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Dedication

This book is dedicated to my teacher and mentor and my very good friend, Knud Lundbcek (1912—1995).
He was a dedicated physician taking care of diabetic patients as well a researcher and teacher for many
young physicians. After his retirement, he explored new areas, namely the interrelationship between
different cultures. He was really a foresighted man.

Carl Erik Mogensen, Aarhus, March 2007

Introduction

In 1991, T wrote with Eberhard Standl in a book on pharmacology of diabetes: “Treatment of diabetes has
become an increasing challenge to the clinicians in recent years. A rapid development has taken place
within a number of pharmalogical areas, both with respect to insulin-dependent and non-insulin-dependent
diabetes, and also within the prevention and treatment of complications of both types of diabetes.”

This is even more true today. Since then we have observed a rapid development in the area with new
drugs for treatment of hyperglycemia — both oral agents and new insulin preparations. Indeed, within the
area of complications, there are also many new perspectives in the treatment strategy. Combination treat-
ment with agents that treat hyperglycemia is more and more important, also in combination with several
agents controlling the complications has become more and more common. It is not unusual that patients
receive four or five or six or even more drugs.

Problems within diabetes treatment can usually be divided into two phases, namely (i) acute and short-term
treatment of patients and related to well-being and near-perfect physical abilities for professional and
leisure activities, most often related to good metabolic control. (ii) On the other hand, the long-term per-
spective is preventive treatment of complications, both microvascular and vascular complications. Under
special situations such as pregnancy, treatment is critical. A number of co-morbid situations are important:
heart disease (although not always specifically related to diabetes), obesity (an increasingly important
problem), and lipid management (very common). Since 1991, we have seen a rapid development in the
treatment of one important issue, namely treatment of erectile dysfunction, which is even more important
in diabetic than in nondiabetic individuals.

The so-called metabolic syndrome is also becoming more and more pertinent and an increasing
number of patients fulfill that criterion (although it may not be a true syndrome); therefore, multifac-
torial intervention is important. Indeed, this book is meant as a working guide and a source for more
basic knowledge regarding pharmacological treatment, for the practising diabetologist, the internist,
and the general physician.



vi Dedication

It has been a great pleasure for me to work with many colleagues, most of them personal and/or
professional friends that I have known for many years. They represent, I believe, the clinical excel-
lence in diabetes treatment, and it has been possible to collect all the chapters within a few months,
which is quite remarkable when you have some experience in editing books.

Finally, I would like to thank the publishers — Springer, who are very much involved in diabetes
treatment in general. It has been a pleasure to work with them throughout the whole process — from
creating the idea to seeing the book on the street.

References
1. Pharmacology of diabetes. Present practice and future perspectives. Eds C.E. Mogensen and E. Standl. Walter de

Gruyter, Berlin/New York, 1991.

Editorial assistant: Birgitte Josefine Henriksen



Aperitif

Edwin Gale, Bristol, UK

Why should anyone bother to put a textbook together? I have often wondered about this, even while doing
the job myself. All those who have engaged in this activity will tell you that the work will be harder than
you can imagine, that chasing reluctant authors is a depressing business, and that there are easier ways of
making money. Worse still, the book you produce will typically have many competitors, and is destined to
suffer from built-in obsolescence. All these are questions for those who create a textbook. For you, the
reader, the question is: should you consider looking further into this one?

I think you should. The reason, I suggest, is that physicians treat patients, and that this is a book about
treatment. Therapy for diabetes is life-long, monotonous, demanding, and has benefits that are mostly
deferred into a distant future. Pleasing though it is for patients to learn that their cholesterol, blood pres-
sure, or glycated haemoglobin have fallen within the target range, the fact is that they often feel no better
in consequence, and may sometimes actually feel worse. The main argument we can offer them in defence
of a demanding diabetes regimen is that—as Maurice Chevalier said of old age — it is so very preferable to
the alternative.

A celebrated physician once remarked that it is not the disease that has the patient, but the patient that
has the disease, that matters. Nowhere is this more true than for diabetes, for which no treatment will work
unless the patient is committed to its success. Insulin is often its own argument, since patients feel so
much better for it that they are often reluctant to stop. This is not the case when it comes to pills: people
like to ask for them, but are less enthusiastic when it comes to swallowing them on a regular basis—and
no medication will work if the patient is not taking it.

Doctors are, or should be, passionate advocates for the benefits of the treatment they offer. Their pas-
sion and their advocacy provide the core element in therapy. However, how do we know which treatment
is best? Guidelines are necessary and useful, but choosing the right set of treatments, with the help of the
person who will have to take them, is the essence of good medicine. And here the choices become ever
more complex. Since diabetes is so intimately involved with lifestyle, especially in the overweight, behav-
iour change is the necessary prelude to any other intervention. Beyond this point, the options proliferate.
There are currently nine classes of glucose lowering medication in development or on the pharmacist’s
shelf, each with its advantages and disadvantages. Further choices as to lipid-lowering and antihy-
pertensive agents will have to be made, with the possible addition of anti-obesity medication. And behind
these routine elements of therapy come all the special situations, pregnancy, foot ulcers, erectile dys-
function, and so forth. The diabetes physician must be equipped to deal with all of these, and this is a
book which covers them all, which is refreshingly up to date, and currently seems to have no competitors.

It might seem that there is no lack of good advice about medication for diabetes. Specialist associations
issue an unending stream of guidelines, and government agencies are increasingly guided by advisory
bodies such as the National Institute for Clinical Excellence (NICE) in the UK, bodies which review the
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evidence and advice as to how money for health care should be spent. Meanwhile, big Pharma continues to
generate new therapies, at ever-increasing cost to the consumer. According to one analysis, global drug costs
of US$3.8 billion dollars for diabetes in 1995 expanded to an estimated US$17.8 billion in 2005, and are
projected to hit US$27.9 billion by 2010 [1]. As these estimates reveal, we have entered a realm of
unsustainable costs and diminishing returns. And it is here, at the cutting edge of pharmacological inter-
vention, that evidence-based medicine lets us down, for the sources of information are controlled by
those who wish us to invest in their therapy.

How then do we make the best choice for the patient sitting in front of us? At the end of the day, the
wisest advice will usually come from experienced, impartial, and critical clinicians, which is what this
book has to offer.

Reference

Hauber A, Gale EAM. The market in diabetes. Diabetologia 2006;49:247-252.
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Pharmacoepidemiology of Diabetes

Jgrgen Rungby and Andrew J. Krentz

Keywords: Pharmacoepidemiology, Pharmaco-
economics, Pharmacosurveillance.

The Epidemiology of Antidiabetic
Drugs

Type 1 Diabetes

Type 1 diabetes requires insulin treatment soon
after diagnosis and thereafter insulin must be
continued life-long without interruption. By some
definitions type 1 diabetes may have shorter or
longer periods early in the disease during which
insulin is not yet needed. Insulin secretagogues
are often used in such cases before the diagnosis
becomes clear, but they will eventually fail to con-
trol hyperglycaemia as marked insulin deficiency
becomes established. Furthermore, as the obesity
epidemic also strikes in patients with type 1
diabetes, combinations of classical insulin treat-
ment regimens with insulin sensitizers, metformin,
and in some countries, thiazolidinediones, are
becoming more common. Nonetheless, for the
5-10% of the world’s diagnosed diabetics who
have type 1 diabetes, insulin monotherapy
remains lifesaving therapy. The prevalence of
type 1 diabetes varies enormously with popula-
tion genetics, a subject that has been thoroughly
discussed elsewhere. Within the seven major
insulin markets (USA, Japan, France, Germany,
Italy, Spain, UK - total sales) the prevalence
of type 1 diabetes ranges from 0.2% (Japan) to
0.7% (Germany). In these countries alone, more
than 3.1 million (with an expected increase to

3.4 million in 2011) people are affected. Even
though insulin treatment is mandatory, a number
of issues cause continued concern from a phar-
macoepidemiological viewpoint.

Availability of Insulin

Unfortunately insulin, even in standard formulations
(porcine, bovine or human insulin in vials for sub-
cutaneous injections), is not necessarily accessible
to all patients with type 1 diabetes. In a survey by
the International Diabetes Federation (IDF) Task
Force on Insulin performed in 2003 [1], only 44
and 40 out of 74 responding countries reported
uninterrupted access to insulin for people with type
1 or type 2 diabetes, respectively. Thus, in 30 coun-
tries, people with type 1 diabetes were without con-
tinuous access to insulin. Cost remains a major
cause of lack of access. However, availability,
transportation problems and poor quality of insulin
were also reported as major issues. There are con-
siderable regional differences with African coun-
tries reporting the worst situation. An unfortunate
consequence of low access to insulin is pressure on
health personnel and authorities to give preference
to people with type 1 diabetes over people with
type 2 diabetes. However, as highlighted recently
by Beran and Yudkin [2] the life expectancy of
patients with type 1 diabetes in parts of sub-
Saharan Africa remains extremely short. This situ-
ation has changed little in some countries over the
last decade. On a global basis, the commonest
cause of death in a child with diabetes eight
decades since the discovery of insulin is lack of
access to the drug. The recent decision by



NovoNordisk to make insulin available to 50 of the
world’s poorest counties at no more than 20% of
the average price in Europe, North America and
Japan has been applauded [3]. However, the impact
of this initiative has so far been limited.

New Insulin Formulations

In many countries, animal insulin in vials remains
the cheapest and most accessible form of insulin,
although in North America human insulin is now
the cheaper option. The paradigms for insulin treat-
ment have changed within the last two decades
with the introduction of insulin analogues and, to a
certain extent, increasing use of insulin pumps as
an alternative to subcutaneous injections. Currently
a new change is emerging, namely the use of non-
injection insulins, with inhaled insulins becoming
available in some countries [4]. In contrast to the
situation in type 2 diabetes, there is as yet no con-
vincing evidence for insulin treatment during the
pre-diabetes phase of type 1 diabetes. The market
therefore reflects the prevalence and availability of
insulin and, unfortunately, health economy politics
including reimbursement policies.

The Global Insulin Market

Sales of rapid-acting analogues of insulin now
exceed those for human sequence insulin. Humalog
and Novolog (Novorapid) had combined sales
totalling US$1555.2 million in 2005 compared with
US$870.2 million for all other rapid-acting insulins,
Humalog being the market leader. The intermediate-
acting insulins, Humulin and Novolin (Insulatard)
being the dominant examples, sold US$1050.8 mil-
lion in 2005, which was a small decrease compared
with 2004. The market (US$1576.8 million in 2005)
for prolonged-duration analogues is dominated by
Lantus, with Levemir gaining some ground since its
introduction. All insulins, including premixed for-
mulations with a sale of US$2256.1 million in 2005
and dominated by Novolog Mix, Novolin Mix and
Humalog Mix, are used for both type 1 and type 2
diabetes (all data from [5]). As a consequence there
has been a general increase in the use of insulin.
Data from recent years in Denmark (with an esti-
mated 25,000 patients with type 1 diabetes and more
than 200,000 patients with type 2 diabetes) are
shown in Fig. 1. Data from France [6] showed a

Jgrgen Rungby and Andrew J. Krentz

A Total use of Insulins, Denmark
30.000
25.000
A 20.000
8
o 15.000
o
o
~ 10.000
5.000
0
B Use of Fast-acting Insulins, Denmark
6.000
5.000
a 4.000
8
o 3000
[=]
o
~ 2.000
1.000
0
C Use of Basal Insulins, Denmark
12000
10000 —
A 8000 ] =
8 n n n N n
g 600018 8 g g S -
[=] - N [95) Sy [9)]
o
~ 4000 =
2000 L
0 il

FiG. 1. Trends in the use of insulin in Denmark in the
new millennium, all insulins (defined daily doses, DDD)
(A), fast-acting insulins (left human insulin, middle
lispro, right aspart) (B), basal insulins (left glargine,
middle detemir, right human insulin) (C). (From The
Danish Medicines Agency at www.dkma.dk.) The numbers
reflect the use of insulin in 44,467 patients in 2001,
increasing to 56,501 in 2005. Total use of analogues is
increasing.

tripling of the use of insulin from 1976 to 1989 most
likely driven by the increasing burden of type 2 dia-
betes. In addition, the adjuvant use of novel amyli-
nomimetics has gained some ground in the USA.
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Prescribing of Insulin in Type 1 Diabetes

Internationally, guidelines for the treatment of
type 1 diabetes vary little between countries. In
essence, the goal remains near-normal glucose
levels without inducing severe hypoglycaemia.
The options available are legion although the
intrinsic limitations of subcutaneous insulin deliv-
ery continue to act as a barrier to attainment of
this goal in the majority of patients. Although
some regimens appear to offer certain advantages
over others [7], the choice of treatment remains
dependent on the availability of insulin prepara-
tions (and delivery systems), local professional
expertise and provision of support, and individual
preferences of both patients and the diabetes
healthcare team. As stated above, while para-
digms of care may change, the choice of therapy
often reflects the impact of factors other than
evidence for treatment efficacy (and safety). For
example, in otherwise comparable markets
(Denmark and Sweden), the use of continuous
subcutaneous infusion systems varies signifi-
cantly [8] according to reimbursement policies.

Type 2 Diabetes

In the majority of subjects type 2 diabetes is usu-
ally not well controlled by lifestyle modifications
and so presents major challenges to pharmacother-
apy. The increasing number of ways to attack the
cardinal metabolic defects of type 2 diabetes —
insulin resistance and beta-cell failure — leaves
patients and doctors with numerous possibilities
for pharmacological interventions. The forecast of
increased prevalence of diabetes in the coming
years raises enormous ethical and practical ques-
tions, which must be resolved to supply patients
with the necessary drugs. Data from the IDF sug-
gest that overweight and obesity will affect major
proportions of the population in the USA and large
European countries, with France at 36% and the
USA at 51.9% [1] by 2011, the latter increasing
from 45.5% in 2005. Unless this trend is reversed,
which at the moment appears unlikely, type 2 dia-
betes will affect significant proportions of the pop-
ulation. In 2005, Italy registered 6.2% of its
population as having type 2 diabetes (increasing
from 6.0% in 2004); corresponding figures
from the USA were 6.1% and 5.9%. In the USA,

diabetes mortality increased form approximately
68,000 deaths in 1999 to 74,000 deaths in 2003.
Diabetes is the sixth leading recorded cause of
death in the USA [5].

Availability

Varying with socioeconomics and health policies,
the availability of oral or injectable antidiabetic
agents varies. However, basic drugs for beta-cell
stimulation, the sulphonylureas, and for treating
insulin resistance and increased hepatic glucose
output (the biguanides) remain cheap, effective and
widely accessible. Alpha-glucose inhibitors and, in
particular, thiazolidinediones, retarding the rates of
intestinal glucose absorption and tissue insulin
resistance, respectively, are alternatives that have
been increasing in use and availability.

The Market for Antidiabetic Agents
for Type 2 Diabetes

Including insulin, half of the global diabetes
market is accounted for by the USA. Other major
markets are Germany (7%), the UK (4%) and
France (3%). Highly populated countries with sub-
stantial numbers of people with diabetes such as
Russia and Brazil each account for approximately
1% of the market. The market is dominated by
(54%) original branded drugs; however, generics
account for some of the market and unknown
numbers of patients are treated with “generics” in
countries such as China and India where licensing
regulations are less strict [5]. Oral antidiabetic
drugs account for 58% of the total market worth
US$18.6 billion in 2005, an increase of 11.5%
compared with 2004. The market is led by the
thiazolidinediones with a pioglitazone turn-over
worth US$ 2.544 billion in 2005 (rosiglitazone
US$ 2.258 billion, rosiglitazone/metformin com-
bination US$ 382.7 million, metformin US$
518.7 million, glimepiride US$ 857.9 million,
vogiblose US$ 547.1 million). There are few
descriptions of regional differences in prescrip-
tion patterns. It can only be assumed that, as for
insulin, availability varies and expectedly even
more so since several oral antidiabetics can be
used to achieve the same treatment goals in the
individual patient. When drugs for associated
conditions are included, it is likely that for some



high-prevalence countries, Germany, for example
[9], diabetes may account for more than 20% of
total pharmacy costs; cardiovascular drugs are the
most important cost factor, reflecting the rates of
atherosclerotic complications.

Prescribing of Antidiabetic Drugs
for Type 2 Diabetes

Although hard end-point studies are somewhat
sparse in diabetology, little doubt exists that near-
normal blood glucose levels are beneficial, relieving
symptoms and preventing long-term vascular com-
plications. Guidelines are legion, and treatment
goals are becoming increasingly ambitious. For
example, the latest IDF guidelines for the treatment
of type 2 diabetes [10] aim for HbA,  levels lower
than 6.5%. Since this goal is rarely achieved through
lifestyle measures alone, oral antidiabetic agents are
usually required. Initially, monotherapy is com-
menced with the most appropriate drug, based on the
clinical and biochemical profile of the patient, and in
the light of safety considerations. For most patients,
drugs from different classes are required in varying
combinations, insulin being ultimately necessary in
many patients. Current guidelines recommend
metformin and sulphonylureas as first-line therapy.

100
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Other regimens may be equally effective or even
more so. However, comparative studies are sparse.
With very prevalent diseases such as type 2 diabetes,
pharmacoeconomics become extremely important.
Thus, both the economy of society at large and the
economy of the individual patient must be taken into
account when choosing drug therapy. Safety issues
remain important since treatment will often be
continued for many years or even life-long, during
which time complications, for example, nephropathy
or cardiovascular disease, that may alter the safety
profile of certain drugs may develop.

