not be used to reduce 
obesity. It is given with or immediately before meals in doses of 5 g usually 
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three times daily; each dose should be taken with about 200 ml of water. Guar 
gum is available in various formulations that attempt to overcome its 
unpalatability. It is also used to slow gastric emptying in patients with the 
dumping syndrome and as a thickening agent, emulsion stabilizer and 
suspending agent as well as a release-retarding material for formulating 
tablets (Jain et al., 1992). 

1.2.2 Glucose Metabolism 

Guar has no effect on glucose metabolism (Torsdottir et al., 1989). 

1.2.3 Lipid Metabolism 

Many details can be found in numerous papers (Kirsten et al., 1989; Wilson 
et al., 1989; Lalor et al., 1990; Turner et al., 1990; Uusitupa et al., 1990). 
Regular intake (15 g for 2 weeks) decreases cholesterol and triglyceride levels 
by 5-15%, especially LDL. The mechanism is similar to that of choles- 
tyramine (binding of cholic acids) (Todd et al., 1990). Guar gum and 
its hydrolysate suppresses 3-hydroxy-3-methylglutaryl-coenzyme A (HMG- 
CoA) reductase activities in the ileum to one-half (Gulliford et al., 1988a). 
For reducing LDL cholesterol, lovastatin (a HMG-CoA reductase inhibitor) 
was much more active in combination with cholestyramine than with guar 
gum (Uusitupa et al., 1991). Guar gum at 6 and 12% in the diet reduces total 
serum cholesterol by 31 and 51%, respectively, in male sea quail fed on a 
diet containing 0.5% cholesterol for a period of 1 week (Day, 1991). Plasma 
cholesterol levels but not triglycerides were significantly lower when soluble 
gums were consumed for 4 weeks (Behall, 1990). 

1.2.4 Blood Parameters 

Guar has no effect on blood parameters. 

1.3 PHARMACOKINETICS 

1.3.1 Dosage and Application 

Guar is given with or immediately before meals in doses of 5 g, usually three 
times daily. Each dose should be taken with about 20(0250 ml of liquids 
(water) (Martindale, 1989). 
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1.3.2 Pharmacokine t ic  Parameters 

Absorption of guar cannot be detected. Its site of action is localized inside 
the gastrointestinal tract and no absorption is required for effective action. 
There are no data on absorption, distribution or excretion from plasma. 

Excretion from the intestinal tract is accompanied by destruction of the 
polysaccharides due to microorganisms in the colon (information from the 
manufacturer). 

1.4 TOXIC AND SIDE EFFECTS 

Guar gum can cause gastrointestinal disturbance with flatulence, diarrhoea 
or nausea, particularly at the start of the treatment. It should not be used 
in patients with oesophageal/intestinal obstruction (Opper et al., 1990). 

Insufficient data are available on the long-term safety of high-fibre 
supplements. People at risk of deficiencies, such as postmenopausal women, 
the elderly, or growing children, may require supplements of calcium and 
trace minerals. People with upper gastrointestinal dysfunction risk bezoar 
formation and should be cautioned against a diet high in fibre of the leafy 
vegetable type. Careful attention must be paid to insulin doses because 
hypoglycaemia can appear if there is a radical change in fibre intake without 
appropriate reduction in insulin dose. Care must be exercised in the use of 
"novel" fibres, including wood celluloses, because little is known of their 
safety and efficacy. 

1.5 INTERACTIONS WITH OTHER DRUGS 

There is a risk of guar gum affecting the absorption of other drugs. A delay 
in absorption was observed for sulphonylureas (adapt dose), hormonal 
contraceptives and oral penicillins (stop guar medication). Guar ingested with 
glibenclamide did not interfere with its absorption (Uusitupa et al., 1990). 
Measurement of blood metformin levels showed that, when given together 
with guar, there was a reduction in the absorption rate over the first 6 h (Gin 
et al., 1989b). These findings suggest that combination therapy may diminish 
the antihyperglycaemic action of metformin. 

1.6 CLINICAL STUDIES 

Speculation that fibre-depleted diets may play a role in the development of 
diabetes has increased the interest in recent studies suggesting that high-fibre 
diets may be beneficial for treating subjects with diabetes (Anderson et a l .  
1979). 
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Dietary fibres have important effects on gastrointestinal physiology and 
can also therefore be a useful adjunct to the conventional treatment of several 
metabolic and gastrointestinal diseases. 

1.6.1 Heal thy  Volunteers 

Clinical studies in healthy subjects demonstrate that the acute addition of 
the viscous types of dietary fibre such as the gel-forming polysaccharide guar 
leads to a decrease in postprandial hyperglycaemia by a reduction in 
gastric-emptying rates and slowing of intestinal carbohydrate absorption. 

The short-term efficacy of guar on postprandial glucose lowering has been 
repeatedly shown (Jenkins et al., 1977a, 1978; Johnson and Gee, 1980; 
Schwartz et al., 1982). The acute effect of guar on carbohydrate and fat 
metabolism lasts at least 4 h and may result in improved carbohydrate 
tolerance to subsequent guar-free meals (Jenkins et al., 1980). 

Large test meals given to healthy volunteers with fibre supplements clearly 
induced a postprandial glycaemia, which was significantly less than after a 
meal alone (Jenkins et al., 1976). A lowering of the postprandial blood 
glucose response was also seen after consumption of 10 g of guar and 2.5 g 
of other fibres compared with a placebo without fibres (Mclvor et al., 1985). 
Fibres other than guar, such as gum tragacanth and methylcellulose, reduced 
hyperglycaemia to a lesser extent, and the effects of bran and cholestyramine 
were unimpressive (Jenkins et al., 1978). 

In other studies, the effects of high-fibre diets on blood glucose levels were 
generally felt to be rather small (Simpson et al., 1981), and it was noted that 
postprandial blood glucose levels are influenced only when fibre content is 
fivefold higher than that of the normal British diet, whereby the effects of 
the dietary fibre source on carbohydrate metabolism seem to depend on the 
composition of the source. 

No effect of guar gum was seen when hydrolysed non-viscous preparations 
were used (Jenkins et al., 1978). The viscosity of guar on hydration is of 
importance in assessing the efficacy of a preparation in clinical use. Addition 
of guar to a glucose drink had no statistically significant effect on peak blood 
glucose levels and no effects were seen in patients who had had total 
gastrectomy (Holt et al., 1979). 

It appears that guar must be intimately mixed with the main carbohydrate 
portion of the meal. When only sprinkled over a meal it remained ineffective 
(Williams et al., 1980). 