Trends in the Use of Antidiabetic Drugs

A recent survey [11] of antihyperglycaemic drugs
in ten European countries showed that their use
increased in all countries but with very different
treatment patterns. The use of insulin doubled from
1994 to 2003 in some countries (England and
Germany) but remained stable in others (Belgium,
Portugal, Italy). The use of biguanides increased
substantially, whereas the use of sulphonylureas
increased more moderately in most countries.
Insulin accounted for more than 50% of the daily
antidiabetic doses in Sweden, the corresponding
number in Portugal was <20% (Fig. 2). In an
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FiG. 2. Use of insulins (black), sulphonylureas (white) and biguanides (grey) as proportions of the total use of
antidiabetics drugs in ten European countries (2003). Regional variation is substantial. Reproduced with

permission from [11].
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interesting comparison between Finland and
Denmark (with the expected prevalence of diabetes
being 7.2% and 6.9% in 2003, respectively) it was
found that in 2000, 3.15% of the population in
Finland (insulin 1.76%, oral agents 2.40%) was
treated with antidiabetic drugs, the corresponding
numbers for Denmark was 1.96% for any antidia-
betic treatment (insulin 0.78%, oral agents 1.31%)
[11]. It is unlikely that differences in detection
levels of diabetes or different diabetic phenotypes,
let alone drug availability, can explain such a dif-
ference. Local therapeutic convention is a plausible
explanation. As described in a comparison of two
neighbouring communities in Sweden [12] tradi-
tion (specialized diabetes clinician compared with
non-specialist clinicians) may have major influ-
ences on both drug type and dose. Along with pro-
gressively more aggressive treatment of glycaemia,
the use of cardiovascular and lipid-lowering drugs
also increases with time in patients with diabetes
[13]. Although the result is improvements in a
number of biochemical risk factors, the relation
between prescriptions and improved survival
remains somewhat elusive since time-related
changes are severely confounded by improved
diagnostic awareness and, particularly in the case
of diabetes, of recent changes in diagnostic levels
of blood glucose [14].

The impact of recommendations or guidelines
(more similar between countries for cardiovascu-
lar diseases) has been studied in the Euroaspire
programme [15]. Among patients with coronary
heart disease there appears to be room for
improvement in aspects of cardiovascular pre-
scribing if international guidelines were to be rig-
orously applied. For antidiabetic drugs, however,
it has been shown that changes in recommenda-
tions coincide with substantial changes in drug
prescription [16].

Use of drugs to prevent diabetes or to treat
related diagnoses (e.g. polycystic ovary syndrome)
may result in changes in prescription patterns in the
future. Such changes may confound the interpreta-
tion of data on drug use. At present there is some
evidence for the efficacy of metformin, troglita-
zone (now withdrawn), orlistat, rosiglitazone and
rimonabant [17-19] on delaying the development
from impaired glucose tolerance to diabetes.
However, use of these drugs to prevent diabetes is
not currently recommended.

Pharmacoepidemiology of Diabetes:
Safety Considerations

While phase 1 and 2 trials are necessary for the
demonstration of early safety in humans, phase 3
trials (randomized controlled trials) are unsurpassed
in design for the demonstration of the effects of a
drug on the disease course (efficacy). Post-marketing
phase 4 trials vary in design; however, they are
often not suited to evaluate therapeutic effects
(effectiveness) in the population as a whole and
long-term safety in non-selected groups of patients.
Pharmacoepidemiology offers methods, retrospec-
tive but often including prospective follow-up
designs, that allow for the surveillance of larger
populations for longer periods. In many cases, as
has recently been described for glargine, a long-act-
ing insulin analogue, efficacy and effectiveness
measurements are comparable in type and magni-
tude [20]. Unfortunately, safety issues have in some
cases been undetected, and to some extent over-
looked, as was the case for troglitazone in the late
1990s [21,22]. It should be borne in mind that well-
established antidiabetic drugs such as metformin,
sulphonylureas and insulin, even when used appro-
priately, are associated with appreciable rates of
morbidity and, less frequently, mortality [23].
Diabetes-related  pharmacoepidemiological
research, applying state-of- the-art methodologies,
may prove to be a helpful tool in choosing which
drugs to prescribe. Recently we [24, 25] and others
[26] have evaluated the safety of sulphonylureas
by epidemiological methods. Based on preclinical
evidence it was suspected that some sulphony-
lureas were preferable to others with respect to the
main cause of mortality in type 2 diabetes,
myocardial infarction. In population-based studies
from Italy and Denmark similar results have
shown a significantly reduced risk of myocardial
infarction and mortality (relative risks being
approximately 0.8) for gliclazide and glimiperide
when compared with other sulphonylureas. This
applies for monotherapy as well as for combination
therapy when sulphonylureas are used together with
antidiabetic agents from other classes. The results
were unchanged by corrections for a large number
of potential confounding factors, a key issue in
epidemiological research that can now be met with
an increasing use of detailed databases that allow
simultaneous registrations of treatment, disease and



mortality data and a large number of socioeconomic
parameters. The estimated number of participants in
a prospective controlled trial designed to test this
hypothesis would be >60,000 for a 5-year period
making the performance of such a study less than
likely on economic and practical grounds.

Thus, structured epidemiological surveillance of

established diabetes treatments can powerfully
complement more established methods used during
the development of new drugs.
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New Definitions of Diabetes: Consequences

Knut Borch-Johnsen
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In 1980, the World Health Organisation (WHO)
ended a long phase of confusion by providing inter-
national standards for diagnosis and classification
of diabetes [1]. Before this, confusion existed with
respect to the glucose threshold for diagnosis of dia-
betes and other categories of glucose intolerance as
well as the glucose load used for the oral glucose
tolerance test. As always, however, new scientific
data and insight combined with health political
issues have led to several revisions of the diagnostic
criteria and classification of patients with diabetes
as well as with other categories of glucose intoler-
ance. The first revision was made in 1985 [2], the
second in 1999 [3] and most recently the third revi-
sion came out in 2006 [4] based on a collaborative
effort between WHO and the International Diabetes
Federation (IDF). In addition to these global defini-
tions, national agencies like the American Diabetes
Association (ADA) [5,6] as well as international
organizations such as the IDF [7] have provided
definitions that are not fully in accordance with the
WHO definitions of diabetes, glucose intolerance
and the metabolic syndrome (Table 1). This lack of
concordance has not only created confusion among
researchers but also among clinicians. As a conse-
quence of the use of different diagnostic criteria,
studies and trials may no longer be directly compa-
rable as “diabetes” “IGT” or “IFG” no longer
represents the same population in different studies.
Finally, the fact that leading personalities within the
field of diabetes have identified themselves with
some definitions and not with others as the “fathers
and mothers” of the different definitions has split

observers and users into groups of “believers”
rather than into scientific orientation.

This chapter focuses on the following questions
related to definition and classification of diabetes:

e What are the criteria used to identify diagnostic
thresholds for DM and impaired glucose regulation
(IFG and IGT together)?

* Redefining diabetes — what are the consequences
for prognosis and diagnostic tests?

e Reclassifying diabetes — how to differentiate
between type 1 and type 2 diabetes?

e Establishing a third category — IFG — why and
what is IFG?

e Lowering the threshold for IFG — what are the
consequences?

* Open questions by 2007

What are the Criteria Used to
Identify Diagnostic Thresholds for
DM and Impaired Glucose
Regulation (IFG and IGT Together)?

Diabetes is a disease characterised by abnormal
glucose metabolism, a risk of developing microvas-
cular complications specific to diabetes and a
markedly increased risk of developing macrovas-
cular complications. Consequently, all three ele-
ments have been used in trying to define diagnostic
thresholds or cut points for diabetes.

Defining diabetes by glucose distribution: In
some populations [8,9] but certainly not in all [10]
the glucose distribution is bimodal, suggesting that
there are distinctly different glucose distributions



10

Knut Borch-Johnsen

TaBLE 1. Changes in diagnostic criteria for diabetes and glucose intolerance (all values are

plasma glucose in mmol/L).

Category WHO 1985 WHO 1999 WHO 2006 ADA 1997 ADA 2003
Diabetes Fasting 7.8 7.0 7.0 7.0 7.0
2h 11.1 11.1 11.1 11.1 11.1

Impaired Fasting <7.8 <7.0 <7.0 <7.0 <7.0
Glucose 2h 7.8-11.0 7.8-11.0 7.8-11.0 7.8-11.0 7.8-11.0
Tolerance
(IGT)

Impaired Fasting Not defined 6.1-6.9 6.1-6.9 6.1-6.9 5.5-6.9
Fasting 2h Not defined <7.8 <7.8 Not recom-  <Not recom-
Glycaemia mended mended
(IFG)

Normal Fasting <7.8 <6.1 <6.1 <6.1 <5.5
(NGT) 2h <7.8 <7.8 <7.8 <7.8 <7.8

ADA (American Diabetes Association) does not recommend the use of an oral glucose tolerance test.
Consequently the use of ADA-criteria will normally not allow for identification of individuals with IGT
or diabetic individuals where only the post-challenge value is abnormal.

in individuals with and without diabetes. This
bimodality was an essential element in deciding on
the 2-h post-OGTT cut-point for diabetes in 1980
and 1985 [1,2] with the final cut-point of 11.1 mmol/l
largely based on data from the Pima Indian popula-
tion in the USA. A recent analysis based on global,
epidemiological data shows that bimodality is not a
universal phenomenon, but furthermore in popula-
tion where this is found, the actual cut-point in the
bimodal distribution varies between populations. In
other words, defining diagnostic threshold values for
diabetes based on distributions of glucose values at
the population level is not particularly helpful.
Defining diabetes by microvascular complications:
The microvascular complications in the retina and the
kidney are to a large extent specific to diabetes. Based
on this observation the ADA expert committee in
1997 [5] was able to define thresholds for fasting and
2-h post-OGTT glucose values based on data from
Egypt and the USA. This analysis led to the lowering
of the fasting plasma glucose threshold from 7.8 to
7.0 mmol/L. Low numbers in the populations
included, however, left this analysis with considerable
uncertainty with respect to the optimal cut-point.
Defining diabetes by macrovascular complica-
tions: Although microvascular complications are
only specific to diabetes, macrovascular complica-
tions remain the leading cause of death in diabetic
individuals. Consequently, it has been suggested
that abnormal glucose values should be defined as
the glucose values in fasting and following an
OGTT, which are associated with an increased risk
of developing or dying from CVD (cardiovascular

disease). Several publications from the DECODE-
study have tried to follow this track. For fasting
glucose values this analysis would support a
threshold of 7.0 mmol/L while for the 2-h value
there is no threshold but a continuous increase in
mortality with increasing glucose value from the
normal range, through the IGT range to diabetes as
defined at present [11].

In conclusion none of the three approaches
described here have proven to be superior in defin-
ing diabetes. Nevertheless, the use of microvascu-
lar complications still appears to be the most
rational way as this is the only approach based on
a feature specific to diabetes. This view was also
adopted by WHO in the 2006 version of diagnostic
criteria for diabetes. Thus, the focus should be on
providing additional scientific data that could be
helpful by conducting epidemiological surveys in
individuals without previously diagnosed diabetes,
where standardised screening for retinopathy using
methods that can detect the very early stages of
retinopathy are included as part of the study.

Redefining Diabetes — What are the
Consequences for Prognosis and
Diagnostic Tests?

Following the change in diagnostic threshold for
diabetes by ADA in 1997, a large range of studies
analysed the potential consequences of changing
the diagnostic criteria for diabetes. The largest and
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most systematic effort was done through the
DECODE-study initiated under the European
Diabetes Epidemiology Study Group [12]. This
collaborative effort used population-based epi-
demiological studies of diabetes based on the use
of a standard 75-g oral glucose tolerance test from
a large number of centres in Europe to analyse the
effect of revising the diagnostic criteria. Most of
the publications are based on data from between
25,000 and up to 50,000 individuals.

The first DECODE-publication [12] clearly
showed that there is only a partial overlap between
individuals diagnosed based on the revised fasting
glucose criteria and those diagnosed on the basis of
the 2-h post-challenge value. Approximately 1/3
are diagnosed by the fasting value only, 1/3 by the
2-h value only and the remaining 1/3 are diabetic
based on both the fasting and the 2-h value. The
same study demonstrated some phenotypic differ-
ences between those diagnosed based on the fast-
ing and those diagnosed based on the 2-h value.
Those with diabetic fasting values only tended to
be younger and more obese than those diagnosed
based on the 2-h value.

As the two groups were different in phenotype,
the emerging question was whether this had an
impact on prognosis [13]. As demonstrated in
Table 2 the 2-h post-OGTT glucose value was
more strongly associated with prognosis (all cause
mortality and death from CVD) than fasting
plasma glucose, and individuals with diabetic fast-
ing, but normal post-OGTT values, did not have
any excess mortality at all.

These studies were the first to challenge the
concept that the more convenient diagnosis based on
fasting glucose values equalises the more compli-
cated diagnosis based on the oral glucose tolerance
test. The observations were, however, confirmed by
others, and this was the rationale for WHO in
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modifying the diagnostic criteria in 1999, where
WHO in contrast to the ADA recommended the use
of the oral glucose tolerance test in epidemiologi-
cal surveys as well as in the diagnosis of diabetes
in individuals at high risk based on the fasting
plasma glucose.

In conclusion, the revised diagnostic criteria for
diabetes, suggested by ADA in 1997 and subse-
quently confirmed with minor modification by
WHO in 1999, increased the number of individuals
with diabetes to a moderate extent. They identified a
fasting plasma glucose level that statistically (but not
necessarily clinically) corresponded better to the
diagnostic 2-h value, but initiated studies that clearly
demonstrated that the prognostic impact of fasting
versus 2-h post-challenge glucose is not identical.

Reclassifying Diabetes — How
to Differentiate Between Type 1
and Type 2 Diabetes

So far the focus on the 1997 ADA and 1999 WHO
revision of the diagnostic criteria has been on the
impact of the revised diagnostic thresholds.
Another often neglected but equally (or even more)
important revision relates to the classification of
patients. In 1985, patients were classified as having
insulin-dependent (IDDM) and non-insulin-
dependent (NIDDM) diabetes based on the under-
lying disease, that is, whether beta-cell dysfunction
was reduced to a level where insulin was needed to
survive without entering ketoacidosis (insulin-
dependent diabetes) or whether the patient had
diabetes based on insulin resistance (with or without
associated beta-cell dysfunction) where the patient
would survive without insulin, but where insulin
could be necessary to maintain acceptable metabolic

TABLE 2. All cause excess mortality by fasting and 2 hour glucose
in the DECODE study (Adopted from ref 11).

Fasting plasma glucos (mmol/L)

<6.1 6.1-6.9 7.0-7.7  =7.0

2-h plasma <77 1 1.1 1.4 1.4
glucose 7.8-11.0 1.6 1.3 1.7 1.7
(mmol/L) 211.1 2.1 1.9 2.2 23
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control. From 1985 and onwards several clinical
studies [14] as well as practical clinical experience
demonstrated that a large proportion of patients
characterised as non-insulin dependent would sub-
sequently need insulin to maintain acceptable
metabolic control. This often led to confusion with
respect to classification of the individual patient,
and increasingly patients were re-classified from
NIDDM to IDDM. This clinical observation com-
bined with a wish to establish a classification based
on a combination of clinical stages and aetiological
types [15] led WHO to abandon the terms IDDM
and NIDDM and to reintroduce the terms Type 1
and Type 2 diabetes. This development was helped
by the identification of several markers of autoim-
munity linked to the destruction of beta cells such as
islet cell antibodies (ICA), insulin auto- antibodies
(IAA) and auto-antibodies to glutamic acid decar-
boxylase (anti-GAD). Consequently, the revised
classification included as the two main groups

* Type 1 diabetes (beta-cell destruction, usually
leading to absolute insulin deficiency). In this
group 85-90% are antibody positive for at least
one of the antibodies ICA, IAA or GAD, while a
smaller group (10-15%) have total beta-cell
destruction without any signs of autoimmunity.
Within the group of patients with type 1 diabetes
there is a smaller group that have antibodies, but
are not insulin-requiring for survival at least for
several years. These patients are characterised by
a slower disease process and very slow loss of
beta-cell function and this group is often referred
to as latent autoimmune diabetes in adults
(LADA).

* Type 2 diabetes (predominantly insulin resistant
with relative insulin deficiency or predominantly
an insulin-secretory defect with/without insulin
resistance). These individuals consequently have
a relative not an absolute insulin deficiency. At
the same time this group of individuals have no
other known specific aetiology. At present this
group comprises 70-80% of all cases of diabetes
(even more in some parts of the world), but given
the fact that molecular biology combined with
other scientific disciplines continuously identifies
an increasing number of “specific types” this
group will gradually diminish. Apart from this
the specific types will not be discussed further in
this chapter.

Knut Borch-Johnsen

One problem related to the change in classification
to an aetiological definition is that the diagnosis of
a so-called type 1 process is based on measure-
ment of autoimmune markers, which is not a part
of routine clinical practice, and markers that cur-
rently have none or very limited impact on the
treatment regiment for the individual patient. As a
consequence of this, a patient with diabetes with
considerable residual beta-cell mass and obviously
not insulin requiring from a clinical point of view,
but with an ongoing autoimmune process, will be
diagnosed as having type 2 diabetes unless admit-
ted to a centre where measurement of auto-antibodies
for some reason (typical research) is a part of rou-
tine clinical practice. In this case, in real life, the
classification of the patient would therefore reflect
the centre at which the patient is treated, not the
underlying disease process. This would clinically
be a minor problem, but with 5-15% of patients
with type 2 diabetes being antibody positive, and
given that treatment guidelines differ and type 1
diabetes patients are treated centrally while type
2 diabetic patients are treated in general practice,
this would have tremendous impact on the organi-
sation of the health care system if all patients had
antibodies measured and subsequently were
remitted accordingly.

Another problem that has not been solved is that
even in the general population with normal glucose
tolerance following an OGTT 2-5% are antibody
positive [16,17]. This would suggest that some
antibody positive individuals with clinical T2DM
are truly type 2 diabetic where antibody positivity
reflects a “by chance finding” and not necessarily
an ongoing autoimmune disease process.

Establishing a Third Category —
IFG — Why and What is IFG?

The new category — Impaired Fasting Glycaemia
— was introduced by the ADA expert committee in
1997. This was in many ways the logical conse-
quence of their recommendation to stop using the
OGTT, as this would make the diagnosis of IGT
impossible. The hope was that through establishing
the new category IFG it would be possible to identify
a group comparable to the IGT with respect to risk of
progression to diabetes and risk of developing CVD.
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As already discussed, the DECODE-study
showed that while IGT is associated with an
increased risk of developing CVD this is only the
case in IFG-individuals if they also have abnormal
2-h glucose values [11,13]. In other words, isolated
IFG is not associated with increased risk of CVD
or increased all cause mortality. It has also been
shown that while IGT is often associated with other
abnormalities associated with the metabolic
syndrome as dyslipidemia and hypertension, this is
not the case for isolated IFG (at least not to the
same extent) [18].

The different phenotypes of individuals with
IFG and IGT have led to the question whether these
two conditions reflect the same underlying patho-
genic mechanisms. An answer to this question is
important, as several trials have shown that
progression from IGT to diabetes can be prevented
by life style intervention (diet and physical activ-
ity) [19-22]. These interventions are likely to
exhibit their effects through increased insulin
sensitivity and modifications in body composition.
Consequently, the interventions are only likely to
be effective in the case of insulin resistance as the
underlying mechanism. If, however, IFG is more
linked to beta-cell dysfunction than to insulin
resistance (which would be in compliance with the
relative absence of metabolic abnormalities in IFG-
individuals), then life style intervention would be
less likely to have an effect on this group of indi-
viduals. It should also be noted that IFG only iden-
tifies approximately 25-30% of all individuals with
IGT in a given population. In conclusion it should
therefore be noted that IFG and IGT are not the
same conditions; they are not characterised by the
same phenotypic abnormalities; and they are not
associated with the same risk of progression to
diabetes or risk of developing CVD. Therefore, the
clinical relevance of IFG as a clinical category or
risk group remains questionable.

Lowering the Threshold for IFG
— What are the Consequences?

The most recent revision of the diagnostic criteria
for IFG by ADA [6] lowered the diagnostic thresh-
old for IFG 6.1-5.6, so now the diagnostic interval
for IFG according to ADA is 5.6-6.9. The major
reason for redefining IFG was an attempt to improve
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the alignment of IFG and the corresponding inter-
mediate category based on the oral glucose
tolerance test [impaired glucose tolerance (IGT)] in
predicting the future development of type 2
diabetes. The proposed new diagnostic threshold is
derived from receiver—operator characteristic
curves of the different levels of fasting plasma
glucose that predict the development of diabetes.
The optimal cut-point (optimising the sum of sensi-
tivity and specificity) was between 5.2 and 5.7
mmol/LL [6]. A secondary, but equally important
consideration was to increase the proportion of indi-
viduals with IGT identified as having IFG. With the
previous definition (6.1-6.9) [18] only 29% of
individuals with IGT also have IFG. Lowering the
diagnostic threshold to 5.5 mmol/L. would increase
this proportion to 69%. Identification of patients
with IGT is important from the perspective of
preventive medicine, as this is the group where inter-
vention studies have proven effective in preventing
progression to diabetes as discussed above [19-22].

We used the DETECT-2 database [23] to analyse
the consequences of change in diagnostic criteria
on concordance between IFG and IGT, on the
CVD-risk profile in individuals with IFG and on
the public-health impact of modifying the diagnos-
tic criteria [24]. We analysed the impact on con-
cordance based on populations from Denmark,
France, USA, India and China. In these countries
the prevalence of IGT was 12.0, 8.2,20.3, 11.2 and
10.3%, respectively, and based on the old criteria
for IFG only 3.5, 3.5, 4.4, 3.0 and 2.8% were IGT
and IFG positive. As indicated above, one aim was
to increase the fraction of IGT individuals identi-
fied through IFG, and this was a success as the
prevalence of combined IGT and IFG positivity
based on the new criteria increased to 7.2, 6.1, 9.4,
7.2 and 5.2%, respectively, in the five countries.
However, everything comes with a price. The
increased probability of identifying individuals with
IFG was only possible because the prevalence of
IFG increased dramatically from 11% to 16% with
the old criteria to 29-46% with the new criteria.
Consequently, the probability of an individual with
IFG also having IGT decreased from approximately
27% to 20%. As expected, the cardiovascular risk
profile is even less atherogenic in individuals classi-
fied as IFG based on the new diagnostic criteria
from ADA, as illustrated in Table 3 based on
data from the Inter99 study from Denmark [24,25].
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TABLE 3. The cardiovascular risk profile according to the diagnostic criteria in the Inter99
population [24] (from ref [24]).
IFG_old IFG new
(6.1-6.9 mmol/L) (5.6-6.0 mmol/L) p-value
N 1,645 788
% Women 29.6 38.4 <0.0001
Age 49.4(6.8) 47.4(7.4) <0.0001
SBP (mmHg) 139.5(17.4) 133.1(15.8) <0.0001
DBP (mmHg) 88.0(11.4) 84.4(10.6) <0.0001
Total-cholesterol (mmol/L) 5.9(1.2) 5.7(1.1) <0.0001
HDL-cholesterol (mmol/L) 1.3(0.4) 1.4(0.4) 0.002
Triglyceride® (mmol/L) 1.5(0.6) 1.2(0.5) <0.0001
Fasting insulin (pmol/L) 47.0(0.6) 37.8(0.5) <0.0001
2-h insulin (pmol/L) 211.2(0.9) 160.1(0.9) <0.0001
BMI (kg/m?) 28.4(4.8) 27.0(4.4) <0.0001
Waist (cm) 94.6(12.3) 90.0(12.1) <0.0001
% daily smoker 64.4 64.5 N.S
Values are mean (SD), where stated percentage are given.
“Values are geometric means and coefficient of variation.
120 - the number of individuals in the age group of 45-64
[0 WHO criteria years that would have IFG based on the WHO and
ADA criteria, respectively. The effect was dramatic
[l ADAcriteria || . . . Lo
100 in all three countries leaving the number of individuals

FI1G. 1. Number of individuals with IFG in India, China
and USA in the age group 45-64 years based on the
WHO and ADA diagnostic criteria for IFG by 2005
(based on the DETECT-s study (modified from [24])).

The public health impact of the ADA-revision of
the diagnostic criteria is illustrated in Fig. 1. We
used population-based studies from India, China and
USA and the demographic data from WHO for these
three countries to illustrate the effect by calculating

characterised as having IFG so high that any possibil-
ity of individual-based prevention programme would
seem impossible to even think of.

In conclusion, from this part of the chapter the
revised diagnostic criteria for IFG seem to have
limited relevance. The additional individuals iden-
tified by the revised criteria seem to be at low risk
of developing CVD; they have lower probability of
also having IGT and meanwhile the overall number
of individuals diagnosed as having IFG will be
double to triple. All together this explains why
WHO did not follow ADA in their 2006 version of
diagnostic criteria for diabetes and impaired glu-
cose regulation [4].

Open Questions by 2007

With the recent publication from WHO and IDF on
definition and diagnosis of diabetes mellitus and
intermediate hyperglycaemia [4], a natural question
could be — have we now reached the end of the
road? Unfortunately, the only possible answer is a
no. Science is progressing, and as part of this, our
understanding of the underlying aetiology and
pathogenic mechanisms behind abnormalities in
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glucose metabolism will improve. Definition and
classification of diseases must (or at least should)
always be following progress in our understanding
of the disease aetiology. When it comes to defini-
tion and classification of diabetes there are a num-
ber of open questions.

1. Could the diagnosis of diabetes be simplified?
This was the intention of the ADA-recommenda-
tion in 1997, where they recommended discontin-
uation of the logistically complicated and
time-consuming oral glucose tolerance test and
recommended that all diagnostic tests should be
based on fasting glucose. Unfortunately, this strat-
egy did not fulfil its aim, and consequently the
WHO retained the OGTT. An alternative would be
to replace the diagnosis based on fasting plasma
glucose or the OGTT with a diagnosis based on
HbA | as it reflects the average plasma glucose
over a period of 2-3 months and as it does not
require any special preparation such as fasting.
HbA | _ is associated with the risk of retinopathy in
the same manner as fasting or 2-h glucose [5] and
is associated with the risk of developing CVD
even in the non-diabetic range [26]. There is, how-
ever, still a considerable variability dependent on
the laboratory method used although standardisa-
tion is ongoing [27], and the association between
HbA,_ and the category of normal or impaired glu-
cose metabolism is not clear-cut [28]. If the diag-
nosis was to be made on HbA and not on glucose,
this would clearly lead to the reclassification of
individuals and it would require global standardis-
ation of the method. Consequently, this change
will not happen in the near future, but it may hap-
pen in the more distant future.

2. Should intermediate hyperglycaemia (IFG and
IGT) be redefined? As outlined above, the
rationale for maintaining IFG as a separate cat-
egory is somewhat weak. On the other hand,
there is a need for identifying individuals at
high risk of developing diabetes with the aim of
initiating targeted intervention in these. At
present little is known with respect to the
underlying mechanisms behind IFG and IGT,
but several studies are ongoing. These studies
will tell us whether we will need this category
also in the future.

3. How should patients with auto-antibodies (anti-
GAD in particular) be classified? According to
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the 1999 WHO classification, all these individuals
are expected to have an ongoing type 1 process
classifying them as having type 1 diabetes
independent of the actual glucose levels. From a
scientific point of view this seems rational, but
in practice this creates confusion. If the principle
was followed rigorously then up to 10-15% of
all current type 2 diabetic patients should proba-
bly be reclassified, almost doubling the pool of
patients classified as having type 1 diabetes.
Generally, patients with type 1 diabetes are
treated in specialised centres but would that be
relevant for all patients now classified as having
type 1 diabetes and what would be the correct
treatment for these patients to preserve their
residual beta-cell function. All these answers are
presently unanswered and call for further studies
leading to clarification and ultimately to new
classification guidelines.
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The Insulin Resistance Syndrome:
Concept and Therapeutic Approaches
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Introduction

Approximately 70 years ago Himsworth and
colleagues completed a series of elegant experiments
demonstrating for the first time the importance of
insulin resistance in human disease [1-5]. The
results of their experiments challenged the prevail-
ing dogma that “all cases of human diabetes could
be explained by a deficiency of insulin,” and
suggested, “a state of diabetes might result from
inefficient action of insulin as well as from a lack of
insulin.” Furthermore, they proposed that diabetes
could be subdivided into two categories “according
to which of these disorders predominates into
insulin sensitive and insulin insensitive types.”

As prescient as Himsworth’s findings were, the
view that diabetes was one disease, secondary to an
absolute deficiency of insulin, remained conven-
tional wisdom until 1960 when Yalow and Berson
introduced the insulin immunoassay [6]. Using this
specific measurement of plasma insulin concentra-
tion to compare normal subjects to patients with
type 2 diabetes, they concluded “that the tissues of
the maturity-onset diabetic do not respond to his
insulin as well as the tissue of the nondiabetic
responded to his insulin.” To use Himsworth’s ter-
minology, Yalow and Berson provided evidence
that patients with maturity onset (type 2) diabetes
were insulin insensitive.

Despite the findings of Yalow and Berson, the
notion that a defect in insulin action could play a

role in human disease continued to be debated
until the introduction in the following decade of
specific methods with which to quantify insulin-
mediated glucose disposal [7, 8]. Once these
methods were available it was demonstrated over
the next several years that the vast majority of
patients with either impaired glucose tolerance
(IGT) or type 2 diabetes were insulin resistant
[7-11], and that the presence of insulin resistance
in normoglycemic individuals predicted the
developoment of type 2 diabetes [12,13]. Thus,
approxmately 40 years later, there was general
agreement that “insulin insensitivity,” as defined
by Himsworth, is a characteristic defect in
patients with type 2 diabetes.

The importance of insulin resistance in the
pathophysiology of type 2 diabetes is no longer an
issue. However, it has become apparent in the past
two decades that the clinical implication of this
defect in insulin action extends far beyond its role
in the etiology of states of glucose intolerance.
Values of insulin-mediated glucose disposal vary
six- to eight-fold in apparently healthy individuals
[14,15], and a significant number of patients with
normal glucose tolerance are as insulin resistant as
patients with type 2 diabetes [16]. Insulin-resistant,
nondiabetic individuals secrete the amount of
insulin needed to maintain normal or near-normal
glucose tolerance. However, the combination of
insulin resistance and compensatory hyperinsuline-
mia is hardly benign. For example, the more insulin
resistant and hyperinsulinemic an individual is, the
greater the simulation of hepatic triglyceride (TG)
synthesis, and the higher the plasma TG concentra-
tion [17-19]. Plasma high-density lipoprotein
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cholesterol (HDL-C) concentrations are significantly
lower in insulin-resistant/hyperinsulinemic indi-
viduals, and both a high TG and a low HDL-C
concentration are independently related to insulin
resistance/hyperinsulinemia [20]. There is also
evidence that the prevalence of insulin resist-
ance/hyperinsulinemia is increased in patients with
essential hypertension [21,22]. Since cardiovascular
disease (CVD) risk is increased in association
with all three of the abnormalities associated with
insulin resistance [23-25] — high TG, low HDL-C,
and hypertension — it seemed apparent that type 2
diabetes was not the only clinical syndrome likely
to develop in insulin-resistant individuals. In 1988,
the findings listed in Table 1 were subsumed under
rubric of Syndrome X [26], with the suggestion
that this cluster of related abnormalities significantly
increased the risk of CVD.

TaBLE 1. Syndrome X — increased risk of cardiovascular
disease.

® Insulin Resistance

® Compensatory Hyperinsulinemia

® Varying Degrees of Glucose Tolerance

¢ T Plasma TG Concentration

e | Plasma HDL Cholesterol Concentration
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The concept of Syndrome X was introduced to
emphasize the fact that type 2 diabetes was not the
only clinical syndrome related to insulin resistance,
and was focused on risk of CVD. We now know that
the insulin-resistant individuals are more likely to
develop many more abnormalities than those listed
in Table 1 (see Table 2), and the number of clinical
syndromes that occur more commonly in insulin
resistant individuals is not limited to type 2 diabetes
and CVD as seen in Table 3. Based upon these
findings, the notion of Syndrome X has outlived its
usefulness, and as the number of abnormalities and
clinical syndromes more likely to occur in insulin-
resistant individuals continues to grow, the concept
of an Insulin Resistance Syndrome (IRS) now
seems to be a more appropriate term to designate
the protean manifestations associated with insulin
resistance [27,28]. At the same time the list of clin-
ical syndromes more likely to occur in insulin-
resistant individuals was growing, the World Health
Organization (WHO), the Adult Treatment Panel 111
(ATP III) of the National Cholesterol Education
Program, and the International Diabetes Federation
(IDF) proposed the establishment of a new diagnos-
tic category; the metabolic syndrome [29-31].
Although the details of how to diagnose the meta-

TABLE 2. Abnormalities associated with insulin resistance/compensatory hyperinsulinemia.

¢ Some Degree of Glucose Intolerance
Impaired Fasting Glucose
Impaired Glucose Tolerance

® Dyslipidemia
T Triglycerides
|l HDL-C

J LDL-Particle Diameter (small, dense LDL-particles)
T Postprandial Accumulation of TG-rich lipoproteins

¢ Endothelial Dysfunction
T Mononuclear Cell Adhesion

T Plasma Concentration of Cellular Adhesion Molecules
T Plasma Concentration of Asymmetric Dimethylarginine

J Endothelial-Dependent Vasodilatation
® Procoagulant Factors
T Plasminogen Activator Inhibitor-1
T Fibrinogen
¢ Hemodynamic Changes
T Sympathetic Nervous System Activity
T Renal Sodium Retention
® Markers of Inflammation
T C-reactive Protein, WBC, etc.
® Abnormal Uric Acid Metabolism
T Plasma Uric Acid Concentration
® Increased Testosterone Secretion (ovary)
® Sleep Disordered Breathing
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TaBLE 3. Clinical syndromes associated with insulin
resistance.

Type 2 Diabetes

Cardiovascular Disease

Essential Hypertension
Polycystic Ovary Syndrome
Nonalcoholic Fatty Liver Disease
Certain Forms of Cancer

Sleep Apnea

Congestive Heart Failure

bolic syndrome vary with the definitions of the
three organizations, they all share the goal of trying
to identify individuals at increased CVD risk. The
utility of the overall concept, let alone the relative
advantages and disadvantages of the three different
definitions of the metabolic syndrome, can be
debated [32-35], but that critique is outside the
purview of this chapter. Instead, the effort will be to
focus on the broader concept of the IRS, and what
interventions might be useful to prevent and/or
attenuate the adverse clinical outcomes associated
with insulin resistance.

Insulin Resistance,
Hyperinsulinemia, and the IRS

Insulin resistance is not a disease, but a physiolog-
ical abnormality that increases the likelihood that
one or more of the abnormalities listed in Table 2
will be present. Furthermore, because the abnor-
malities seen in Table 2 occur more commonly in
insulin-resistant individuals, they are at increased
risk to develop one or more of the clinical syn-
dromes listed in Table 3. However, the relationship
between insulin resistance and the changes seen in
Tables 2 and 3 is complicated, and the abnormali-
ties and clinical syndromes listed in these tables
can occur in the absence of insulin resistance. It
must also be emphasized that insulin-resistant indi-
viduals do not necessarily develop any of the
clinical syndromes listed in Table 3.

The focus of this chapter does not permit an
extensive discussion of the complex relationship
between insulin resistance, compensatory hyperin-
sulinemia, and the abnormalities and clinical syn-
dromes that makeup the IRS, and reviews of these
issues are available [27,28]. However, it is impor-
tant to briefly discuss the relationship between
insulin resistance, compensatory hyperinsulinemia,
and differential tissue insulin sensitivity in the
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pathogenesis of the abnormalities and clinical syn-
dromes that make up the IRS. To begin with, type
2 diabetes is the only clinical syndrome listed in
Table 3 that is not associated with a significant
degree of hyperinsulinemia. Obviously, in this
instance, it is the failure of the pancreatic -cell to
adequately compensate for the insulin resistance
that is responsible for the development of the
clinical syndrome [16]. In the case of the other
abnormalities and clinical syndromes listed in
Tables 2 and 3, it is the relationship between
insulin resistance, compensatory hyperinsulinemia,
and the individual tissue response to the chroni-
cally elevated plasma insulin concentrations that is
responsible for the observed pathophysiology. In
this context, it is necessary to address the question
of differential tissue insulin sensitivity, for if this
phenomenon did not exist, there would be no IRS.
For example, the ability of insulin to stimulate
muscle glucose uptake and inhibit free fatty acid
(FFA) release from the adipose tissue is highly
correlated [36]. In insulin-resistant individuals,
daylong increases in plasma insulin (muscle insulin
resistance) and FFA (adipose tissue insulin resist-
ance) concentrations act upon a liver that is insulin
sensitive to stimulate hepatic TG synthesis [17,18].
One consequence of these events will be an
increase in hepatic very low-density lipoprotein
(VLDL)-TG synthesis and secretion, leading to
hypertriglyceridemia, while at the same time there
will be a tendency for the fat content of the liver
to increase and nonalcoholic fatty liver disease to
develop. The kidney is another example of an
organ that retains normal insulin sensitivity in the
presence of muscle and adipose tissue insulin
resistance, and the compensatory hyperinsulinemia
increases renal sodium retention and decreases uric
acid clearance, thus contributing to the increased
prevalence of essential hypertension and higher
plasma uric acid concentrations in individuals with
the IRS [37]. A third example is polycystic ovary syn-
drome (PCOS), where insulin increases testosterone
secretion by ovaries that are likely to be hypersensi-
tive to the stimulatory effects of insulin [38].