Long-term effects of plant fibre ingestion on carbohydrate tolerance were 
examined by Walker et al. (1970) in rural Bantu and urban Caucasian children 
and African and European students. In groups with high dietary fibre intake 
the glycaemic and serum insulin response to glucose was always significantly 
lower. Improved glucose tolerance has also been described in volunteers who 
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had been maintained for extended periods on diets supplemented with fibre 
(Munoz et al., 1979). These studies suggested, however, that dietary fibre 
may not only decrease the absorption of carbohydrates but may also have 
a systemic effect, perhaps by enhancing the peripheral insulin sensitivity and 
may therefore be beneficial in the management of diabetes mellitus. 

1.6.2 Type-I Diabetes Mellitus 

In patients with Type-I diabetes (IDDM), short-term effects of high-fibre diet 
resulted in a reduction in postprandial elevation of blood glucose and a 
reduction in insulin doses. Miranda and Horwitz (1978) fed high-fibre diets 
to patients with insulin-requiring diabetes for 10 days. The insulin doses were 
maintained constant and postprandial glucose values were significantly lower 
than those attained on low-fibre diets. The fact that these patients had more 
hypoglycaemic reactions was felt to be due to an increased tissue sensitivity 
to insulin. Increased insulin receptor binding to monocytes and adipocytes 
has been observed in both insulin- and non-insulin-dependent diabetic 
patients (Hollund et al., 1983). 

An insulin-saving effect was noted after 21 days on a high-carbohydrate 
high-fibre diet, where the dose was reduced from 25 to 10 units daily 
(Anderson et al., 1979). In a similar study by Kiehm et al. (1976), however, 
it appeared that the major factor responsible for the improvement in glucose 
metabolism was more the 75% carbohydrate content than the crude dietary 
fibre content. Nevertheless, the postprandial glucose levels in labile and 
stable IDMM patients improved (Monnier et al., 1981), and fasting serum 
triglycerides were also significantly lower. In addition, insulin requirements 
were also found to be reduced (Jenkins et al., 1977b). 

Since hyperinsulinaemia may be involved in the pathogenesis of macroan- 
giopathy such as coronary heart disease, guar and other similar effective 
fibres are highly recommended as useful adjuncts to the treatment of 
diabetes. In pregnant insulin-dependent diabetic patients, however, no 
improvement in metabolic control could be obtained, if the diet was 
supplemented with guar (24 g day-l).  Mean blood glucose levels, glucosuria 
and mean daily insulin dose did not change significantly. The results show 
that in these patients hospital admission was more favourable for diabetes 
control than addition of guar gum to the diet (Kiihl et al., 1983). 

1.6.3 Type-H Diabetes Mellitus 

Numerous groups have now demonstrated that high plant fibre intake may 
have a beneficial effect on glucose metabolism in patients with Type-II 
diabetes mellitus. Atkins et al. (1987) noted a significant improvement in 
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FIG. 26. Blood glucose and plasma insulin levels before and after a standard lunch 
in Type-II diabetics during supplementation with guar gum (�9 or placebo (0). 
(Source: Aro et al., 1981.) 

fasting and postprandial serum glucose and insulin values and a reduction 
in urinary glucose excretion in non-compliant NIDDM patients. Similar 
results were obtained in a multicentre study on poorly controlled Type-II 
diabetics (Laube et al . ,  1983), where postprandial blood glucose levels in 
guar-supplemented (3 x 5g per day) patients were 12% lower than in 
controls, and urinary glucose excretion could be reduced by 40%. 

In another trial, Aro et a/. (1981) noted that the mean fasting and 
postprandial plasma insulin levels were significantly lower in Type-II 
diabetics after guar supplementation (Fig. 26). A sustained reduction in basal 
hyperglycaemia, however, was accompanied by only slight reduction in the 
postprandial increment in blood glucose. The effect described was similar 
to that found during a high-carbohydrate diet containing natural fibre. 
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This, however, could not be reproduced when patients were placed on 
diets containing quantities of uncooked vegetables, seeds, nuts and fruits 
(Douglass, 1975). 

Lowering of fasting and postprandial hyperglycaemia following fibre 
supplementation resulted in insulin treatment being stopped in 10 Type-II 
diabetics, treated for an average of 15 months with high-fibre (60 g per day) 
diet, if less than 30 units of insulin per day were given. However, patients 
also lost weight and it is debatable whether improvement in metabolism was 
due to the high-fibre content or to weight loss. 

No effect of dietary fibres such as guar was noted if the supplementation 
was with guar powder (Williams et al. ,  1980). In 13 maturity-onset 
non-insulin-dependent diabetics, 10 g of guar failed to decrease significantly 
the postprandial rise in plasma glucose and insulin seen after a similar meal 
without supplementation. Only when guar was added to liquid meals or 
incorporated into foods such as bread, or if dietary fibres had their origin 
from readily available foods, could metabolic effects be easily identified. 

In long-term studies over 1 year, Klimm et al. (1983) noted a reduction 
in glucosuria up to 70% in the guar-supplemented group, but no effect was 
seen in the 1 h blood glucose levels. The same was true in NIDDM patients 
supplemented for 2 months with 2 • 5 g guar daily (Jones et al . ,  1983). Fasting 
and 1 h postprandial blood glucose did not change but HbA1 fell from 12.0 
to 9.4%. It was felt that the blood-glucose monitoring method chosen for 
that trial was not representative of the whole metabolic situation. 

Serum lipids can be lowered significantly by plant fibres such as guar gum. 
In 93 Type-II diabetics, 15 g guar daily lowered the total serum cholesterol 
from 250 to 225 mg per 100ml (Laube et al. ,  1983). Similar effects were 
reported by Aro et al. (1981). After 3 months guar supplementation LDL 
cholesterol was significantly lower and LDL/HDL cholesterol ratio was 
decreased. An impressive improvement in the lipaemic profile was also 
reported by Tagliaferro et al. (1985) in patients receiving 4 g guar gel in 
addition to their usual diet for a period of 6 weeks. Guar led to a reduction 
in total cholesterol (189 versus 169 mg per 100 ml) coupled with an increase 
in HDL phospholipids. 

The effects of guar on serum triglycerides seem less clear and more 
controversial. A slight decrease in triglycerides was seen in Type-II diabetics 
following a 15 g guar supplementation for a 4-week period (Laube et al. ,  
1983). No significant lowering of triglycerides was noted by Tagliaferro et 
al. (1985) and Aro et al. (1981) .  Similarly, no effects of guar on triglycerides 
were observed by Atkins et al. (1987) in non-compliant NIDDM fed for 1 
month with guar granules. Anderson et al. (1979) called a high-fibre diet 
ineffective in lowering fasting trigylcerides. 

In patients affected by familiar hyperlipidaemia, however, guar gum was 
highly effective in reducing hyperlipidaemia (Bosello et al. ,  1984). It therefore 
appears that the higher the initial cholesterol and triglyceride levels, the 
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FIG. 27. Chemical structure of acarbose. 

greater the decrease after guar supplementation. Improvement in lipaemic 
profiles in diabetic patients with hyperlipidaemia helps to correct further side 
effects of the metabolic syndrome in NIDDM by guar gum. 

2 Acarbose 

2.1 CHEMISTRY 

Acarbose is a pseudotetrasaccharide in which one maltose is exchanged for 
a pseudomaltose (Fig. 27). 

2.2 ACTIONS 

Many studies have been published (Caspary, 1978; Hillebrand et al. ,  1979; 
Sj6str6m and William-Olsson, 1981; Dimitriadis et al. ,  1982; Radziuk et al . ,  
1982; Raptis et al . ,  1982; Aubell et al., 1983; Clissold and Edwards, 1988; 
Madariaga et al. ,  1988; Brogard et al. ,  1989; Reaven et al.,  1990). Acarbose 
decreases alimentary hyperglycaemia and is therefore used in diabetes. It 
competitively inhibits c~-glucosidases, which are important for the degrada- 
tion of disaccharides during digestion. They are specific for c~-connected 
glucose and digest non-absorbable di-, oligo- and poly-saccharides to 
absorbable monosaccharides. The affinity of acarbose for saccharase (the 
enzyme that hydrolyses the dissacharide saccharose to glucose and fructose) 
is 10 000 to 100000 times greater than that of saccharose for this enzyme. 
Because of this the absorption of monosaccharides is delayed. This produces 
a decrease in the elevated blood glucose levels, HbA1 levels, and postprandial 
insulin concentrations in diabetics. However, blood glucose cannot be 
decreased below basal levels, i.e. acarbose is not a hypoglycaemic but an 
antihyperglycaemic compound. It does not work in the absence of carbo- 
hydrates in the meal. 

Although the data on HbA1 reduction by about 1% (an indicator of 
possible late injuries) are contradictory, this may be the major reason to use 
acarbose. Serum cholesterol, triglycerides and the LDL/HDL ratio are 
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decreased. An oral load of acarbose does not inhibit absorption of glucose; 
neither does it alter subsequent responses to insulin and glucagon (Richard 
et al., 1988). Treatment with acarbose significantly reduced the glomerular 
basement membrane glycation (Cohen et al., 1991). Changes in faecal bile 
acid and neutral sterol excretion found during acarbose treatment may 
explain the protective effect of starch malabsorption on colon cancer 
development (Bartram et al., 1991). 

The ability of acarbose to lower plasma glucose concentration was studied 
in 12 patients with NIDDM who were poorly controlled by diet plus 
sulphonylurea drugs (Reaven et al., 1990). Neither the plasma insulin 
responsc to meals nor insulin-stimulated glucose uptake improved with 
acarbose therapy, consistent with the view that acarbose improves glycaemic 
control by delaying glucose absorption. In control obese mice receiving a 10% 
sucrose-enriched diet, acarbose decreased the gain in body weight, and 
prevented the rise in glycaemia and insulinaemia (Le-Marchand-Brustel et 
al., 1990). Insulin receptor autophosphorylation and tyrosine kinase activity 
were altered in treated and untreated obese mice compared with lean mice 
(Le-Marchand-Brustel et al., 1990). 

Acarbose slows the absorption kinetics of dietary carbohydrates by 
reversible competitive inhibition of a-glucosidase activity, and so reduces the 
postprandial blood glucose increment and insulin response. For these 
reasons, the drug has been successfully used not only in the treatment of 
Type-I and Type-II diabetes, but also in the management of reactive 
hypoglycaemias and dumping syndrome (McLoughin et al., 1979; Jenkins et 
al., 1982; Speth et al., 1983). Some results indicate that an a-glucosidase 
inhibitor accelerates mouth to caecum transit time by inducing carbohydrate 
malabsorption (Ladas et al., 1992). 

2.2.1 Glycogen Metabolism 

The metabolism of skeletal-muscle glycogen is unaffected because of the 
inability of acarbose to be absorbed (see below) (Calder and Geddes, 
1989). 

2.2.2 Lip id  Metabolism 

Rabbits fed 30 mg/day acarbose showed reduced levels of plasma cholesterol, 
intermediate-density lipoprotein (IDL) and LDL (Kritchevsky et al., 1990); 
sudanophilia was reduced by 23% in rabbits fed 7.5 mg/day acarbose and by 
43% in rabbits fed 15 or 30 mg/day (Kritchevsky et al., 1990). The decrease 
in total cholesterol was shown to be a consequence of a significant reduction 
in LDL cholesterol. Since HDL cholesterol concentrations remained unal- 
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tered, the ratio of HDL/LDL cholesterol changed in a beneficial way 
(Walter-Sack et al.,  1989). Acarbose has been shown to lower serum 
cholesterol (Kritchevsky et al., 1990; Leonhardt et al., 1991), and to inhibit 
atherogenesis in rabbits fed 0.2% cholesterol (Kritchevsky et al., 1990). 
Acarbose decreases cholesterol and fasting triglyceride concentrations, 
whereas the postprandial increment in triglycerides is not diminished 
(Walter-Sack et al., 1989). Both the triglyceride- and cholesterol-lowering 
efficacy were less pronounced with a higher amount of saturated fat than with 
a lower intake of fat composed mainly of polyunsaturated fatty acids. 

2.3 USES AND ADMINISTRATION 

Acarbose is used in diabetes in addition to other therapeutic regimes in 
connection with diet. Its clinical usefulness was demonstrated (Hanefeld et 
al., 1991) but its extent is a matter of controversy. However, a diet is 
preferable in Type-II diabetes. There are some studies which show the 
usefulness of its combination with sulphonylureas. Considerable individual 
variation is noted in the response to acarbose (Reaven et al., 1990). The use 
of acarbose in patients with NIDDM not well controlled by sulphonylureas 
appears to have significant clinical benefit (Raptis et al., 1982). One study 
suggests that it is not an effective substitute for sulphonylureas in non-obese 
Type-II diabetes uncontrolled by diet alone (Buchanan et al., 1988). 

In addition, some data suggest a possible role in the treatment of Type-IV 
hyperlipidaemia. Nevertheless, the metabolic control of acarbose and 
placebo groups was not statistically different at the end of the study. The 
beneficial effect of acarbose appears to be slight (Rodier et al., 1988). 

Acarbose has no effect on blood parameters. 

2.4 PHARMACOKINETICS 

The site of action of acarbose is the gut, where it is present almost 
exclusively. 

2.4.1 Absorp t i on  

Application of single or multiple doses of acarbose (200-300 mg) resulted in 
an absorption rate of about 0.5 to 1.6% of the ingested dose. Similar values 
were obtained when the mean urinary recovery of unchanged acarbose was 
used to calculate its systemic availability (Piitter, 1980; Piitter et al., 1982; 
MOiler and Hillebrand, 1986). 
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2.4.2 Plasma Levels 

Administration of a single dose of 14C-labelled acarbose (200mg) to 
volunteers who had received the drug three times daily for 4 weeks revealed 
that, at steady state, mean Cma• was 18.4/~g/l and tma x 2.1 h (MOiler and 
Hillebrand, 1986). The level of radioactivity in blood increased markedly 
after 6 h, because of the absorption of metabolites formed in the gut. 