Thus, although insulin resistance at the level of
the muscle and the adipose tissue may be the fun-
damental abnormality that underlies the IRS, it is
the compensatory hyperinsulinemia, preventing the
development of type 2 diabetes in insulin-resistant
individuals, which is responsible for most, if not
all, of the abnormalities and clinical syndromes
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that constitute the IRS. In other words, if differen-
tial tissue sensitivity to insulin did not exist, and if
all tissues were equally resistant to the action of
insulin, there would be no IRS.

Interventions Aimed at Improving
Insulin Sensitivity

It is not possible within the confines of this chapter
to discuss all possible therapeutic approaches to the
abnormalities and clinical syndromes that comprise
the IRS. For example, although type 2 diabetes is
one of the clinical syndromes that occur more com-
monly in insulin-resistant individuals, guidelines
outlining appropriate treatment are readily avail-
able, and need not be reviewed here. Instead an
attempt will be made to selectively address issues
considered to be of particular clinical relevance;
decisions for inclusion and exclusion that will
clearly reflect the biases of the author.

If insulin resistance/compensatory hyperinsu-
linemia play a primary role in the pathogenesis of
the IRS, it seems obvious that increasing insulin
sensitivity, and thereby also lowering circulating
plasma insulin concentrations, should be the treat-
ment of choice. Unfortunately, as should soon
become apparent, the situation is not quite that sim-
ple. In this next section, an attempt will be made to
clarify the preceding, somewhat opaque, sentence.

Weight Loss

It has been clear for more than 30 years that over-
weight/obese individuals are more likely to be
insulin-resistant/hyperinsulinemic, and that weight
loss in these individuals will improve insulin sensi-
tivity, associated with lower plasma insulin concen-
trations and an improved lipoprotein phenotype
[39]. It is now well-recognized that a variety of
metabolic abnormalities improve when over-
weight/obese individuals lose weight, and that this
intervention can lead to substantial clinical benefit.
For example, it has been shown that weight loss
leads to clinical improvement in patients with essen-
tial hypertension [40], PCOS [41], and nonalcoholic
fatty liver disease [42]. Of greater relevance to this
book is the finding that weight loss, in association
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with an increase in physical activity, can delay the
progression of IGT to frank 2 diabetes [43,44].
However, rather than discuss these findings in detail,
since they have been addressed in many other pre-
sentations, the emphasis in the remainder of this
section will be on some issues that are less commonly
considered and are perhaps less well-appreciated.

Although the gravity of the obesity epidemic is
well appreciated, efforts to deal with it effectively
are compromised by widespread pessimism
concerning the ability to achieve sustained weight
loss in overweight/obese individuals. The problem is
further confounded by continuing controversies
concerning the relative superiority of weight-loss
diets that vary widely in their macronutrient content.
In the absence of compelling evidence that compli-
ance is greater with any specific macronutrient
combination, other than the necessity that individu-
als are willing and able to follow a diet containing
less energy than they use, it does not seem possible
to propose the “best” diet to help overweight/obese
individuals with the IRS lose weight.

In this context, it must be emphasized that not all
overweight/obese individuals are insulin resistant
and at increased risk to develop the adverse conse-
quences associated with the defect in insulin action.
Prospective studies from our research group have
indicated that the upper-third of an apparently
healthy population is sufficiently insulin resistant to
develop the adverse clinical syndromes of the IRS,
whereas those in the lower-third are at much less risk
[45,46]. Although approximately 75% of individu-
als in the most insulin-resistant tertile are over-
weight/obese, 30% of those in the most insulin
sensitive tertile are also overweight/obese, and at
low risk of the IRS [47]. Thus, it seems sensible that
the most intensive efforts at weight loss be initiated
in those overweight/obese individuals that will benefit
the most if the intervention is successful. Obviously,
the first step in achieving that goal would be to
identify those overweight/obese persons that are
also insulin resistant, and it appears that there is a
relatively simple way to accomplish that task [48].

How to Identify Overweight/Obese Individuals
Who Will Benefit the Most From Weight Loss

Since there is no simple clinical way to quantify
insulin resistance, the alternative is to either initiate
similar efforts at weight loss in all overweight/obese
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persons, or use surrogate estimates of insulin
resistance to identify those that will benefit the
most from weight loss. Health care professionals
electing the second course usually rely on meas-
urements of fasting plasma insulin (FPI) concen-
trations, or various formulae involving the use of
both fasting plasma glucose (FPG) and insulin
concentrations (HOMA-IR, QUICKI, FPG x FPI,
etc.) to identify insulin-resistant persons. FPI
concentrations are reasonably predictive of direct
measures of insulin resistance in nondiabetic indi-
viduals, but the relationship (r-value ~0.6) only
accounts for ~36% of the variability in insulin
action, and the use of the more complicated surro-
gate estimates of insulin action does not substan-
tially increase the magnitude of the relationship
[15,49]. More importantly, plasma insulin meas-
urements are not standardized, and it is not possi-
ble to interpret the clinical significance of values
from one laboratory to another. We have shown in
overweight/obese individuals that the plasma
TG/HDL-C concentration ratio is as good a surro-
gate marker of insulin resistance as is FPI concen-
tration, and has the added ability to identify
individuals who have the atherogenic profile that
characterizes the IRS, and are thereby at increased
risk of CVD [48]. Based upon the results of these
studies, we have suggested that an overweight/obese
person with a TG/HDL-C concentration ratio
(mg/dL) 23.0 is highly likely to be both insulin
resistant and at increased CVD risk; the higher the
value, the less sensitive and the more specific the
ratio, while values <3.0 increase sensitivity and
lose specificity. This approach is certainly not
perfect, but it does provide a way to decrease the
number of overweight/obese individuals that
deserve intensive weight loss efforts, and identify
those that will benefit the most if weight loss can
be accomplished.

Insulin-Resistant Individuals Can Lose Weight

Although there appears to a perception that insulin-
resistant/hyperinsulinemic individuals cannot lose
weight, several studies, performed in different eth-
nic groups, have indicated that insulin-resistant
individuals, using either insulin concentrations as a
surrogate measure of insulin resistance, or direct
measures of insulin-mediated glucose disposal,
either gain the same, or less weight, over time
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[50-54]. Furthermore, the ability to lose weight in
response to calorie-restricted diets does not vary as
a function of differences in either insulin resistance
or daylong circulating insulin concentrations
[55,56]. Consequently, although it is very difficult
to carry out successful weight loss programs, the
impediment is not because the individual may be
insulin resistant/hyperinsulinemic.

Benefits of Weight Loss in Insulin-Resistant,
Overweight/Obese Individuals

As indicated at the beginning of this section, it was
shown many years ago that insulin sensitivity
improved when insulin-resistant, nondiabetic,
overweight/obese individuals lost weight, associ-
ated with a decrease in the plasma insulin response
to oral glucose and lower plasma TG concentrations
[39]. Similar improvements in insulin sensitivity
have been demonstrated in several subsequent
studies, and we have also shown following moder-
ate weight loss that the slightly elevated daylong
plasma glucose and FFA concentrations seen in
nondiabetic, insulin-resistant, overweight individu-
als return to the values of equally overweight,
insulin-sensitive person [55-57]. Although the
daylong hyperinsulinemia that characterizes nondi-
abetic, overweight, insulin-resistant individuals
also declines with weight loss, it usually does not
fall to the level seen in insulin sensitive, equally
obese individuals [55-58]. Concentrations of
C-reactive protein (CRP) and asymmetric dimethy-
larginine are also higher in insulin-resistant than in
insulin-sensitive individuals matched for adiposity
[57,58], and fall in association with weight loss in
insulin-resistant persons. Thus, a moderate amount
of weight loss in insulin-resistant, overweight/obese
individuals improves insulin sensitivity, resulting in
changes in carbohydrate and lipid metabolism, and
markers of vascular inflammation and endothelial
dysfunction that would decrease risk of type 2
diabetes, CVD, and other clinical syndromes
associated with the IRS.

Pharmacological Interventions

There are three pharmacological agents often
referred to as “insulin sensitizers”; two thiazoli-
denedione (TZD) compounds (rosiglitazone and
pioglitazone) and metformin. Despite the frequency
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with which this term is applied to metformin, in the
absence of weight loss, insulin-stimulated glucose
disposal does not increase in metformin-treated
individuals [59-61]. It is outside the province of this
chapter to discuss the mechanism of action of met-
formin, nor its use as an effective treatment of type
2 diabetes or PCOS, but the clinical utility of
metformin does not seem to reside in its ability to
enhance insulin-stimulated glucose uptake.

In contrast, there is no question that TZD
compounds will enhance insulin-stimulated glucose
uptake in insulin-resistant, nondiabetic individuals,
associated with a decrease in daylong plasma
insulin and FFA concentrations [62,63]. In addition,
there is evidence that TZD compounds have poten-
tially clinically beneficial effects, independent of
their ability to enhance insulin sensitivity, for
example, decreasing circulating inflammatory
markers and increases in plasma adiponectin
concentrations [62,64].

In addition to their clinically useful metabolic
benefits, TZD compounds are approved for treat-
ment of type 2 diabetes, and have been shown to
decrease hepatic steatosis in patients with nonalco-
holic fatty liver disease [65] and result in preg-
nancy when given to women with PCOS [66]. In
light of this appealing clinical profile, the possibil-
ity that these compounds might be particularly
effective in reducing CVD, and preventing the
development of type 2 diabetes in particularly sus-
ceptible individuals, that is, insulin resistant, but
without known disease. At the present time there
are no data indicating that the development of CVD
can be decreased when a TZD compound is given
to insulin-resistant, nondiabetic individuals, with
no evidence of CVD. On the other hand, there is
information concerning the use of “insulin sensitiz-
ers” in delaying the progression to type 2 diabetes
of individuals classified as having prediabetes.

Diabetes Prevention Program

The study [44] was initiated with two pharmaco-
logical treatment arms (metformin and troglitazone);
however, the hepatic toxicity of troglitazone
resulted in a premature closure of that portion of
the study. As discussed above, although metformin
is unlikely to act by increasing insulin-stimulated
glucose disposal, it is often considered to be an
“insulin sensitizer.” Be that as it may, the report of
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the diabetes prevention program (DPP; [44])
found that the administration of metformin, 850
mg, twice/day, resulted in a 31% decrease in the
incidence of type 2 diabetes during the average
follow-up period of 2.8 years. Parenthetically,
the life-style intervention of weight loss and
increased physical activity led to a 58% decrease in
the incidence of diabetes, and this intervention
was statistically more effective than metformin.

The results of metformin treatment arm are often
viewed as evidence that “diabetes was prevented.”
However, it is essential to distinguish between pre-
venting type 2 diabetes, as compared with simply
lowering plasma glucose concentration by admin-
istering an effective anti-hyperglycemic agent. In
the case of metformin, 668 individuals were willing
to stop the drug for 1-2 weeks, and within this
period ~8% of these apparently nondiabetic sub-
jects met the diagnostic criteria for diabetes [67].
Based on these data, the authors concluded that
26% of the initial impact of metformin to delay the
appearance of type 2 diabetes in the initial study
was related to the anti-hyperglycemic effect of
metformin. On the other hand, since the period
of withdrawal was relatively short, an average of
11 days, it could be argued that this estimate may
well be an underestimate.

The DREAM Trial

The second large trial [68] attempting “to pre-
vent” type 2 diabetes involved the administration
of rosiglitazone RSG), 8 mg/day for 2 years, to
more than 5,000 volunteers with either IGT or
impaired fasting glucose (IFG). At the end of the
study period, significantly fewer RSG-treated
subjects had type 2 diabetes than the placebo-
treated group (10.6% vs. 25.0%, p < 0.001). Not
unexpectedly, the mean decrease in both FPG (0.5
mmol/l) and plasma glucose concentration 2 h
after oral glucose (1.6 mmol/l) were lower in
those receiving RSG. There was also a significant
decrease in both systolic (1.7 mmHg) and dias-
tolic (1.4 mmHg) blood pressure in the RSG-
treated group. The improvement in glycemia in
those receiving RSG was seen despite an average
increase in body weight of 2.2 kg. Several meas-
ures of CVD were also evaluated, without any
evidence that RSG-treated individuals were faring
better. Indeed, there was a significant increase in
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the number of subjects with “confirmed heart failure”
in RSG-treated subjects (p = 0.01), and the com-
posite evidence of CVD was actually somewhat
lower in placebo-treated subjects (p = 0.08).

Although the authors state that a withdrawal
period is planned, there are currently no data avail-
able similar to the DPP study regarding how often
the RSG was “treating” type 2 diabetes, rather than
delaying its progression.

Pharmacological Interventions
Aimed at Decreasing CVD Risk

Theoretically, if insulin sensitivity is enhanced in
insulin-resistant persons, the associated improve-
ment in CVD risk factors should lead to a decrease
in CVD. Although there is substantive evidence
that weight loss and treatment with TZD com-
pounds will improve insulin sensitivity in insulin-
resistant individuals, associated with an improved
CVD risk profile, there are no clinical trials that
provide experimental evidence that either approach
will decrease CVD events. In the absence of such
information, it is necessary to consider the poten-
tial clinical utility of addressing specific CVD risk
factors, associated with the IRS, in an effort to
decrease CVD. In the next section, therapeutic
approaches to two such factors — dyslipidemia and
hypertension — will be considered.

Dyslipidemia

Although a high plasma TG was the first abnor-
mality in lipoprotein metabolism shown to be asso-
ciated with insulin resistance and compensatory
hyperinsulinemia [17,18], it is now apparent (see
Table 2) that the dyslipidemia in the IRS consists of
high TG and low HDL-C concentrations, smaller
and denser LDL-particles, and the postprandial
accumulation of TG-rich remnant lipoproteins
[69]. Since all of these changes increase risk of
CVD [24,25,70,71], it seems reasonable to suggest
that clinical interventions aimed at improving this
highly atherogenic lipoprotein profile would be
highly desirable. Furthermore, since a low HDL-C
concentration, a shift to smaller and denser
LDL-particles, and an increase in postprandial
lipemia are highly related to an increase in the
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plasma TG-pool size [69], treating hypertriglyc-
eridemia offers a rational target to decrease the
adverse effect of the dyslipidemia of the IRS on
CVD risk. Given this theoretical context, it should
not be surprising that evidence from both the
Helsinki Heart Study and the Veterans Affairs HDL
Intervention Trial (VA-HIT) study showed that
CVD was decreased with administration of gemfi-
brozil [72,73], a drug that lowers plasma TG
concentration. It is of particular interest that the
data from the VA-HIT study also indicated that
the greatest decrease in CVD associated with
gemfibrozil treatment was seen in those individuals
classified as being insulin resistant on the basis of
their FPI concentration [74].

Based upon these data, it seems reasonable to
conclude that insulin resistance/compensatory
hyperinsulinemia is highly likely to be present in
apparently healthy individuals displaying the
atherogenic lipoprotein profile characteristic of the
IRS, and such persons will benefit from treatment
with gemfibrozil.

Essential Hypertension

Approximately 50% of patients with essential
hypertension are insulin resistant/hyperinsulinemic
[75], and it is this subset of patients with essential
hypertension that have the atherogenic lipoprotein
phenotype characteristic of individuals with the
IRS: high TG and low HDL-C concentrations,
smaller and denser LDL-particles, and an exagger-
ated degree of postprandial lipemia [69].
Furthermore, there is evidence that it is these
patients in whom essential hypertension is present
as a component of the IRS that are at the greatest
CVD risk [76-79]. The importance of the link
between the dyslipidemia present in insulin-
resistant/hyperinsulinemic patients with essential
hypertension and CVD has received considerable
support from results of the Copenhagen Male
Study. In one publication [78], Jeppesen and
colleagues demonstrated that blood pressure,
per se, was less predictive of CVD in individuals
with the characteristic dyslipidemia of the IRS — a
high TG and a low HDL-C concentration — than in
those without these changes in lipid metabolism.
These findings support the view that the development
of CVD in individuals with a high TG and low
HDL-C concentration was independent of differences



26

in baseline systolic or diastolic blood pressure. In
contrast, the higher either systolic (p < 0.001) or
diastolic (p < 0.03) blood pressure was at the
beginning of the study, the greater the incidence of
CVD in those without the dyslipidemia of the IRS.

In a second study [79], participants in the
prospective Copenhagen Male Study were divided
into three groups on the basis of their fasting plasma
TG and HDL-C concentrations. Individuals, whose
plasma TG and HDL-C concentrations were in
the upper third or lower third, respectively, of the
whole population, were assigned to the high
TG-low HDL-C group. At the other extreme, a
low TG-high HDL-C group was composed of
those individuals whose plasma TG and HDL-C
concentrations were in the lower third and upper
third, respectively, of the study population for
these two lipid measurements. The intermediate
group consisted of those participants whose lipid
values did not qualify them for either of the two
extreme groups. The results of their analysis indi-
cated that the development of CVD in patients
with hypertension in the lowest TG and highest
HDL-C category was no different than in nor-
motensive individuals with a similar lipoprotein
profile, and the greatest incidence of CVD was
seen in patients with hypertension who also were
in the highest TG and HDL-C group.