2.4.3 Distribution 

After intravenous injection of 0.4mg/kg in healthy volunteers, plasma 
acarbose concentrations declined biexponentially and fitted the equation for 
an open two-compartment model. The volume of distribution of acarbose 
at steady state following intravenous administration was calculated to be 
about 0.32 l/kg while the apparent volume of the central compartment was 
0.16 l/kg. The mean distribution half-life was found to be approximately 0.5 h 
after intravenous injection (POtter et al., 1982) and 3.7h following oral 
administration (MOiler and Hillebrand, 1986). 

2.4.4 Half-life 

After intravenous administration, the mean elimination half-life was calcu- 
lated to be 2.7-2.9 h (Pfitter, 1980; Pfitter et al., 1982), but there was evidence 
for a third more slowly declining phase (currently below the limits of accurate 
detection) with a terminal half-life of about 9h (Mfiller and Hillebrand, 
1986). 

2.4.5 Metabolism 

Acarbose is degraded in the bowel by various amylases which hydrolyse the 
glucosidic linkages; a-amylases (of small intestinal or bacterial origin) 
produce component-II with three rings (one glucose being liberated) while 
/3-amylases (usually of plant or fungal origin) produce component-I and leave 
a maltose residue (POtter et al., 1982). The metabolites of acarbose are 
systemically absorbed by 10-30% (Sturm, 1992). 

2.4.6 Excretion 

The faecal excretion of acarbose and component-II was almost complete 
within 24 h of administration of a single dose of 300 mg orally and amounted 
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to 16% of the ingested dose; only about 5% of the dose was eliminated in 
the faeces as component-I (POtter et al., 1982). The total body clearance of 
acarbose was calculated to be about 600 l/h (Miiller and Hillebrand, 1986); 
this very high value reflects the low systemic availability and rapid degrada- 
tion of acarbose in the intestinal tract. 

2.5 TOXIC AND SIDE EFFECTS 

Acarbose has no known toxic effects. In contrast, some side effects are known 
(Clissold and Edwards, 1988), and are more frequent at the beginning. 
Systemic side effects are not anticipated since only 10-30% of a dose is 
absorbed and only 2% is "bioavailable". Gastrointestinal disturbances, 
particularly flatulence and meteorism, may occur and are reported to be due 
to gases from non-absorbed carbohydrate in the colon. 

A finding of renal adenomas in rats given acarbose led to extensive 
toxicological studies. 

Because of the delay in absorption of oligo- and di-saccharides resulting 
from its administration, a colic bacterial fermentation occurs, accounting for 
the frequent abdominal discomfort mentioned by the patients. These side 
effects should be lessened with the second-generation glucosidase inhibitors 
now being developed. 

An increase in osmotic pressure due to retention of unabsorbed carbo- 
hydrate in the distal small intestine and proximal colon may explain the 
acarbose-induced diarrhoea that results from sucrose combined with acarbose 
(Hayakawa et al., 1989). In cases of hypoglycaemia, glucose has to be 
preferred over saccharose. 

2.6 INTERACTION WITH OTHER DRUGS 

For a review, see Sachse et al. (1982). Combining acarbose with sulphonylurea 
or metformin or insulin may lead to hypoglycaemia, although acarbose itself 
will not produce hypoglycaemia (doses have to be corrected). The effect of 
acarbose may be reduced by antacids, cholestyramine, pancreatic enzymes 
and adsorbants. Plasma levels of vitamin B6 increased, and vitamin A 
concentrations decreased with acarbose (Couet et al., 1989). 

2.7 CLINICAL STUDIES 

2.7.1 Healthy Volunteers 

It has been understood since the early 1970s (Puls and Kemp, 1973) that 
carbohydrate absorption might be modified by administration of enzyme 
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inhibitors with meals. Most recent evidence for this came from clinical studies 
involving acarbose itself. The effect of acarbose in healthy volunteers is 
characterized by a dose-dependent retardation of the di-, oligo- and 
poly-saccharide digestion with a prolonged rise in the postprandial blood 
glucose curve. 

Several clinical trials in humans have emphasized the profound effect of 
acarbose in inhibiting postprandial carbohydrate absorption. Following a 
100 g oral sucrose load, 90% of the substrate was digested within 200 min 
(Radziuk et al. ,  1982). Following sucrose + acarbose, however, only 62% 
were resorbed in 400 min. Acarbose appears even more effective if given with 
a starchy low-sucrose diet in a premeal dosage which may be as low as 50 mg 
while no effect was seen on glucose absorption. 

In normal-weight healthy volunteers a single dose of acarbose (100mg) 
added to a standard breakfast induced a marked lowering of the postprandial 
rise in blood glucose, serum insulin and triglyceride levels (Hillebrand et al. ,  
1979). Similar results were seen when acarbose was added to lunch or 
dinner. 

In moderately obese subjects the reduction in postprandial glucose by 
acarbose was strictly dose-dependent and accompanied by a striking reduc- 
tion in serum insulin (Sjrstrtim and William-Olsson, 1982). The mechanism 
behind the lowered insulin response is a decreased glycaemic and non- 
glycaemic insulin stimulus (Frlsch et al. ,  1990). Immunoreactive glucose- 
induced polypeptide (IR-GIP) response following acarbose was greatly 
diminished when the glucosidase inhibitor was combined with a liquid mixed 
meal, which was similar to the effects of dietary fibres. 

Acarbose appears also to lower carbohydrate-induced triglyceride over- 
production in normal subjects (Nestel, 1988). The effects of acarbose on total 
triglycerides and cholesterol were investigated in healthy male subjects by 
Walter-Sack et al. (1982). Acarbose was found to reduce fasting total and 
VLDL triglycerides. In addition, acarbose diminished total and LDL 
cholesterol, whereas HDL cholesterol remained unchanged. Thus, the 
HDL/LDL ratio rose markedly. 

The duration of treatment may be important for the effect of acarbose upon 
serum triglycerides. Homma et al. (1982) observed a striking depression of 
VLDL and triglycerides after 3 weeks acarbose, whereas several others did 
not see any effect on lipid metabolism after a short-term treatment 
period. 

Several other long-term effects of acarbose were explored in healthy men 
by Couet et al. (1988). There was an increase in faecal nitrogen excretion, 
while nitrogen balance decreased. Acarbose also increased the faecal 
excretion of starch, fat, iron and chromium. Plasma vitamin A decreased 
following acarbose treatment, while vitamin B 6 increased. 

The blood ethanol peak was delayed by about 45 min by acarbose, and 
the fall in blood ethanol was significantly retarded (Jandrain et al. ,  1988). 
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In healthy humans, acarbose reduces postprandial hyperglycaemia, hyper- 
insulinaemia and hypertriglyceridaemia and may therefore be a useful tool 
for the treatment of diabetic patients and the metabolic syndrome. 