Based upon these findings, it seems reasonable
to suggest that lowering blood pressure is a neces-
sary, but not sufficient, approach to reducing CVD
in patients in whom essential hypertension is pres-
ent as one of the manifestations of the IRS. Thus,
at the simplest, the choice of drugs used to lower
blood pressure should be selected with awareness
of their possible deleterious effect on the adverse
CVD risk factors often present in patients high
blood pressure. For example, it is probably not the
best approach to treat a patient, who has a high TG
and a low HDL-C concentration, with more than
12.5 mg of hydrochlorothiazide, and in the absence
of a previous myocardial infarct, to use a beta-
blocker. More importantly, aggressive treatment
of the dyslipidemia, if present, seems to be highly
justified. It must be emphasized that there is no
evidence that this approach will decrease CVD
risk in hypertriglyceridemic patients with essential
hypertension. On the other hand, given the evi-
dence that the atherogenic lipoprotein profile of the
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IRS greatly increases CVD risk [24,25,70,71], and
the results of the VA-HIT and Helsinki Heart stud-
ies [72-74], it would seem prudent to aggressively
treat hypertriglyceridemia when present in patients
with essential hypertension.

Conclusion

Insulin-mediated glucose disposal varies widely in
the population at large, with approximately 50% of
the variability in insulin action resulting from
differences in lifestyle variables; with degree of
adiposity and physical fitness each accounting for
approximately (25%). The remaining 50% is famil-
ial, likely to be of genetic origin, with powerful
ethnic differences. Type 2 diabetes develops when
insulin-resistant individuals cannot secrete the
increased amounts of insulin needed to overcome
the insulin resistance. However, the majority of
insulin-resistant individuals are able to maintain
the degree of hyperinsulinemia required to prevent
manifest decompensation of glucose homeostasis.
Although compensatory hyperinsulinemia prevents
the development of frank hyperglycemia in insulin-
resistant persons, insulin-resistant/hyperinsuline-
mic individuals are at greatly increased risk of
being somewhat glucose intolerant, with a dyslipi-
demia characterized by a high plasma TG and low
HDL-C concentration, and an increase in blood
pressure. These changes increase CVD risk, and
because the importance as CVD risk factors of
insulin resistance/compensatory hyperinsulinemia
and its associated cluster of abnormalities was not
widely appreciated at the time, the term Syndrome
X was introduced in 1988 to focus attention on
these relationships.

An enormous amount of new information relevant
to the role of insulin resistance in human disease
had appeared since the introduction of the concept
of Syndrome X, and the abnormalities related to
insulin resistance have broadened considerably. At
the same time, it has become clear that the adverse
clinical outcomes associated with insulin resistance
extend far beyond type 2 diabetes and CVD. For
example, in addition to type 2 diabetes and CVD,
insulin-resistant individuals are at increased risk to
develop essential hypertension, PCOS, nonalco-
holic fatty liver disease, congestive heart failure,
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sleep disordered breathing, cognitive dysfunction,
and certain forms of cancer. In addition, insulin
resistance and its consequences have been shown
to complicate protease inhibitor treatment of
HIV/AIDS, as well as the use of atypical antipsy-
chotic drugs in patients with schizophrenia.
Consequently, it is suggested that the various
abnormalities and clinical syndromes more likely
to occur in insulin-resistant individuals be
subsumed under the rubric of the IRS.

To discuss the treatment of all of the manifestations
of the IRS is beyond the competence of this indi-
vidual, and would seem to require the creation of a
multiauthored monograph. It did seem possible
that some clinical utility might result from a con-
sideration of lifestyle and pharmacological
approaches to enhancing insulin sensitivity in
apparently healthy, nondiabetic, insulin-resistant
individuals, and this has been the main focus of the
chapter. In the case of the dyslipidemia and essen-
tial hypertension associated with the IRS, an addi-
tional attempt was made to consider potential
interventions, above and beyond improving insulin
sensitivity, which might be useful in an effort to
reduce risk of CVD. It is clear that we have learned
a great deal since the original observation of
Himsworth that a defect in insulin action could
lead to a disease: type 2 diabetes. The clinical prob-
lems associated with insulin resistance will only
increase as the world grows more obese and less
physically active, and the need to develop thera-
peutic approaches much more effective than the
relatively primitive ones discussed in this chapter
will become paramount.
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Diabetic ketoacidosis (DKA) and hyperosmolar
non-ketotic hyperglycaemia (HH) are acute, life
threatening conditions, which represent the ulti-
mate metabolic consequences of deranged type 1
and type 2 diabetes [1-4]. The hallmark of DKA is
metabolic acidosis caused by rapid excess of
ketoacids (3-hydroxybutyrate and acetoacetate)
while hyperosmolarity caused by hyperglycaemia
is the most notable feature of HH. The distinction
is not clear-cut as DKA patients may be very
hyperosmolar and ketone body levels are generally
modestly elevated in HH. Although the clinical
picture may vary considerably depending on
co-morbidities, differential diagnosis seldom poses
major problems and in the rare cases in which
distinction is difficult, treatment generally follows
the same principles, regardless of aetiology.

Mortality rates have been steadily declining over
the recent years [5], but remain close to 5% for
DKA and between 10% and 15% for HH [1]. The
decline in mortality may be a consequence of lower
incidence of DKA and HH, earlier diagnosis,
improved treatment or — more plausibly — all
combined. It is likely that improved education
schedules and self-monitoring (e.g. blood ketone
testing), organisation of specialised diabetes
clinics and the use of standardised low-dose
insulin regimens [1,6] have contributed to this
favourable trend.

Diabetic Ketoacidosis

DKA is the most important and demanding med-
ical emergency within the fields of diabetology
and endocrinology. There is no generally accepted
definition of DKA and in particular very mild
cases may be problematic. As a minimum it
seems reasonable to require that pH is below nor-
mal range and that levels of ketoacids (ketone
bodies) in blood or urine are markedly elevated.
As outlined in Table 1 there is a continuous dete-
rioration from clinically insignificant stress ketosis
to full blown severe ketoacidosis. In the US pop-
ulation it has been estimated that between 2% and
8% of hospital admissions in children with
diabetes are due to DKA [7] and that the annual
incidence rate of DKA in children is around 5 per
1,000 patients [8].

Pathogenesis and Pathophysiology

In DKA the major culprit is insulin deficiency.
Insulin deficiency may be relative, for example,
in the setting of severe infection, where normal
amounts of insulin are insufficient or absolute
when insulin therapy is neglected. At some stage
insulin deficiency becomes coupled with an
excess of counter-regulatory hormones and
cytokines [9,10]. The traditional catabolic
(stress) hormones include glucagon, epinephrine,
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TaBLE 1. Classification of clinical pictures and diagnostic criteria (adapted from Standards of Medical Care in
Diabetes — 2004/2006 POSITION STATEMENT Diabetes Care 27:594-S101, 2004, 2006 by the American Diabetes

Association, Inc.).

Diabetic ketoacidosis

Stress Compensated Hyperosmolar
ketosis DKA Mild Moderate Severe hyperglycaemia
Plasma Variable Generally Generally Generally Generally >35-40
glucose increased increased increased increased mmol/L
Arterial Normal Normal Decreased 7.0-7.25 <7.0 Generally
pH >7.25 normal
Serum Normal Marginally 15-18 10-15 <10 >15
bicarbonate decreased mmol/L mmol/L mmol/L mmol/L
Urine Increased Increased Increased Increased Increased Normal/
ketones marginally
increased
Blood Increased Increased Increased Increased Increased Normal/
ketones marginally
increased
Anion gap* Normal/ Marginally >10 >12 >12 Variable
marginally increased
increased
Mental Normal Normal Normal Normal/ Drowsy— Drowsy—
status drowsy coma coma

aCan be calculated as: [Na*]-([CI7] + [HCO{]).

growth hormone and cortisol, all of which have
well-described metabolic actions. The metabolic
actions of cytokines are in general not so well
understood and it is possible that many of these
actions are mediated by hypothalamo-pituitary
activation and subsequent elevation of catabolic
hormones.

Lipid Metabolism

Contrary to popular belief deranged lipid — not
carbohydrate — metabolism is the main cause of DKA.
In essence DKA is caused by uncontrolled lipolysis in
adipose tissue and uncontrolled ketogenesis in liver.
Adipose tissue is present in regional depots such
as subcutaneous upper and lower body and vis-
ceral fat [11]. Apart from these classic depots fat is
present in most other tissues, for example, connec-
tive tissue, bone marrow, liver and muscle. The
picture is further complicated by the fact that
within each tissue fat is distributed in compart-
ments. In muscle for instance fat is present
intramyocellularly, intermyocellularly and inter-
muscularly. Under physiological conditions lipolysis

is tightly controlled by lipases. Hormone-sensitive
lipase and probably also adipose triglyceride
lipase stimulate release of free fatty acids and
glycerol into the circulation. This process is inhib-
ited by insulin and low insulin levels increase
lipolysis swiftly. The stress hormones, such as
epinephrine, growth hormone and cortisol, stimu-
late lipolysis. It is plausible that dehydration per se
also participates in the stimulation of lipolysis [12].
These events take place in the course of hours and
may rapidly triple or quadruple blood concentra-
tions of free fatty acids.

Ketogenesis occurs in the liver by oxidation of
free fatty acids to ketoacids/ketone bodies. Ketone
bodies, in particular 3-hydroxybutyrate, are phylo-
genetically ancient fuel compounds, which are
present and prominent in very primitive species
[13], suggesting that they have played an important
role throughout evolution over the past 2-3 billion
years. Physiologically ketone bodies provide
important fuel energy for the brain and other tis-
sues under fasting, prolonged exercise and other
conditions of fuel shortage. In DKA ketogenesis
becomes uncontrolled and circulating levels of
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ketone bodies rise manifold. This occurs because
of both increased supply of fatty acids to the liver
and because low levels of insulin and high levels of
glucagon in the liver promote ketogenesis [14]. In
normal individuals this unrestrained process is
prevented by compensatory rises in insulin secretion,
but this does not occur in type 1 diabetes.

Glucose Metabolism

Hyperglycaemia is usually present in DKA, but it
is important to realise that DKA not infrequently
presents with normal or modestly elevated glucose
concentrations [15]. This may particularly be the
case during caloric deprivation due to, for exam-
ple, gastrointestinal disease. Hyperglycaemia is
caused by a combination of lack of insulin and
excess of stress hormones, leading to insulin
resistance. In the liver this increases gluconeo-
genesis and hepatic glucose production. It is
unlikely that the kidney plays any significant role
in the initial stages of DKA [16]. The ensuing high
glucose levels generate a high flux state with
increased peripheral glucose disposal, but the
increased mass action of glucose is generally
insufficient to compensate fully. Muscle glucose
metabolism is characterised by low insulin levels
and insulin resistance because of high levels of
stress hormones, high levels of free fatty acids and
varying degrees of dehydration.

Precipitating Factors

Unless related to omission of insulin therapy, DKA
is usually precipitated by coexisting illness. The
most common factor is infection ranging from
trivial viral infections to full-blown septicaemia.
Other precipitating factors are cardiovascular
events (myocardial infarction, stroke), gastroin-
testinal disease, inflammatory diseases, pancreatitis,
trauma and major surgery, alcohol abuse and drugs
(e.g. glucocorticoids). All of these factors induce
insulin resistance due to stress hormone responses.
Furthermore, poor appetite and food deprivation
will often lead the patient to take less insulin, erro-
neously of course. In this context gastrointestinal
disease with nausea and vomiting poses a specific
problem and it may be necessary to admit such

patients to hospital for intravenous glucose and
insulin therapy.

Psychological factors also play an important
role. Poor compliance is commonly seen in
younger patients, patients with psychiatric ill-
nesses and in minority groups with poor under-
standing of diabetes care principles for linguistic
or cultural reasons.

Diagnosis and Clinical Presentation

DKA usually develops over a short period of time,
generally in less than 24 h. There may have been
some antecedent days with general malaise and
poor metabolic control. Depending on the degree
of hyperglycaemia, the history will include symp-
toms of polydipsia and polyuria. Specific symp-
toms depend on precipitating factors and
co-morbidity. Physical examination may reveal
poor skin turgor, hyperventilation (Kussmaul),
hypotension, tachycardia and impairment of men-
tal status. Many patients have infection, but
patients may present with normothermia or even
hypothermia due to peripheral vasodilation caused
by the acidemia.

Prompt diagnosis and initial treatment rests on:
(i) careful clinical examination, (ii) determination of
plasma glucose, (iii) measurement of ketones in blood
or urine, (iv) measurement of plasma potassium and
other electrolytes and (v) assessment of acidemia.
If glucose is high and blood/urine ketones are
markedly elevated, DKA is likely and fluid and insulin
therapy can usually be initiated, unless the patient is
severely hypokalaemic (<3.5 mmol/L). If potassium
is very low supplementation must be given before
insulin therapy. However, rehydration should not be
delayed whilst waiting for a potassium measurement.

The next diagnostic steps usually include arterial
gas analysis, blood electrolytes (including anion
gap), serum lactate (if there is doubt about the
cause of the acidemia), complete blood cell count,
biochemical assessment of liver and renal function,
blood and urine cultures, myocardial biomarkers (if
there is suspicion of a myocardial infarction), ECG
and chest X-ray. In this context it is advantageous
that most modern gas analysers also readily pro-
vide potassium concentrations. Another recent
advantage is the advent of bedside ketone body
monitors. It is thus nowadays possible to have
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quick and reliable measures of 3-hydroxybutyrate
concentrations in blood [17], as opposed to
unreliable measurements of acetoacetate in urine or
time-consuming conventional laboratory method-
ology of the past. Diagnostic criteria are shown
in Table 1.

Despite potassium depletion, serum potassium is
typically either normal or elevated due to water
deficiency and an intra- to extracellular shift
caused by insulin deficiency and acidemia. Patients
with potassium in the low range have severe total
body potassium deficiency and should receive
vigorous replacement therapy guided by cardiac
monitoring. Sodium concentrations can be normal
or low, due to osmotic shifts. It can be calculated
that for every 3 mmol/L rise in plasma glucose the
plasma sodium falls by 1 mmol/L. Thus there is
often a real hypernatremia and the sodium levels
will always rise as the glucose is brought under
control. A majority of patients will have leukocyto-
sis, which correlates with ketone body levels rather
than with the presence of infection. There is also
a water deficit of around 10% of body weight.
Non-specific elevations of amylase and liver
enzymes are common.

Differential diagnoses include all other causes of
acidosis. It should be emphasised that many acute
medical conditions induce stress ketosis and may be
associated with acidosis. DKA is a metabolic aci-
dosis characterised by a high anion gap and varying
degrees of respiratory compensation. It is therefore
crucial to obtain measures of ketone body concen-
trations and arterial gas analysis. If there is a major
discrepancy between the extent of the ketonaemia
and the acidemia, then lactate measurements are
warranted. Starvation ketosis and alcoholic ketoaci-
dosis can usually be identified by clinical history.
Other conditions causing metabolic acidosis
include lactic acidosis and intoxication with sali-
cylate, methanol, ethylene glycol (antifreeze) and
paraldehyde. The clinical picture may be blurred
whenever the acidosis is aggravated by renal fail-
ure or respiratory failure. In addition DKA may
imitate other diseases. High levels of potassium
may cause ECG changes suggestive of myocar-
dial infarction, and elevation of myocardial
enzymes and biomarkers may occur in the
absence of clear myocardial infarction [18]. DKA
may also mimic an acute abdomen, particularly
in younger patients.
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Management

Management and treatment of DKA rests on four
pillars:

1. Fluid and electrolyte therapy.

2. Intravenous insulin therapy.

3. Treatment of co-morbidities.

4. Careful monitoring of the clinical course.

It is particularly important that treatment is initiated
without delay and that the patient is monitored
frequently and carefully, preferably in a highly
specialised unit. Severe cases should be treated and
monitored in intensive care unit, where possible.
Useful algorithms for treatment are available from
many sources including the American Diabetes
Association. In general the overall goal is a
controlled, gradual correction of metabolic abnor-
malities and fluid and electrolyte deficiencies in
the course of around 24 h.

Treatment of DKA in children and young
adolescents follows slightly different guidelines
than those presented here [19]. It is recommended
that insulin is given continuously intravenously (0.1
IU/kg BW/h) after initiation of fluid and electrolyte
therapy in order to minimise the risk of cerebral
oedema. Otherwise children are in general treated
with weight-reduced doses as indicated later.

Fluid/Saline Therapy

The first priority is to start to replace fluids. Water
and sodium deficits typically are around 10% of
body weight and 10 mmol/kg and isotonic saline
(0.154 mmol/L; 0.9% NaCl) is given at a rate of
approximately 15-20 mL/kg/h or 1 L/h initially,
followed by 250 mL/h after the first 2-3 h depend-
ing on the state of dehydration. Depending on
prevailing sodium concentrations and hydration
hypotonic saline may also be used, but this is
rarely necessary. Urine production and cardiovas-
cular, renal and mental performance should be
monitored frequently.

Insulin

Lack of insulin is the culprit in DKA and insulin
treatment is mandatory. Insulin therapy in adults is
given by infusion of 0.1 IU/kg BW/h or more sim-
ply as 6 units/h. An i.v. bolus of 0.15 IU/kg BW
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(or 10 IU) of regular insulin can be given initially
but is not really required, as most of the initial
improvement in metabolic status is due to rehydra-
tion. Alternatively a bolus of 0.15 IU/kg BW (or 10
IU) may be given every hour or a 20 unit bolus IM
followed by 6 units every hour. If the patient is very
insulin resistant (e.g. assessed by daily insulin
requirements) dosage can be increased and vice
versa if the patient is insulin sensitive. Considering
the short half-life of i.v.-administered insulin, it is
imperative that insulin is given with at least hourly
intervals, regardless of prevailing blood glucose.

Insulin therapy is adjusted based on hourly
measurements of blood glucose and — if possible —
blood ketones, the overall aim being a gradual
decline in both. The initial decline is to a large
extent due to rehydration and expansion of the
extracellular volume. Repeated analysis of arterial
blood gases may be indicated but only in those
patients with very low pH values and/or poor clin-
ical condition. Measurements of ketone levels in
urine is in general unreliable in this phase; these
methods measure acetoacetate, which is quantita-
tively of minor importance compared with
3-hydroxybutyrate, and acetoacetate in urine may
exhibit a paradoxical initial increase due to increas-
ing blood concentrations (and low urine produc-
tion), despite successful treatment. In particular,
acetone is also measured by standard urine dipstick
methods and may continue to be excreted for up to
48 h after the onset of treatment as it is fat-soluble
and leaches out slowly during treatment.