2.7.2 Type-I Diabetes Mellitus 

In Type-I diabetes, insulin is the only drug that can preserve life. Any other 
drug addition can only be a supportive agent. Clinical trials, however, have 
shown that acarbose might help to reduce blood glucose fluctuations when 
given along with insulin (Raptis et al., 1988). This effect could well be 
quantified by the use of the artificial endocrine pancreas and 24 h blood 
glucose monitoring. In brittle diabetes, a reduction in mean and maximum 
blood glucose values was also described (Willms and Sachse, 1982). 
Following an oral sucrose tolerance test, the insulin requirements could be 
reduced by 65% when acarbose was given at the same time. 

In short-term studies, Petzold et al. (1982) observed a significantly lower 
postprandial blood glucose level in insulin-dependent diabetics. Urine 
glucose could be decreased by 80% by acarbose within a 7-day follow-up 
described by Hillebrand et al. (1982), and by 50% as observed by Aubell 
et al. (1983). In long-term studies, Raptis et al. (1982) also demonstrated a 
decrease in insulin requirements following 1 and 6 months acarbose 
treatment. The findings were confirmed by Beyer et al. (1982) in juvenile 
diabetics during the day. 

In a 1-year study by Aubell et al. (1983) blood sugar lowering was not only 
seen postprandially but also in a fasting state in Type-I diabetes. A 20% 
reduction in postprandial hyperglycaemia with decreased insulin require- 
ments and significantly lower HbA1 following acarbose administration was 
noted by Schumann et al. (1982). Serum triglycerides, however, did not 
improve during additional acarbose treatment in Type-I diabetics. 

Acarbose reduced the insulin requirements of Type-I diabetics mainly 
when given immediately before meals, so that no waiting time was necessary. 
The time relationship between insulin absorption and glucose absorption 
(delay) is synchronized by acarbose. An additional acarbose treatment in 
Type-I diabetes should also be applied, when late morning or past-midnight 
hypoglycaemic reactions cannot be handled sufficiently by diet and changes 
in insulin application. Under these conditions, acarbose might stabilize blood 
sugar fluctuations by delaying carbohydrate absorption. 

2.7.3 Type-H Diabetes Mellitus 

In Type-II diabetes, obese patients suffer primarily from a resistance to 
insulin, which may progress to a final state of insulin deficiency after several 



166 ANTIDIABETIC AGENTS 

years of diabetes duration. Initially, however, insulin resistance in Type-II 
diabetes is associated with an absolute or relative hyperinsulinaemia often 
accompanied by obesity, hypertension and hyperlipidaemia, also called 
metabolic syndrome (Reaven, 1988). In these patients, weight reduction is 
the most important therapy and near-normoglycaemic control is a reasonable 
aim. 

When diet and education, however, fail to reach the aim, drug treatment 
must be applied to achieve proper metabolic control, according to the 
individual treatment goals (Alberti et al. ,  1988). 

No insulinotropic substance should be used as a first-line drug in 
hyperinsulinaemic insulin-resistant obese Type-II diabetics with dietary 
failure. The recent pharmacological approach, moreover, has been to delay 
carbohydrate ingestion by a-glucosidase inhibition using acarbose. Probably 
the most important indication for the use of acarbose is the monotherapy 
in dietary failure and the beginning of the drug treatment in hyperinsulin- 
aemic obese Type-II diabetics. This effect, however, is not only dose- 
dependent with respect to acarbose but also with respect to the amount and 
kind of carbohydrate in the diet. Since di- and oligo-saccharides are the main 
substrates for acarbose, a marked blood glucose-lowering effect can only be 
achieved in the presence of a carbohydrate-rich diet. This fits well with the 
recommendations for a diabetic diet according to most national diabetes 
associations. 

A dose-dependence of starch and/or sucrose has been shown. However, 
when mono- and di-saccharides were added to a starch meal, the obvious 
dose-dependence seen with starch alone was lost (Toeller, 1990). 

Acarbose induces a significant blood glucose-lowering effect, in particular 
when given to Type-II diabetics insufficiently controlled by diet alone 
(Rosenkranz et al . ,  1982). After breakfast, postprandial blood glucose was 
reduced by 38 mg per 100 ml and after dinner by 55 mg per 100 ml following 
3 • 100 mg acarbose compared with diet alone (Laube et al. ,  1980). A striking 
dose-dependence was observed in concentrations between 50 and 200 mg per 
meal (Sachse et al. ,  1982). Higher doses cause greater inhibition and result 
in malabsorption of nutrients, fermentation causing flatulence, distension and 
diarrhoea. A relatively narrow therapeutic range has therefore to be applied 
(Taylor, 1990b). Therapy should be started with 1 x 50 mg (or even 25 rag) 
in the morning and increased weekly to a final rate of 3 • 100 mg daily ("start 
l o w -  go slow"). 

In long-term studies of over 6 (Hanefeld et al. ,  1990, 1991) and 12 months 
(Aubell et al. ,  1983), fasting and postprandial blood glucose levels were 
significantly reduced compared with diet alone (Table 8). HbA1 was lowered 
from 9.2 to 8.6%. Other investigators reported a decrease of HbA1 from 10.8 
to 8.5% following 6 months of treatment with 3 x 100 mg acarbose daily. 
There were no changes noted in the efficacy of acarbose. 

Besides the effects on blood glucose, postprandial insulin release was also 
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TABLE 8" 
Blood glucose, after fasting and 1 h postprandial (p.p.), and haemoglobin (HbA1) 

after 24 weeks of treatment with acarbose or placebo 

Acarbose Placebo P 

Blood glucose (mg d1-1) 
Fasting 
lh  p.p. 

HbA1 (%) 
. . . . . . . .  

"Source" Hanefeld et al. (1990). 

153 172 <0.01 
189 243 <0.01 

8.68 9.29 <0.01 
. . . . . . . . . . . . .  

markedly reduced, making acarbose the drug of choice for treating the 
metabolic syndrome after dietary failure (Hanefeld et al.,  1990). In long-term 
trials, acarbose also lowered serum triglycerides and VLDL significantly, 
while cholesterol levels were not affected (Leonhardt et al.,  1991). 

The therapeutic effects of acarbose and biguanides have been compared 
in Type-II diabetics (Pagano and Cavallo-Perin, 1990) and found to be nearly 
equally effective. The same was true in studies (by Schwedes et al. (1982), 
who compared acarbose and metformin in poorly controlled NIDDM, while 
Sch6ffling et al. (1982) reported that acarbose was even more effective than 
metformin. Drost et al. (1982) concluded from their studies, however, that 
there was no basic difference between the hypoglycaemic effects of acarbose 
and metformin. Petersen (1982) tested the efficacy of acarbose versus 
buformin in NIDDM. Acarbose was found to reduce postprandial but not 
fasting blood glucose levels and to be slightly less effective than bufor- 
min. 

In most countries of the Western world, sulphonylureas are the most widely 
used oral antidiabetic agents. With the recognition of the metabolic syndrome 
in many Type-II diabetics, however, it became clear that insulinotropic drugs 
such as sulphonylureas should no longer be the first choice in the initial 
treatment of hyperinsulinaemic insulin-resistant diabetics, if other equally 
effective drugs are available to lower blood glucose levels. For that purpose, 
several studies were conducted to compare the effect of acarbose and 
glibenclamide on blood glucose and HbA1 (F61sch et al. ,  1990; Spengler et 
al. ,  1992). It was found that 3 z 100 mg of acarbose was nearly as effective 
as 3 x 3.5 mg glibenclamide (Fig. 28). Fasting blood glucose decreased from 
8.6 to 6.TmM following acarbose and from 8.6 to 6.TmM following 
glibenclamide. Postprandial blood glucose was lowered from 11.3 to 8.7 
versus 11.1 to 8.2 mM. The incidence of hypoglycaemia in sulphonylurea- 
treated patients was 0.22 per 1000 patient-years, while no hypoglycaemic 
episodes were reported in acarbose-treated patients (Wiholm and Wester- 
holm, 1984). 
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FIG. 28. HbA1 levels during 6 months of treatment with acarbose or glibenclamide. 
(Source: F61sch et al., 1990.) 

The combination of acarbose and sulphonylureas is mainly used in patients 
with secondary sulphonylurea failure. Rosak (1990) reported a lowering of 
fasting blood glucose by 42 mg per 100 ml in diabetics treated with acarbose 
and sulphonylureas versus 14mg per 100ml with only sulphonylureas. 
Postprandial blood glucose was decreased by 57 mg per 100ml, while 
sulphonylureas alone produced an increase of 4 mg per 100 ml in secondary 
sulphonylurea failure. 

The combination of sulphonylureas and acarbose (3 • 100mg) versus 
sulphonylureas and phenformin (75 mg) was tested for 3 months by Pagano 
and Cavallo-Perin (1990), who could not find any significant difference 
between the two treatments as far as blood glucose, plasma insulin and HbA1 
were concerned. However, there was a 20% increase in plasma lactate in the 
biguanide group and no variation in the acarbose patients. 

The treatment with acarbose of Type-II diabetics who had already been 
transferred to insulin, revealed an insulin-saving effect. The total daily insulin 
dosage was reduced by 10 IU per patient with acarbose, while insulin and 
placebo increased the daily insulin dosage by 0.7 IU. Blood glucose levels 
in the acarbose group was lowered (Rosak, 1990) and HbA1 was decreased 
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from 9.1 to 7.5% in 29 Type-II diabetics. Fasting blood glucose was lowered 
by 0.3 mM, while with insulin only blood glucose increased by 1.1 mM. 

In patients with diabetes plus liver cirrhosis, acarbose treatment appears 
to be favourable because it improves the detoxification of ammonia (Miiting, 
1984). Acarbose induces an increased growth of lactobacteria, lowers 
intestinal pH and hyperammonaemia, inducing a beneficial effect on 
portosystemic encephalopathy. It also reduces lipolysis and ketogenesis in 
cirrhotic patients (Zillikens et al., 1989), following a late evening meal with 
100 mg acarbose. 

In conclusion, the best indication for acarbose is in the early stages of 
NIDDM and in overweight diabetic patients who do not respond well to diet 
therapy. Acarbose can be used as monotherapy and also in association with 
sulphonylureas and insulin. It lowers postprandial and fasting blood glucose, 
decreases hypertriglyceridaemia and hyperinsulinaemia, and improves HbA1. 
It is therefore justified to expect also a beneficial effect of acarbose on the 
development of long-term diabetic complications. 
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Increased aldose reductase activity is observed in tissues which are affected 
by complications of diabetes mellitus. The possible participation of the polyol 
pathway in the pathogenesis of these complications led to detailed evaluation 
of the role of this system both to improve the understanding of diabetes 
mellitus and to open up new therapeutic possibilities in the prevention of 
complications. The underlying therapeutic idea is to prevent lesions caused 
by high glucose concentrations. This seems to be possible for those tissues 
with insulin-independent glucose uptake and high activity of the polyol 
pathways (for a detailed review on aldose reductase see Sarges, 1989). 

1 Chemistry 

The development of aldose reductase inhibitors began in 1967, when 
tetramethyleneglutaric acid (TMG) was introduced as the first non-cytotoxic 
inhibitor of aldose reductase in experimental models (Kinoshita et al., 1968). 
Of more than a hundred potential aldose reductase inhibitors with in vitro 
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FIG. 29. Chemical structure of some aldose reductase inhibitors. 

activity, only about half a dozen showed sufficient aldose reductase-inhibiting 
activity and acceptable toxicity in vivo and in man. 

Apart from ad hoc designed compounds, a number of natural products 
and their derivatives, predominantly heterocyclic alkanoic acids, are known 
to inhibit aldose reductase. These are rhodanine derivatives (Tadeo et 
al., 1982), quinolineacetic acid derivatives (Poulsom and Heath, 1983), 
phthalazinoneacetic acid (Stribling et al., 1983), furanopropionic acid and 
synthetic analogues (Okamoto et al., 1984), coumarin-4-acetic acid deriva- 
tives (Sarges et al., 1980), benzopyran- and benzothiopyran-carboxylic acids 
(Belletire, 1980), and a number of natural and synthetic flavones. This wide 
variety of compounds is representative of the chemical heterogeneity of such 
inhibitors. Nevertheless, a chromone ring system is common to all aldose 
reductase inhibitors. 

Recent chemical developments are: (1) tetramethyleneglutaric acid (AY- 
20,037) (Ayerst); (2) alrestatin (Ayerst) (Fig. 29); (3) tolrestat (Ayerst) (Fig. 
29); (4) epalrestat (Ono); (5) sorbinil (Pfizer) (Fig. 29); (6) ponalrestat 
(ICI-128,436) (ICI). 

2 Functions of Aldose Reductase 

2. l BIOCHEMISTRY OF ALDOSE REDUCTASE 

Aldose reductase, an aldoketo reductase, is ubiquitous in mammalian tissues. 
By reducing glucose to sorbitol (the latter being oxidized to fructose) aldose 
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reductase is responsible for the first steps in the polyol cycle. Aldose 
reductase has a broad substrate specificity including glucose and galactose. 
Generally, the affinity of aldose reductase for glucose is low, the enzyme 
operating at low catalytic rates. Its activity increases when hexokinase is 
saturated and high glucose levels are present. Sorbitol, which is produced 
under these conditions, accumulates in the cell, thus creating an osmotic 
effect and thereby tissue hydration. This may underlie, at least in part, certain 
complications of diabetes. 