When glucose concentrations are between 10
and 15 mmol/L, glucose is given i.v. and/or orally
to avoid hypoglycaemia. It is usually possible to
taper i.v. insulin treatment when 3-hydroxybutyrate
concentrations are well below 3 mmol/L. Ten per-
cent of glucose should be used for i.v. replacement
as this provides some extra anabolic substrate. If
the patient is still dehydrated, then the saline infu-
sion should be continued.

Potassium, Bicarbonate and Phosphate

Even though the body is potassium depleted, with
a typical deficit of around 5 mmol/kg, initial potas-
sium values are usually normal or elevated. Insulin
therapy, rehydration and correction of acidosis all
cause a decrease in serum potassium and 20-30
mmol potassium/h may be administered once

potassium levels are below 5.0 mmol/L, provided
renal function is intact. Subsequent potassium
administration is guided by frequent concentration
measurements; adjuvant oral administration may
be used in very mild cases of DKA. It is a frequent
practical problem that there may be some delay
before values are available from the laboratory; gas
analysers that provide instant bedside potassium
concentrations greatly facilitate this process.

Bicarbonate use in DKA is a matter of controversy,
but it is empirically recommended that 25-50
mmol sodium bicarbonate is given hourly for
1-2 h, if pH is below 7.0. Phosphate deficiency of
around 1 mmol/kg is typically present in DKA,
but there is no evidence that phosphate supple-
mentation should be given routinely. In patients
with severe hypophosphataemia and/or cardiac
and skeletal muscle/respiratory weakness, 20-30
mmol of potassium phosphate can be given
hourly for 1-2 h.

Co-morbidity

Coexisting diseases precipitate DKA and DKA
precipitates coexisting disease. Most often
patients with DKA suffer from infectious disease
and signs of infection should be vigorously
sought for and treatment should be instituted on
wide indications. Other prominent co-morbidities
include cardiovascular events (myocardial infarction,
stroke, thrombophlebitis, pulmonary embolism),
acute gastrointestinal disorders and a variety of
intoxications.

Complications

latrogenic hypoglycaemia and hypokalaemia are
common and preventable, provided there is access
to rapid analysis of glucose and potassium and —
not less important — a competent and experienced
medical team. Another frequent complication is
recurrence of DKA or unnecessary protraction of
the course, typically due to insufficient insulin
therapy. Thrombotic events are also not uncommon
although more often in HH than DKA.

Cerebral oedema is a rare, but often fatal,
complication preponderant in children and
adolescents. The pathophysiology is poorly
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understood, but may relate to overly aggressive
therapy, the use of hypotonic replacement fluids,
local cerebral overhydration and abnormalities of
vasogenic function [19]. Symptoms frequently
develop 4-12 h after initiation of therapy and
include headache, altered mental status, specific
neurological deficits and signs of increased
intracranial pressure. Treatment with mannitol or
hypertonic saline may be beneficial.

Prevention

Implementation of self-care and shared-care princi-
ples is crucial. Patients should learn about symp-
toms of DKA and be able to measure ketones in
blood or urine. A common lapse is omission/reduc-
tion of insulin during episodes with impaired
well-being and poor appetite. Persistent ketosis
should be treated with extra insulin, fluid and
carbohydrate, when necessary. Furthermore, it is
very important that the individual patient had
ready, 24-h access to diabetological expertise,
preferably in a specialised diabetes centre.

Hyperosmolar Hyperglycaemia

Hyperosmolar hyperglycaemia (HH) is generally
the fulminant result of poorly treated type 2 dia-
betes or delayed diagnosis of previously unknown
type 2 diabetes. HH is less frequent than DKA, but
mortality is higher and remains close to 15% in
many centres [1,20]. As implied hyperosmolality is
the primary clinical problem and there will be
hyperglycaemia of >35-40 mmol/L and an effec-
tive serum osmolality of >320 mOsm/kg (Table 1).
HH most often occurs in frail patients in combina-
tion with other potentially fatal conditions. Strict
differentiation between DKA and HH can be
difficult, because some degree of ketosis may
be present in HH and because, for example, lactic
acidosis, respiratory and renal failure may also be
present. In practise this dilemma is mainly orna-
mental, since diagnostic and therapeutic efforts
follow the same principles.

In line with DKA, HH is most often precipi-
tated by infectious diseases or cardiovascular
events and symptoms of hyperglycaemia usually
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have been present for some days. Hyperglycaemia
is caused by a vicious cycle, in which relative
insulin deficiency and high levels of stress hor-
mones lead to increased endogenous glucose pro-
duction and decreased peripheral glucose
utilisation; hyperglycaemia in turn induces hyper-
osmolality and dehydration, which amplifies the
stress hormone response and further impairs
insulin secretion and vice versa.

At presentation the clinical condition is poor and
the patient is very dehydrated with poor skin turgor
and often exhibits altered level of consciousness
(ranging from drowsiness to coma) and signs of
hypovolaemic shock. In general the diagnostic
procedures are similar to DKA. Typically, there
will be a water deficit of 10-20% of body weight
together with sodium, chloride and potassium
deficits between 5 and 10 mmol/kg body weight.

Treatment of HH also follows the same guidelines
as for DKA, the main aim being a controlled
correction of hyperglycaemia, hyperosmolality and
water and electrolyte deficits over 24 h. Patients are
generally more sensitive to insulin and an infusion
of 0.1 IU/kg BW/h is more than adequate in most
cases. Repeated hourly boluses of 0.15 [U/kg BW
(or 10 IU) may also be used. As with DKA dosage
should be adjusted according to normal daily
insulin needs and depending on therapeutic
response. Usually 1L of isotonic saline is infused in
the first hour but after that slower rehydration is
advisable. Haemodynamic performance should be
monitored carefully and it should be borne in mind
that many of the patients have pre- or coexisting
cardiac disease. The use of a central venous
pressure line is helpful. It should be noted that a
significant proportion of HH patients are hyperna-
traemic. In this case hypotonic saline can be used
but more slowly. Potassium is administered along
the same lines as with DKA and it is often wise to
monitor the patient in the intensive care unit.
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Notes on the Use of Glucagon

in Type 1 Diabetes

Carl Erik Mogensen

Keywords: Glucagon, hypoglycaemia.

Hypoglycaemia may be an important complication in
the treatment of type 1 diabetes. When intravenous
glucose is available, glucagon has no place in the
treatment and certainly also many patients may be
treated with glucose or sweet foods given orally.
However, if the patients are not conscious or acting
negatively, glucagon used intramuscularly or subcu-
taneously is important in a dose of 1-2 mg [1-3].

Glucagon acts by activating the enzymes in
hepatic cells that increase glycogenolysis and
thereby increase the hepatic glucose production.
Quite often, immediate clinical improvement is
necessary to avoid the risk of neurological damage
associated with severely low blood glucose. One
problem might be that glucagon can be useless if
hepatic stores of glycogen are depleted.

Relatives of patients with type 1 diabetes are
quite often keen to use this kind of treatment.
Glucagon is a safe and reliable alternative to intra-
venous glucose, which is, as mentioned, the most
important and rapid restoration of blood glucose.

A glucagon emergency kit should be available
in homes and family members should be instructed in
the use of the kit in case of hypoglycaemia. It
should be followed by the use of glucose as soon
as possible.
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Insulin and New Insulin Analogues,
Insulin Pumps and Inhaled Insulin

in Type 1 Diabetes

Kjeld Hermansen
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The microvascular complications of type 1 diabetes
mellitus (TIDM) were rarely noted before the
discovery of insulin. The introduction of insulin
therapy allowed patients to live long enough to
develop diabetic retinopathy and diabetic
nephropathy [1]. It was discussed extensively
whether these complications were caused by
hyperglycaemia, and whether they could therefore
be prevented or delayed by improved blood glu-
cose control. The Diabetes Control and
Complication Trial (DCCT) [2] followed up in the
Epidemiology of Diabetes Intervention and
Complications (DCCT/EDIT) [3] showed that
there was a clear-cut relationship between the
degree of glycaemic control measured by HbA1C
and the onset or progression of microvascular com-
plications in TIDM [2,3]. The DCCT ended in
1993, after a mean duration of follow-up of 6.5
years [2]. Interestingly, the DCCT/EDIT extension
study [3] clearly demonstrated that the risk reduc-
tion has been maintained through 7 years of EDIT,
even though the difference in mean HbA1C levels
between the intensive and conventional T1DM
groups was only 0.4% at 1 year (8.3% in the former
conventional treatment group vs. 7.9% in the
former intensive treatment group), continued to
narrow, and became statistically non-significant by
5 years (8.1% vs. 8.2%). Thus, the benefits of 6.5
years of intensive treatment extend well beyond the

period of its most intensive implementation.
Intensive treatment should be started as soon as
possible after the onset of TIDM and maintained
thereafter, aiming at as low HbA1C as practicable.
However, there is an inverse relation between
glycaemic control and the risk of severe hypogly-
caemia in TIDM [2]. In the DCCT, severe
hypoglycaemia occurred about 2.5-3 times more
frequently in the intensive therapy group compared
with the conventional therapy group. Thus,
hypoglycaemia is a major limiting factor to achieving
optimal control for many subjects with TIDM.
There are several reasons why it is difficult in
T1DM to mimic the physiological insulin secre-
tion. This is in part due to the unfavourable phar-
macokinetics and  pharmacodynamics  of
subcutaneously injected insulin. As demonstrated
by Binder et al. [4] more than 20 years ago, the
coefficient of variation for conventional insulin
preparations is as much as 25% intrasubject and 50%
between subjects. The resulting unpredictability of
glycaemic responses is most prominent with
delayed-acting preparations. In addition, the admin-
istration of subcutaneous insulin in the periphery
rather than into the portal circulation results in hyper-
insulinaemia in the systemic circulation. Insulin
absorption is influenced by the anatomical site of
injection, being faster from the abdomen than from
the thigh. The absorption is faster during exercise and
after intramuscular injection rather than subcuta-
neous injection. Injecting into the abdomen rather
than the thigh can attenuate the effect of exercise.
There are three main types of insulin prepara-
tions: (i) short acting, which have a relatively rapid
onset of action and are injected just before meals
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(‘preprandial’ injections), (ii) intermediate acting,
and (iii) long acting, which have a slower onset of
action and act for long periods, meeting an individual’s
background (round-the-clock) needs. The duration of
action of a particular type of insulin varies considerably
from one patient to another and needs to be assessed
individually. Insulin is given by subcutaneous injection
into the layer of tissue immediately beneath the skin.
Short-acting insulins can also be given by continuous
subcutaneous infusion using a portable infusion pump.
This device delivers a continuous basal insulin infusion
and patient-activated bolus doses at meal times.

Treatments using insulin analogues or insulin
pump treatment with continuous subcutaneous
insulin infusion (CSII) have less variability and a
lower incidence of hypoglycaemia than seen with
traditional insulins and delivery systems.

This chapter deals first with the therapeutic use of
insulin and its analogues in T1DM as well as different
ways of insulin administration, that is, by conventional
intensified insulin therapy with multiple injections
(MDI), pump treatment (CSII) and inhalation (INHI).

Insulin and New Insulin Analogues

The Need for Physiological Insulin Delivery

Physiologically, insulin secretion is characterized by
rapid increases at meal times together with a lower
and constant basal output during interprandial intervals,
including during the night. Secretion falls acutely
during exercise and prolonged fasting. These dynamic
responses maintain euglycaemia (4.0-5.0 mM)
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at all times, except for 1-1.5 h after eating, conse-
quently avoiding the damaging effects of hypergly-
caemia. Insulin therapy in T1DM should aim to
mimic nature, that is, limiting postprandial hyper-
glycaemia and preventing hypoglycaemia during
interprandial intervals in TIDM.

Conventional Intensified Insulin Therapy
or Multiple Daily Insulin Injections (MDI)

In conventional intensified insulin therapy (MDI)
using the basal-bolus approach with MDI, continuous
basal insulin supply is obtained by once- or
twice-daily subcutaneous injections of longer-acting
preparations, supplemented by mealtime injections
of more rapid-acting formulations.

Rapid-Acting (Mealtime) Insulins

These include structurally unchanged regular insulin
preparations and short-acting insulin analogues
(STAs), which dissociate more rapidly than regular
insulins and are absorbed faster. The glucose-lowering
effect of rapid-acting insulins is enhanced by exercise
within 1-3 h after the meal and by reducing the
carbohydrate content of the meals.

Regular (Soluble) Insulins

Following subcutaneous injection of structurally
unchanged regular insulin preparations, the native
insulin tends to associate a hexameric form, which
is slowly dissociated to single molecules and
absorbed, thereby interfering with recreation of the
physiological prandial insulin response (Table 1).

TaBLE 1. Time course of action in T1DM of currently available subcutaneously injected

insulin preparations.

Appearence Onset Peak Duration
Mealtime insulins
Human regular insulin Clear 0.5-1h 2-3h 5-8h
Short-acting analogues
Insulin Lispro Clear 5-10 min 0.5-2h 3-5h
Insulin Aspart Clear 5-10 min 0.52h 3-5h
Insulin Glusiline Clear 5-10 min 0.5-2h 3-5h
Basal insulins
Intermediate acting isophane Cloudy 0.5-1.5h 4-6h 8-16h

insulin (NPH)

Long-acting insulin analogues
Glargine Clear 0.5-1h Peakless? 1624 h
Detemir (0.3-0.8 U/kg) Clear 1-2h 8-12h 17-23 h
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Regular insulin needs to be injected 20-30 min
before eating, or exaggerated postprandial hyper-
glycaemia will result. Subcutaneous absorption of
regular insulin continues well beyond the postpran-
dial glycaemic response with a peak 2-3 h after
injection (Table 1), resulting in continued elevated
circulating insulin levels, which tend to cause hypo-
glycaemia 3-5 h after the injection. Insulin dosages
should be adjusted to optimize blood glucose levels
3-5 h after the injection, rather than 2 h postprandi-
ally. To avoid hypoglycaemia it will often be needed
for the patients to snack between meals.

Short-Acting Insulin Analogues: Insulin Lispro,
Insulin Aspart and Insulin Glusiline

Much attention has been devoted to develop SIA
with pharmacokinetic profiles that mimic prandial
insulin responses. In the SIA Lispro (Humalog),
lysine at position 28 and proline at position 29 of
the B-region of regular human insulin were inter-
changed. In the SIA Aspart (NovoRapid), proline
at position 29 of the B-region was replaced by
aspartic acid, and in the STA Glusiline (Apidra), the
amino acid, asparagine was replaced by lysine at
position 3 and lysine with glutamic acid at position
29 of the B-chain.

SIAs have lesser tendency toward self-associa-
tion and are therefore absorbed more quickly,
achieving peak plasma concentrations about twice
as high and within approximately half the time
compared with regular insulin (Table 1). When
injected at the start of the meal, the pharmacoki-
netic profile of SIA leads to lower glucose levels
after meals than with regular insulins given up to
30 min beforehand. Another advantage is the pos-
sibility of injecting SIA up to 15 min after starting
to eat without deterioration of prandial glycaemic
control [5]. SIAs also have a shorter duration of
action than regular insulin (Table 1), which reduces
the need to snack between meals.

In a recent Cochrane review [6], the meta-analy-
sis showed in adults with TIDM a small decrease
in HbAIC of —0.1% with SIA compared with reg-
ular human insulin. Assuming that a reduction in
HbA1C with SIA would result in a relative benefit
similar to that found in DCCT [2], 650 patients
would have to be treated with SIA for 1 year to pre-
vent the development of retinopathy in one patient
[6]. In terms of overall hypoglycaemia, comparable
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results were obtained with SIA and regular insulin;
however, severe hypoglycaemia occurred less fre-
quently in the SIA group than in the regular group
[6]. Regarding quality of life (QOL), SIA showed
improvement due to changes in the convenience,
flexibility and continuation of treatment [6].
However, SIAs have higher cost than regular
insulin. STAs are judged safe during pregnancy.
The short duration of action of SIA causes periods
of hypoinsulinaemia between meals if the intervals
between mealtime injections are long. Obtaining
the potential benefits of SIA fully depends on the
application of optimized basal insulin.

Basal Insulin Replacement

Basal Insulin Replacement with Intermediate
Acting Neutral Protamine Hagedorn (NPH) Insulin

The most widely prescribed basal insulin globally is
insulin combined with protamine [7], the so-called
NPH insulin. The action profile of this preparation
is, however, not optimal, with a peak effect at about
4-6 h and a duration of action of 8-16 h (Table 1).
At a common dose of 0.3 U/kg, NPH insulin has
been found to have a duration of around 13 h [8,9],
which is insufficient to control hepatic glucose out-
put to physiological levels. The peak of action of
NPH insulin gives a potential risk of hypogly-
caemia; however, it is the large variability in
absorption of NPH insulin that poses the greatest
problem. Thus, NPH insulin provides a considerable
within-subject variability in TIDM assessed by
the coefficient of variation (CV) for pharmacody-
namic endpoints attaining 46-68% [10]. Variability
of absorption arises from local changes at the injection
sites in combination with the process of absorption
after injection. In addition, there is often inadequate
suspension and mixing of NPH insulin in pens
before injection.

Basal Insulin Replacement with Long-Acting
Analogues: Insulin Glargine and Insulin Detemir

The first of the long-acting insulin analogues to be
used was insulin glargine (Fig. 1). This analogue is
produced by the substitution of glycine for
asparagine at position A21 of the insulin molecule
and by the addition of two arginine molecules at
position B30. These changes lead to a shift in the
isoelectric point toward a neutral pH, which results



44

C14 fatty acid chain
(Myristic acid) ~4

Kjeld Hermansen

Soluble
Acid pH

Precipitates at
neutral pH
of SC tissue

FIG. 1. Molecular structures of the long-acting insulin analogues, detemir (upper part) and glargine (lower part).

in an insulin molecule that is less soluble at the
injection site and that precipitates in the subcuta-
neous tissue to form a depot from which insulin is
slowly released [11]. As compared with NPH insulin,
insulin glargine results in prolonged insulin absorp-
tion and shows little peak activity, as demonstrated
by differences in disappearance curves (Table 1).