Although aldose reductase is a widely distributed enzyme system, its 
general physiological role remains to be convincingly proven. Its only 
experimentally documented role is its participation in the generation of 
diabetic complications. 

2.2 ALDOSE REDUCTASE-RELATED COMPLICATIONS 

The participation of aldose reductase in the development of diabetic 
complications is assumed to be based on a triad of tissue effects: sorbitol 
accumulation, myo-inositol depletion and decreased activity of Na/K- 
ATPase. These alterations, first described in the ocular lens, also occur in 
other tissues like the renal glomerulus, peripheral nerves and the retina. The 
enhanced activity of aldose reductase may therefore be involved in the 
development of diabetic neuropathy, diabetic retinopathy and diabetic 
nephropathy, although it may not be the sole factor underlying these 
complications. 

3 Action of Aldose Reductase Inhibitors 

Most aldose reductase inhibitors (e.g. sorbinil, alrestatin, tolrestat and 
ponalrestat) inhibit the enzyme in a non-competitive or uncompetitive way 
- they compete neither with the substrate nor with the cofactor (NADPH). 
Therefore, an inhibitory binding site in the enzyme is postulated (Sarges, 
1989). 

3.1 ACTION ON NEURAL TISSUE 

Aldose reductase is present in the Schwann cell body but not in the axon. 
Activation of the polyol pathway depletes myo-inositol and inactivates 
Na/K-ATPase activity of nerve cells, leading to a reduction in the nerve 
conduction velocity, at least in diabetic animals. 

myo-Inositol is important for the phosphoinositide-mediated regulation of 
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Na/K-ATPase (Greene et al., 1987a), the inositol phosphate pathway linked 
to the Na/K-ATPase by a PKC-dependent mechanism (Lattimer et al., 1989). 
Depletion of inositol phosphates leads to an accumulation of intracellular 
Na + and therefore reduced ability to generate action potentials. This effect 
can be prevented by the use of aldose reductase inhibitors, and is also 
improved by insulin or the addition of myo-inosi tol .  The same mechanism 
is attributed to structural and morphological lesions in diabetic peripheral 
nerve disease like swelling of large myelinated nerve fibres at the Ranvier 
nodes, the axo-glial dysjunction, axonal degeneration and deformity of 
nerves (Sima et al., 1986). Inhibition of aldose reductase activity can reverse 
the paranodal swelling in diabetic BB-rats (Greene et al., 1987b), and 
increases the number of regenerating myelinated nerve fibres in patients with 
established diabetic neuropathy (Sima et al., 1988). 

3.2 ACTION ON RETINA 

Loss of mural cells (pericytes) in the retinal microcapillaries is a typical event 
in diabetic retinopathy. These mural cells contain aldose reductase and 
accumulate sorbitol in experimental hyperglycaemia (Buzney et al., 1977), 
leading to degenerative changes implying participation of the polyol pathway 
in cell death. 

Use of aldose reductase inhibitors prevents the loss of pericytes in animals 
maintained on high-galactose diets (Robinson et al., 1989). Also, in 
streptozocin-diabetic or fructose-fed rats the development of retinopathic 
changes was prevented by aldose reductase inhibitors (Kojima et al., 1985). 
In contrast, collagen synthesis by retinal pericytes was unaffected (Li et al., 
1985). 

The overall accumulation of sorbitol in the retina of diabetic rats seems 
to be of little significance, but the distribution of the polyols in the different 
cellular locations could produce osmotic force. In alloxan-diabetic animals 
the above-mentioned triad of myo-inosi tol  depletion, reduced Na/K-ATPase 
activity and activation of PKC following accumulation of sorbitol is seen and 
can be prevented by inhibition of aldose reductase (MacGregor and 
Matschinsky, 1985), although the impact of this system on the generation 
of diabetic retinopathy remains to be established. 

3.3 ACTION ON KIDNEY 

The presence of aldose reductase in glomerular epithelial and mesangial cells 
(Corder et al., 1977) and its increased activity in hyperglycaemia (Kikkawa 
et al., 1987) suggest participation of the polyol cycle in the development of 
diabetic nephropathy. This is supported by the fact that the above-mentioned 
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triad was found in the renal glomeruli in most studies normalized by aldose 
reductase inhibitors (Bank et al. ,  1989). 

4 Pharmacokinetics 

The development of aldose reductase inhibitors as useful drugs is actually 
at the stage of evaluation of their pharmacodynamic benefit. Data on the 
pharmacokinetic properties of these drugs are therefore rather scarce. In 
addition, owing to their chemical heterogeneity, no common principles can 
be established. 

4.1 ABSORPTION 

Tolrestat is absorbed after oral administration to the extent of about 70% 
in man. Data on different animal models give higher values (Dvornik et al. ,  
1988). 

4.2 PLASMA LEVELS 

The maximal plasma level after a single oral dose of 100 mg tolrestat is about 
5-8 ~g m1-1 which is reached after about 2 h. Multiple oral dosing (twice 
daily) results in a steady state after 6 days, and no unexpected accumulation 
occurs, yielding linear pharmacokinetics even during chronic dosing (data 
from Wyeth-Ayerst Int. Inc.). 

4.3 DISTRIBUTION 

The plasma protein binding of tolrestat is very high, only 0.7% of the drug 
being free in the plasma. No competition exists with warfarin, but to some 
extent with high concentrations of tolbutamide or salicylate (Moulds et al . ,  
1991). 

4.4 HALF-LIFE 

The plasma half-life of tolrestat after a single dose is about 10-13 h in both 
healthy and diabetic volunteers (Hicks et al. ,  1984). 
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4.5 ELIMINATION 

About 70% of tolrestat is eliminated via the kidneys, of which about 60% 
is unchanged. About one-quarter of a dose can be recovered in the faeces. 
Tolrestat is metabolized to oxo-tolrestat and sulpho-tolrestat (Wyeth-Ayerst 
Int. Inc.). 

5 Pathological Changes in the Pharmacokinetics 

Renal dysfunction reduces the clearance of tolrestat, with corresponding 
increases in the half-life. No effect was reported on the volume of distribution 
or absorption, suggesting that the dose should be reduced in renal failure 
(Troy et al.,  1992). The fact that one-third of the dose is eliminated by the 
liver makes it possible to use the drug even in both liver and kidney 
dysfunction if the possible doubling in the plasma levels is compensated by 
a reduction in the dosage. 

6 Toxic and Side Effects 

Unsuccessful development is often due to toxicological problems which 
remain unpublished. Hence little is publicly known about the toxicity of 
aldose reductase inhibitors. 

The presence of aldose reductase in many tissues, which may not be 
involved in diabetic complications, makes unwanted effects likely, although 
isozymic differences in the enzyme in different tissues may be possible. Since 
aldose reductase inhibitors are not yet regularly used and since the effects 
of long-term inhibition of aldose reductase are not yet known, knowledge 
on possible unwanted effects is scarce. Information on side effects is therefore 
based only on individual reports. 