Rates of absorption of insulin glargine at various
sites do not differ. In the study of Lepore et al. [9]
insulin glargine was found to have no peak and to
have a mean (+SE) duration of action of 22 + 4 h.
It is important not to over-interpret the pharmaco-
dynamic studies, because the data presented are
simply averages of the results obtained in a relatively
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small number of subjects. The onset or duration of
action may be substantially longer or shorter in
individual patients and especially the profiles of
action are dependent on the dose of insulin. In stud-
ies in TIDM the effect of only one glargine dose on
pharmacokinetic and pharmacodynamic has been
reported [9,10], which does not give a legitimate
impression of the action profile. In this context it is
of interest to note that the time-action profiles of
glargine and the other long-acting insulin analogue,
detemir, are comparable in T2DM and vary criti-
cally with the insulin dose [12]. Glargine did not
show the ‘ideal’ peakless profile with an equal
distribution of the metabolic effect over 24 h in
some studies [10,12]. Thus, a low glargine dose
does not have a duration of action that covers 24 h
in TIDM. Recently, it was found that using insulin
glargine twice daily at breakfast and before dinner
compared with glargine once daily at dinner time —
taken with a rapid-acting insulin analogue at meal
times — gave a better glycaemic profile with
reduced pre-dinner hyperglycaemia in TIDM [13].
However, besides this study [13], all clinical stud-
ies have been carried out with only one daily
glargine injection. Most clinical studies in TIDM,
except two [14,15], have failed to show any clini-
cally significant improvement in HbA1C with
insulin glargine compared with NPH insulin
[16—18], whereas the pre-breakfast blood glucose
level in general is lower. Compared with NPH
insulin + unmodified human insulin, the combina-
tion of insulin glargine plus the SAI lispro, however,
caused an overall improved glycaemic control in
T1DM including HbA1C [14]. It is possible that
experience in using the insulin analogues with
adequate titration may allow improvement of
HbAIC in TIDM to a relevant degree.
Importantly, a reduction in the risk of hypogly-
caemia, especially nocturnal hypoglycaemia, has
been the rule with insulin glargine when compared
with NPH insulin [14,16,17].

Insulin detemir is the second basal insulin that
has been registered (Fig. 1). Its extended action is
achieved by an entirely different principle from
that attempted previously. Thus, a 14-C fatty acid,
myristic acid, has been attached to the lysine
residue at position B29, the threonine having been
removed from position B30. The myristic acid side
chain binds to albumin in the interstitium at the
injection site and in the circulation providing the
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longer action profile. Insulin detemir has a lower
in vivo potency compared with NPH insulin and
glargine. Consequently, the commercial prepara-
tion of insulin detemir is formulated as 2,400 nM
concentration (insulin NPH and insulin glargine
both 600 nM) as has proven adequate in clinical
studies. In TIDM insulin detemir (0.1-1.6 U/kg)
has a linear dose-response relationship for both
pharmacokinetic and pharmacodynamic measures
[10]. Compared to NPH, detemir shows longer
duration and lower maximum effect (Table 1).
A recent study in T1IDM using glucose clamp has
demonstrated a lower within-subject variability of
insulin detemir (CV 27%) than of insulin NPH (CV
68%) and insulin glargine (CV 48%) [10]. In most
clinical studies twice-daily insulin detemir has
been compared with twice-daily insulin NPH
[19-24]. Regardless of whether detemir was
administered at equal 12-h interval (morning + dinner)
or with a longer interval (morning + bedtime), this
improved overnight control with lower pre-break-
fast glucose levels together with a lower risk of
nocturnal hypoglycaemic events was seen [23,24].
The study of Home et al. [23] suggests that where
nocturnal hypoglycaemia is a dominant problem,
bedtime detemir may be a better choice than dinner
detemir. Similar improvement in glycaemic control
and hypoglycaemia as seen with twice-daily
insulin detemir can be obtained when it is only
given once daily in TIDM [25]. Thus, insulin
detemir administered once daily at bedtime resulted
in lower fasting blood glucose, less day-to-day
variability in blood glucose and lower risk of
nocturnal hypoglycaemia than NPH insulin [25].
Hermansen et al. [21], comparing the combination of
insulin detemir + insulin aspart with the combination
of NPH insulin + human regular insulin, found that
the analogue regimen caused improvement in pran-
dial glucose increments (Fig. 2, upper part), reduced
plasma glucose variability at all pre-meal time points
and lowered HbA1C more and caused less nocturnal
hypoglycaemia than the human insulin regimen.
There is clinical evidence in favour of both
insulin glargine and insulin detemir over NPH
insulin in T1DM with reduced nocturnal hypogly-
caemia and lower pre-breakfast blood glucose
levels. Data indicate that the combination of SIA
and one of the long-acting analogues compared
with regular insulin + NPH insulin may even
provide a small gain in overall glycaemic control
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FiG. 2. Upper panel: Effects on 8-point plasma glucose profiles at the end of an 18 weeks study period of insulin ana-
logues (insulin detemir + insulin aspart) versus traditional human insulin (NPH insulin + regular insulin) in
T1DM (adapted with permission from Hermansen et al. Diabetologia 2004;47:622—629 [21]). Lower panel: Changes
in weight and HbA1C with insulin detemir and NPH insulin in T1DM trials [19-25].

with lowering of HbA1C and self-monitored glu-
cose profiles [14,21] (Fig. 2, upper part). It should
be underlined, however, that the direct cost of
long-acting analogues is higher than that of NPH
insulin. Furthermore, the published clinical studies
on insulin glargine and insulin detemir are all
open-label, which may cause bias. Uniquely, there
is a further advantage of insulin detemir over NPH
insulin in body weight control [26]. In all studies
published to date, insulin detemir shows a consis-

tent weight sparing effect compared with NPH
insulin in both T1IDM [19-25] (Fig. 2, lower part)
and in T2DM. This may have important implica-
tions for treatment, as weight gain can be a barrier
to compliance and thus jeopardize glycaemic con-
trol [26]. A weight sparing effect has not been
reported with any consistency for any other
insulin, including insulin glargine. The long-acting
insulin analogues, insulin glargine or insulin
detemir, should be considered in subjects with
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TIDM with problems with hypoglycaemia,
unawareness of hypoglycaemia or large plasma
glucose variations on standard treatment with
NPH insulin as basal insulin.

There are potential problems with insulin
therapy in TIDM. In addition to hypoglycaemia
and weight gain, there are a few more rare condi-
tions after starting insulin therapy, for example,
insulin oedema, and local reactions to insulin
injection. Insulin oedema is a rare phenomenon
seen at the start of insulin treatment in poorly
controlled or previously untreated patients.
Oedema is due to acute sodium and water retention.
It usually disappears after a few days. At the
injection sites a localized overgrowth of subcuta-
neous adipose tissue can develop in response to
high local insulin concentrations (lipohypertrophy).
It is a more frequent problem in patients in MDI
regimen who inject repeatedly at the same site,
for example, in the abdomen. Injection into the
lipohypertrophic area may worsen the glycaemic
control due to impaired insulin absorption.
Lipoatrophy is loss of subcutaneous fat at the injection
site, causing pitting of the skin. In addition, local
reactions at the injection sites can occur with
erythema, burning or tender subcutaneous nodules.

Self-Monitoring of Plasma
Glucose (HBGM)

Self-monitoring of plasma glucose (HBGM) is
fundamental to diabetes care [27,28]. Frequent
monitoring facilitates improved glycaemic control,
avoidance of hypoglycaemia and lifestyle flexibil-
ity when results are used to assist the individual in
their dietary choices, physical activity and insulin
doses. HBGM should be carried out three or more
times daily in TIDM on MDI and at least four times
daily on insulin pump treatment. To achieve post-
prandial glucose targets, postprandial HBGM may
be appropriate. Obviously, it is important to
instruct subjects with TIDM in HBGM and
routinely evaluate the patient’s technique and abil-
ity to adjust therapy. Glucose monitors are now
much smaller than previously, require very small
amounts of blood (2—-10 pL), are faster at providing
a result (5-15 s) and can be used at sites other than
fingertips. Most metres incorporate data manage-
ment systems; however, keeping a blood glucose
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logbook is needed to detect patterns of glucose
control and make appropriate dose adjustments
[27]. Continuous glucose monitoring technologies
using subcutaneous sensors are being used in clin-
ical care as a means of accessing more complete
glycaemic data than are available with traditional
self-monitoring.

Treatment Targets

Glycaemic control is fundamental to the manage-
ment of diabetes. Glycaemic control is best
judged by the combination of the results of the
patient’s HBGM measurements and the current
HbAIC value. The HbA1C should be used not
only to assess the patient’s control over the pre-
ceding 2-3 months but also as a check on the
accuracy of the metre and the self-reported meas-
urements as well as the adequacy of the HBGM
testing schedule [28]. The goal is to achieve an
HbAI1C as close to normal as possible — representing
normal fasting and postprandial glucose
concentrations — in the absence of hypogly-
caemia. However, the goal can be difficult to
achieve. According to the American Diabetes
Association (ADA), treatment regimens that
reduce average HbA1C to <7.0%, preprandial
plasma glucose between 5.0 and 7.3 mM and peak
postprandial plasma glucose <10 mM in non-
pregnant individuals are recommendable [28]
(Table 2). As seen in Table 2 the recommended
targets for the glycaemic control judged by
HbAIC is slightly lower for the International
Diabetes Federation (IDF) and American
Association for Clinical Endocrinology than for
ADA. Less-stringent treatment goals are appro-
priate in people with severe or frequent hypogly-
caemia and in people with limited life
expectancy or older adults.

TaBLE 2. Targets for the glycaemic control according to
the American Diabetes Association (ADA), the
International Diabetes Federation (IDF) and the American
Association of Clinical Endocrinologists (AAEC).

ADA IDF AAEC
HbAIC % <7.0 <6.5 <6.5
F-PG mM 5.0-7.3 <6.0 <6.0
PP-PG mM <10.0 <15 <7.8

F-PG mM, fasting plasma glucose in mM; PP-PG mM, post-
prandial plasma glucose in mM
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Insulin Pump Treatment or
Continuous Subcutaneous
Insulin Infusion

Insulin pump therapy started in UK in 1976. Insulin
pumps deliver a continuous basal insulin infusion
(CSII) and patient-activated bolus doses at meal
times. The pump is attached to the patients by an
infusion set consisting of long flexible tubing with a
needle or catheter on the end and is inserted subcuta-
neously in the patient. In two meta-analysis CSII was
compared with conventional insulin treatment
[29,30], which is not the actually used MDI. CSII
caused a significant reduction in HbA1C of the size
of 0.4-0.8% [29,30]. This degree of improvement in
glycaemic control for 10 years would reduce the
number of patients developing retinopathy by about
5% [29]. Using SIA for CSII provides a further
small, but statistically significant improvement in
glycaemic control (— 0.19% in HbA1C) as compared
with regular insulin [31]. Therefore, the insulin of
choice for CSII is now SIA. The frequency of hypo-
glycaemia is less after CSII treatment rather than
after MDI treatment in more recent studies but is not
affected if SIA is used instead of regular insulin [31].
With proper education and pump practice, the fre-
quency of ketoacidosis is the same on CSII and MDI.
A marked rise in blood glucose before breakfast, the
so-called ‘dawn phenomenon’, occurs quite often in
T1DM. It is due to a combination of waning of the
circulating insulin concentration from the previous
basal insulin injection and an increase in insulin
resistance caused by nocturnal rise in growth
hormone. If moving of the injection time of the
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previous basal insulin or a dose increase does not
solve this problem, the modern CSII treatment with
pre-programmed increase in the late night/early
morning can minimize the dawn blood glucose
increase. Clinical guidelines are the first step in mak-
ing standards of care explicit. Table 3 gives the indi-
cations for CSII in TIDM suggested by a Danish
expert committee [32]. CSII should be cancelled in
case of recurrent ketoacidosis, if HbA1C increases,
recurrent local infections/reactions, and when lack-
ing compliance [32,33]. There ought to be demands
on the CSII treatment teams about knowledge and
education, experience and organization and monitor-
ing [32,33]. The total insulin requirement per 24 h
usually decreases 15-20% after starting with CSIL
Approximately 40-50% of the daily insulin doses are
given as the basal rate, but some patients require up
to 60%. The remainder is given as premeal bolus
doses. The insulin requirement in adults is about 20%
lower between 01 and 03 A.M. compared with that
between 05 and 07 AM.. Standard advice is to
decrease the basal rate during the night and after
physical exercise and to increase in case of intercur-
rent illness with a rise in plasma glucose levels.
Approaches with carbohydrate counting to the nutri-
tional management of TIDM allow adjustment of
premeal insulin boluses to both the premeal glucose
levels as well as the carbohydrate content of the
meal. Calculation of insulin to carbohydrate ratios
allows increased flexibility in meal planning. Testing
for ketones is mandatory if plasma glucose is >15 mM
for more than a couple of hours or if the patient is ill
or is nauseous/vomiting. The evidence suggests that
the expanding use of CSII is justified. Despite the
fact that a number of patients could greatly benefit

TaBLE 3. Indications for insulin pump treatment (CSII) in TIDM.

CSII should be offered to subjects with T1DM who are not satisfactorily controlled on MDI, that is having
HbA1C >7.5% (>7.0% for women who want to become pregnant) in case this is due to one or more of

the following reasons:

If the patient despite optimized treatment inclusive of a dose increase of insulin experiences recurrent

and/or unpredictable hypoglycaemic events
If the patient has hypoglycaemic unawareness

If the patient has erratic swings of blood glucose concentrations or an erratic lifestyle with delayed or

missed meals and/or unpredictable activity

If the patient cannot control night time blood glucose levels on MDI even after having tried a long-acting
insulin analogue, for example, patients with dawn phenomenon where the dose of basal insulin cannot

be increased due to nocturnal hypoglycaemia

And under the prerequisite that the unacceptable treatment with MDI is not due to:
Not wanting to measure HBGM to a sufficient degree (>4 times daily)
Insufficient compliance and/or understanding of the interplay between insulin, diet and exercise
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for an affordable cost, there is still unwillingness in
some countries to fund and reimburse insulin pump
therapy [32]. CSII in TIDM is therefore very
unevenly used and available in Western countries
where, for example, only a few percent of TIDM in
Denmark, around 10% of T1DM in Norway and
Sweden and maybe up to 20-25% of T1DM in USA,
are on this treatment [32].

Inhaled Insulin

Subcutaneous injection has been the only route of
insulin administration for daily use by patients with
T1DM for the past 80 years. A barrier to insulin
therapy relates among other things to patient fears
and anxiety about insulin injections. Although
needles have become smaller and sharper, thereby
causing less painful injections some people consider
needles and injections a perceived stigma for diabetic
subjects. It is only recently that alternative routes of
insulin administration are becoming viable. Many
avenues of insulin administration have been explored
including oral, buccal and pulmonary routes [34,35].
Among non-invasive candidates, inhaled insulin
(INH) appears to be the most promising. The lung
offers a large surface area (75 m?) and the alveolar
epithelium is approximately 0.1-0.5 um thick, allowing
rapid absorption of inhaled drugs.

A number of pharmaceutical companies are devel-
oping INH delivery systems using both liquid and
dry-powder insulin formulations [34,35]. Table 4
briefly indicates those arrived at in phase III studies.
A few companies have developed systems based on
liquid formulations, which utilize relatively complex
pressurized metred-dose devices or nebulization sys-
tems to generate appropriately sized aerosolized
doses. In the AERx system inhalation flow rate,
inhaled volume and duration are patient-controlled
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variables that need to be regulated for successful
deep-lung peptide delivery [34]. These systems are
relatively less susceptible to environmental humidity
compared with dry-powdered formulations. However,
the majority of INH delivery systems being developed
employ human insulin inhalation powder formula-
tions that do not require sterile manufacturing condi-
tions (Table 4) [35]. Because of its pharmacokinetic
profile, inhaled insulin has been studied as a premeal
non-invasive alternative to subcutaneous regular
insulin or SIA [36,37]. The bioavailability of INH is
low, that is, as compared with subcutaneous insulin
only about 10-15%. It should be stressed that using
injected insulin is not usually a major concern for the
majority of people with T1DM, given the availability
of patient support and education, modern small nee-
dles and insulin pens. Furthermore, the availability of
inhaled insulin will not completely replace the need
for injections of insulin in TIDM because the inhaled
formulation is intended only to replace the need for
preprandial injected insulin and not the basal insulin.
Combining studies that compared INH and subcuta-
neous insulin in T1DM showed no difference [37] or
a small difference in the decrease in HbAIC levels
from baseline favouring subcutaneous insulin [36].
There was no difference between INH and subcuta-
neous insulin in the proportion of patients with T1IDM
reporting hypoglycemia and there was no difference
in weight gain [36,37]. The overall patient satisfaction
for INH versus subcutaneous insulin was higher
[36,37]. This included ease of administration, com-
fort, convenience, mealtime flexibility and ease of
taking insulin many times a day [36,37]. The question
naturally arises concerning immunogenicity with
delivering peptides to the deep lung with inhaled
insulin devices. In TIDM higher levels of insulin anti-
bodies were seen after INH versus subcutaneous
insulin, however, the level of insulin antibodies was
not associated with altered dosing requirements for

TABLE 4. Insulin inhalation systems in phase III studies.