The absence of side effects in a 1-year clinical trial with ponalrestat was 
reported by Ziegler et al. (1991), but in this study no therapeutic efficacy 
was seen! A 6-month study with ponalrestat to elucidate the effects on kidney 
function was also free from side effects (Pedersen et al.,  1991). Dizziness, 
possibly based on a blood pressure-lowering effect, was reported for tolrestat. 
In addition, hepatocyte lesion accompanied by changes in hepatic parameters 
within the first 3-6 months of treatment was seen (Ryder et al.,  1987). For 
sorbinil, significant hypersensitivity reactions have been reported (Sarges, 
1989). 
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7 Interaction with Other Drugs 

No report on drug interaction exists as yet. Possible interactions based on 
plasma protein binding are discussed in the pharmacokinetic section. 

8 Clinical Trials 

8.1 INTRODUCTION 

The design and interpretation of clinical trials to validate the effects of aldose 
reductase inhibitors are difficult. The role of aldose reductase in different 
tissues is quite different, the enzyme appearing typical in the respective 
tissues and species. Furthermore, since the activity of the enzyme is high only 
in the presence of high glucose concentrations, it will be very difficult if not 
impossible to design appropriate studies with untreated control patients, 
especially when taking into account the long-lasting and irreversible develop- 
ment of diabetic complications (Kirchhain and Rendell, 1990; Stribling, 
1990). Problems also arise from the safety and efficacy of the different 
compounds being developed by different companies. The lack of clear 
relationships between structure and action for this class of drugs implies that 
the failure or benefit of one compound may probably not be valid for another. 
Therefore, missing data cannot be taken as proof or lack of usefulness. 

8.2 EFFECT ON NEUROPATHY 

Because the development of diabetic neuropathy has a point of irreversibility, 
the benefit of aldose reductase inhibitors is restricted to the early stages of 
this process (Masson and Boulton, 1990). 

Tolrestat was able to stop the progression of neuropathy in a 1-year 
placebo-controlled clinical trial (Giugliano et al. ,  1993), and even a reversal 
of mild forms of autonomic and peripheral neuropathy was observed. 
Boulton et al. (1990) have also been able to show improvement in nerve 
conduction velocity by tolrestat. Ponalrestat was unable to improve the signs 
of peripheral neuropathy although it was effective on autonomic neuropathy 
(Sundkvist et al. ,  1992). In another study, the absence of any curing effect 
of ponalrestat was reported (Ziegler et al. ,  1991). 

8.3 EFFECT ON DIABETIC RETINOPATHY 

A lack of effect on the course of minimal diabetic retinopathy of ponalrestat 
was reported by Tromp et al. (1991). For sorbinil, there was no preventive 
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effect on retinopathy in a 41-month trial (Sorbinil Retinopathy Trial Research 
Group, 1990). 

8.4 EFFECT ON DIABETIC NEPHROPATHY 

No conclusive trials on possible benefits on diabetic nephropathy have yet 
been published. 



Conclusions 

The use of present and future antidiabetic drugs in Type-I and Type-II 
diabetes mellitus must be based on the pathophysiological and molecular 
aspects of these diseases. 

In Type-I diabetes, which is due to the loss of insulin-producing cells as 
a consequence of autoimmune disorders, substitution of insulin is the most 
important measure. However, merely to inject one daily dose is not an 
adequate therapy. Here, the objective is to mimic the daily variations in 
plasma insulin which are closely related to food intake. One such attempt 
which has improved microvascular complications is intensified insulino- 
therapy through multiple daily injections of insulin. Another approach is to 
develop techniques of islet transplantation and using a bioartificial pancreas. 
In the case of islet transplantation, tissues will not only respond to changes 
in blood glucose levels but also to hormones of the entero-insular axis. 

Prevention of Type-I diabetes mellitus is also an important target. Here, 
methods must be improved for the detection of relevant markers appearing 
in the blood before the destruction of B-cells by the immune system. In this 
connection, further development of immunosuppressive agents with minimal 
side effects and high specifity against B-cell destruction is necessary. 

Since Type-II diabetes mellitus is quite different from Type-I in its 
pathophysiology, other therapeutic concepts (except the administration of 
insulin) must be envisaged. Diet, weight control and education of the patient 
take place before any antidiabetic drug is used. If we accept the follow- 
ing chain of events, namely insulin res is tance~hyperglycaemia~ hyper- 
insulinaemia---~exhaustion of the secretory mechanism---~defective insulin 
secretion and, in addition, increased glucose production in the liver, the 
following strategies are reasonable. 

The first aim is to lower blood sugar levels by retarding glucose absorption. 
This is the goal of compounds that inhibit glucose absorption. In fact, 
acarbose has not only been shown to lower postprandial glucose and insulin 
levels but also to improve HbA~ values. However, there are still no data 
indicating a long-term protecting effect against diabetic complications. 

A second possibility for lowering blood glucose without the help of B-cells 
are compounds that improve peripheral glucose utilization by a direct effect. 
Here, biguanides are effective. They have been shown to lower blood 
glucose, body weight and HbA~c values. However, for biguanides also, no 
proof of prevention of diabetic complications is yet available. Nevertheless, 
the development of agents that improve peripheral glucose uptake/utilization 
and/or the sensitization of tissues to insulin should be encouraged. A possible 
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target could be the insulin receptor tyrosine kinase. Such compounds could 
probably protect B-cells first from overstimulation and second from exhaus- 
tion of the secretory mechanism. If hyperglycaemia is the consequence of 
defective secretory machinery, the use of sulphonylureas is justified. If it is 
true, as recently suggested, that "glucose toxicity" inhibits GLUT-2 and 
glucokinase expression, then it must be assumed that glucose metabolism in 
the B-cell does not provide sufficient signal metabolites in order to initiate 
and modulate insulin secretion. Here, sulphonylureas that trigger insulin 
release directly via closure of KAT P channels are a pharmacological 
alternative for the provision of insulin. The lowering effect on blood glucose 
and HbAlc by sulphonylureas is well known, although in this case also a 
protective effect against diabetic complications has yet to be proven. It 
should, however, not be forgotten that treatment of Type-II diabetics with 
antidiabetic drugs will improve acute symptoms of this disease. In theory, 
improvement of insulin release could also be achieved by compounds that 
enhance glucose metabolism of the B-cell or increase the positive modulating 
effects of adenylate cyclase and/or PLC. 

The mechanism by which glucose production in the liver is elevated in 
Type-II diabetes is unclear. It is conceivable that it is the result of decreased 
sensitivity to insulin. Nevertheless, compounds that inhibit hepatic glucose 
production/output may also be potential antidiabetic drugs. 
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Islet transplantation, 179 
Isoniazid, 68 

Lipoprotein effects 
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