Trade name

Delivery system

Exubera (Pfizer)

Dry-powder, single-dose blister packs (1-3 mg);

breath-activated inhaler

AERx iDMS (Novo Nordisk)

Liquid aerosol; patient guided by microprocessor feedback

inhaler system

Technosphere (MannKind)

Dry-powder, encapsulated in microspheres with diketopiperzine

derivative; breath-actuated inhaler

AIR [Alkermes (Eli Lilly)]

Dry-powder phospholipid matrix; small mechanical and breath-

actuated inhaler
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INH, glycaemic control or adverse outcomes (allergic
events, pulmonary side effects or hypoglycaemia)
[36,37]. However, there are several potential
problems to be overcome with patients who smoke
and patients with impaired pulmonary function con-
ditions that could affect the kinetics of INH.
Previously, it has been demonstrated that smoking as
well as chronic obstructive lung disease can increase
pulmonary absorption of INH whereas asthma
decreases it. Mild to moderate cough is seen with INH
[34,36,37]. A major concern with INH is the potential
for pulmonary toxicity because of the growth-pro-
moting properties of insulin. Small decreases in lung
function as judged by FEV, and DL_, have been
found to develop early in the treatment with INH but,
however, it does not progress over 2 years. At present
it can be concluded that INH offers an alternative non-
invasive route for premeal insulin administration with
glycaemic efficacy in TIDM [36,37]. INH should be
a treatment option for people who have poor
glycaemic control despite other appropriate therapeu-
tic interventions and adequate educational support
and who are unable to initiate or intensify preprandial
subcutaneous insulin therapy because of (i) a marked
and persistent fear of injections or (ii) severe and per-
sistent problems with injection sites, for example as a
consequence of lipohypertrophy despite support with
injection site rotation [37]. In patients receiving
inhaled insulin, treatments should only be continued
beyond 6 months if there is evidence of a sustained
improvement in HbA1C [37]. Initiation of inhaled
insulin treatment and monitoring of response should
be carried out at a specialist diabetes centre [37]. INH
is contraindicated in people with poorly controlled,
unstable or severe asthma or severe chronic obstruc-
tive pulmonary disease and in patients who smoke
because of the unpredictable absorption with changes
in smoking behaviour.
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Insulin and New Insulin Analogues
with Focus on Type 2 Diabetes

Sten Madsbad

Introduction

The underlying insulin resistance and impaired
insulin secretion in patients with type 2 diabetes
worsen over time, necessitating the use of antidia-
betic drugs, often in combination, to control
glycaemic levels [1]. From the UKPD study the
main explanation for the progressive history of type
2 diabetes seems to be a failure of beta-cell function
over time [2], while insulin resistance may be more
constant from diagnosis [2]. Therefore, it is not sur-
prising that insulin treatment is necessary in most
patients 10—15 years after diagnosis to maintain of
HbA Ic level as close to normal as is safely possible
[2]. A consensus recommendation for the treatment
of type 2 diabetes has recently been published [1].
The algorithm for treatment strategy includes early
and aggressive use of insulin, the most powerful
antidiabetic drug, to achieve treatment goals. Many
patients and health care professionals delay insulin
treatment due to concerns about injection-site pain,
hypoglycaemia and weight gain, despite the fact
that several studies have suggested that improve-
ment of glycaemic control by insulin treatment
improves the well-being and quality of life [3,4].
Furthermore, insulin treatment is often delayed
because a traditional stepwise approach is applied,
with a period of lifestyle modification followed by
a slow process of uptitration of oral monotherapy
and eventually combination therapy, despite failure
to achieve glycaemic targets [5]. Moreover, there is
no consensus about the most optimal insulin regi-
men for treatment of subjects with type 2 diabetes
[1]. Of note, most of the studies on insulin treatment
of subjects with type 2 diabetes have been initiated

by the pharmaceutical companies and have not been
investigator driven. The studies have often been per-
formed for registration and promotion of the new
insulin analogues.

The aim of insulin replacement therapy is to
normalise or near-normalise blood glucose in order
to reduce the complications of diabetes mellitus.
Until a few years ago we only had fast-acting
human insulin and the long-acting neutral protamin
Hagedorn (NPH) insulin. The pharmacokinetics of
the traditional insulin preparations does not match
the profile of the normal physiological insulin
secretion. Another problem is that some patients are
characterised by a large day-to-day variation in gly-
caemic level, which in part is explained by a large
day-to-day variation in insulin absorption [6]. The
absorption rate of the fast-acting human insulin is
with a peak action 2—4 h after injection and does not
provide the early and quick rise in plasma insulin
required to prevent exaggerated postprandial hyper-
glycaemia after a meal. The pharmacokinetic pro-
file also increases the risk of hypoglycaemia 3-5 h
after a meal, especially if snacks are omitted [6].
The intermediate acting NPH insulin cannot deliver
insulin in a constant and reproducible low-level rate
that characterises normal insulin secretion, but pro-
duces a peak in insulin concentration 4-6 h after
injection, which increases the risk of nocturnal
hypoglycaemia [6]. On this background the new
insulin analogues were developed, making a more
physiological insulin regimen realistic for many
patients, since onset and duration of the action of
these analogues more closely mimic human insulin
secretion. At the moment we have three rapid-acting
insulin analogues with similar pharmacokinetic
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profiles for targeting postprandial hyperglycaemia,
two long-acting insulin analogues, and several
biphasic premix analogues.

The present narrative review will discuss whether
the new insulin analogues have improved the
treatment of type 2 diabetic patients. First the two
long-acting analogues glargine and detemir will be
discussed, followed by a review of the biphasic
premix insulins. Comments will be given on the
rapid-acting insulin analogues used in combination
with NPH insulin or the long-acting insulin ana-
logues. The use of inhaled insulin in the treatment
of type 2 diabetes will also be mentioned. Combi-
nation therapy with insulin plus oral antidiabetic
drugs versus treatment with insulin alone and the
comparison of human insulin versus insulin
analogues are also a part of the present review.
Lastly, it is helpful to distinguish between basal and
postprandial hyperglycaemia caused by ingestion of
food, since the strategies for treatment of diabetes
primarily control one or the other of these aspects of
hyperglycaemia. Recommended HbAlc targets for
treatment of subjects with type 2 diabetes are
between 6.5% and 7.0% [1]. The majority of indi-
viduals with type 2 diabetes in both the USA and
Europe do not achieve a HbAlc <7.0 [7,8].

Treatment with NPH Insulin and
the Long-Acting Insulin Analogues

One treatment concept has gained popularity in
recent years following its success in clinical trials:
the addition of a long-acting basal insulin formula-
tion to an existing oral antidiabetic drug (OAD)
treatment, followed by aggressive titration of the
insulin dose to achieve target levels of glycemia.
Adding basal insulin has been shown to lower the
entire 24-h blood glucose profile, and in combina-
tion with metformin the increase in weight after
initiation of insulin treatment has been signifi-
cantly reduced [9,10].

Both long-acting insulin analogues — insulin
glargine and insulin detemir — have been imple-
mented in the “treat to target” approach used in
type 2 diabetic patients. The analogues are
injectable, clear solutions, but the mechanisms by
which they achieve prolonged activity differ entirely
as described in detail in Chapter 8 and in [11,12].
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Insulin Glargine (Lantus)

Insulin glargine (Lantus) was the first available
long-acting human insulin analogue [12]. Glargine
is a clear solution and there is no need to thoroughly
mix it before injection. Insulin glargine (21A-Gly-
30Ba-L-Arg-30Bb-L-Arg-human insulin) differs
from native insulin in that the 21 amino acid residue
aspargine on the A chain has been substituted with
a glycerine residue and 2 arginine residues have
been added to the C terminus of the B chain,
making glargine soluble in the acidic environment
at pH of 4 [12]. Glargine precipitates in the neutral
pH of subcutaneous tissue, which prolongs its
absorption to the blood. The addition of zinc as a
hexamer-stabilising agent further prolongs the
duration of action. Insulin glargine must not be
mixed with other insulins [12].

Clamp studies in normal subjects and type 1 dia-
betic patients have confirmed that the duration of
glargine is longer than NPH insulin and the action
profile is flatter. Median duration of action is 23 h
for glargine versus 14 h for NPH insulin, and dur-
ing the first 12 h intra-individual variability of the
absorption rate is lower with glargine [13]. The
pharmacokinetic suggests that glargine is more suit-
able than NPH human insulin to mimic the normal
pattern of physiological basal insulin secretion.

Insulin glargine has been compared with NPH in
type 2 patients. In theory, basal insulin supplemen-
tation with glargine offers the advantage of a sim-
ple once-daily injection regimen, which is easy to
add to current oral glucose-lowering drugs.

In the “treat-to-target” studies glargine was
administered once daily at bedtime and NPH was
given once daily at bedtime or twice daily at bed-
time and in the morning in combination with
sulfonylurea (glimepiride)[14—19]. The overall
conclusions from the studies are that the reduction
in HbAlc was similar in the glargine and NPH
groups and that the number of patients reaching the
target of HbAlc <7.0% was not different. The fasting
blood glucose was lower in the glargine groups
than in the NPH groups. Except for one of the studies,
comparing either bedtime or morning glargine
versus bedtime NPH insulin, significantly more
patients reached an HbAlc <7.5% with morning
glargine than with bedtime glargine and bedtime
NPH insulin [16]. In another study there was no
difference in the reduction in HbAlc between
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morning and bedtime administration of glargine
and similar proportion of patients achieved HbAlc
<7.0 at the end of the study period [20].

In a recent 36-weeks study glargine or NPH
insulin were combined with metformin [21].
HbA 1c decreased similar values in the two groups,
but the incidence of hypoglycaemia was lower in
the glargine group the first 12 weeks of treatment.
Thereafter, no difference was observed between the
two treatments.

Treatment with glargine has also been compared
with biphasic premix insulin. Once-daily morning
glargine added to OADs induced a greater reduc-
tion in HbAlc and fasting blood glucose than
twice-daily biphasic human premix (30% regular
and 70% NPH) alone [22]. In three other studies,
which are discussed later in detail, glargine once
daily compared with twice-daily biphasic premix
lispro (Mix 25) or biphasic premix aspart (BIAsp 30).
The reduction in HbAlc was greater in the premix
groups [23-25].

In 518 type 2 patients on basal-bolus regimen
with glargine at bedtime plus a rapid acting
analogue before meals or NPH once or twice daily
in combination with fast-acting human insulin
before meals [15], a similar HbAlc level was
achieved in the two groups, and the decrease in
fasting blood glucose and the number of hypogly-
caemic episodes were the same.

The glargine studies (treat-to-target) are very
important landmark studies. The studies illustrate for
the first time the importance of using a forced titra-
tion algorithm to optimise glycaemic control. The
treat-to-target studies have shown that it is possible to
obtain HbA lc below 7.0% in approximately 50% of
subjects with type 2 diabetes using one injection and
one blood glucose measurement per day.

Hypoglycaemia

One of the greatest barriers to intensive insulin
therapy is the risk of hypoglycaemia. A recent
meta-analysis indicates that the incidence of symp-
tomatic hypoglycaemia, nocturnal hypoglycaemia
and severe hypoglycaemia is less (approximately
50%) during treatment with insulin glargine com-
pared with NPH insulin [26]. In patients reaching
an HbAlc below 7.0% the risk of moderate and
severe nocturnal hypoglycaemia is reduced with
46% and 59%, respectively, with glargine compared

with NPH insulin [26]. The reduction in nocturnal
hypoglycaemia with glargine is most likely
explained by its smooth time-action and less day-
to-day variation in insulin absorption compared
with NPH insulin.

Weight Gain

Weight changes have not been measured in most
studies, but in two studies the weight changes were
similar in the glargine and the NPH group when
insulin was added to oral agents [14,17]. When
subjects were randomised to prandial fast-acting
human insulin with once-daily glargine or twice-
daily NPH insulin, less weight gain was seen with
glargine [15].

Comments on the Glargine Studies

Insulin glargine was the first candidate to challenge
the position of NPH insulin as basal insulin.
Glargine appears safe with a clinical benefit
regarding risk reduction of hypoglycaemia. In most
studies no differences have been observed between
glargine and NPH insulin in the level of HbAlc at
the end of the studies. Insulin glargine has a role in
the treatment in type 2 diabetes in combination
with metformin or sulphonylurea. Glargine can
also be combined with prandial insulin including
inhaled pulmonal insulin. Insulin glargine used in a
simple once-daily injection regimen is easy to add
to current oral glucose-lowering drugs. The low
injection and monitoring frequency may increase
the acceptance and compliance of insulin treat-
ment. The disadvantage of basal insulin is that it
does not address the key secretory defect (loss of
first-phase insulin secretion) in type 2 diabetes and
therefore provides inadequate insulin profile to the
postprandial glucose excursions. As titration is
focusing on fasting plasma glucose, this removes
the focus from postprandial glucose control. As
glycaemic control deteriorates, as a consequence of
failing beta-cell function, more insulin injections
are needed with fast-acting insulin or biphasic pre-
mix insulin before some of the meals. There are no
clinical controlled studies of glargine in pregnant
women, and glargine should not be used during
pregnancy. Glargine is more expensive than the
conventional insulins such as NPH insulin.
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Insulin Detemir (Levemir)

In insulin detemir (B29lys(epsilon-tetradconoyl),
des B30 human insulin) a 14-C fatty chain has been
attached to position B29 and the amino residue at
position B30 has been omitted [11,27]. When
injected subcutaneous it dissociates exposing the
fatty free acid chain, which subsequently binds to
the free fatty acid binding sites on the albumin mol-
ecule [11,27]. Insulin detemir is 98-99% albumin
bound in human plasma [11,27]. It is only the free
fraction of detemir that is biologically active. The
albumin binding and the ensuing slow release of
detemir from albumin cause the prolonged blood
glucose lowering effect of this insulin [27]. The
soluble formulation ensures a homogenous concen-
tration, with no need for resuspension before
administration. The peak effect appears after 67
hours and the profile is more flat for detemir
insulin compared with NPH insulin. The day-to-
day variation in time action profile with detemir is
much lower (CV 27%) than with insulin glargine
(CV 48%) and NPH insulin (CV 68%). Insulin
detemir may provide more consistent insulin levels
and more predictable blood glucose concentrations
than NPH insulin, which is one of the explanations
for the reduced risk of hypoglycaemia during treat-
ment with detemir.

Two studies have compared insulin detemir with
NPH insulin in patients with type 2 diabetes
[29,30]. Hermansen and coworkers in a treat-to-target
protocol compared insulin detemir and NPH
insulin added to oral therapy in patients with type 2
diabetes [29]. Approximately 65% received more
than one oral glucose lowering drug. Totally 476
type 2 patients were randomised to addition of
twice-daily insulin detemir or NPH insulin. Insulin
doses were titrated towards a pre-breakfast and pre-
dinner plasma glucose target of <6.0 mmol/L. At
24 weeks, HbA1c had decreased by 1.8% and 1.9%
(from 8.6% to 6.8% and from 8.5% to 6.6%) for
detemir and NPH insulin, respectively. A 10-point
diurnal glucose profile was not different between
the groups at the end of the study period, but the
day-to-day variation in plasma glucose was lower
in the insulin detemir group. In both groups 70% of
the patients received HbAlc <7.0%, but the pro-
portion achieving this goal without hypoglycaemia
was higher with insulin detemir than with NPH
insulin (26% vs. 16%). The risk for hypoglycaemia
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with insulin detemir was reduced by 47% and
nocturnal hypoglycaemia by 55% compared with
NPH insulin. Mean weight gain was 1.2 kg with
detemir and 2.8 kg with NPH insulin. With increasing
BMI patients gained less weight with detemir.

In the second study insulin detemir and NPH
were administered to type 2 patients in poor control
and they were treated with oral antidiabetic drugs
[30]. It was a 20-week randomised, 3-arm, parallel-
group trial including 504 patients treated with
either insulin detemir before breakfast, or evening
insulin detemir or NPH insulin during the evening.
Evening was defined from 1 h before dinner to
bedtime. The basal HbAlc was around 9.0% and
the reductions in HbAlc were —1.58%, —1.48%
and —1.74% in the three groups. As expected
fasting plasma glucose was higher in the group
treated with morning insulin detemir, whereas no
difference was observed in the two groups treated
with evening insulin. A nine-point glucose profile
shows similar results with the lowest glycaemic
values at day time in the morning detemir group
and higher values overnight. Compared with NPH
insulin overall risk of hypoglycaemia and noctur-
nal hypoglycaemia was reduced by 53% and 65%,
respectively, with evening detemir. Nocturnal
hypoglycaemia was reduced with 87% in the group
treated with morning detemir compared with
evening NPH insulin. Weight gain was 1.2, 0.7 and
1.6 kg, respectively, with morning and evening
detemir and NPH insulin. The weight gain was
significantly lower with evening detemir compared
with NPH insulin.

The two studies comparing insulin detemir with
NPH insulin support the results from the studies in
type 1 diabetic patients, that detemir reduces the
risk of hypoglycaemia, especially during night
time compared with NPH insulin. A meta-analyses
of insulin detemir versus NPH insulin in type 2
diabetic patients demonstrated a 39% reduction
for hypoglycaemia with insulin detemir [31].
Furthermore, the weight gain during treatment with
detemir was less than that in the groups treated
with NPH insulin.

The explanation for the less weight gain with
insulin detemir is unknown. It is not explained
only by fewer hypoglycaemic events and thereby
theoretically a reduced caloric intake. Potential
explanations for the weight-sparing effect of
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insulin detemir could include improved hypothal-
amic insulin signalling and change in appetite
regulation [32] or a relative reduction in peripheral
lipogenesis [11,33].

The titration algorithms used in the studies with
glargine and detemir were rather similar. The initial
insulin dose has been low, approximately 10
units. Insulin dose was often titrated every third
day by the mean of three self-measured plasma
glucose levels. In patients receiving insulin in the
morning, the dose was titrated to obtain a pre-din-
ner plasma glucose below 5-5 to 6.0 mmol/L, and
in patients taking insulin in the evening, titration
aimed at a fasting plasma glucose concentration of
<6.0 mmol/L.

Comments on Insulin Detemir

The smooth time-action profile of detemir in
combination with a low day-to-day variation of
effect on glycaemic control seems to be translated
into improved glycaemic control. If the average
glucose levels are unchanged, then extreme high
and low glucose excursions will be of lower
frequency, and thus occurrence of hypo- and hyper-
glycaemia will be reduced. At the simple level
improved glycaemic control should be possible
without increasing the risk of hypoglycaemia by
the use of insulin detemir. In type 2 diabetes
weight gain is problematic when starting insulin
treatment and can act as a barrier to acceptance of
insulin therapy. An interesting observation from
the studies is the weight advantage of levemir
compared with NPH insulin. Thus, during a
6-month period the weight gain was only 50% of
that observed with NPH insulin.

Treatment of Patients with Type 2
Diabetes with Biphasic Premix Insulin

A popular alternative to treatment with a long-acting
basal insulin plus OAD - the “one pill, one shot”
regimen discussed above in patients with type 2
diabetes is a twice-daily biphasic premixed insulin
combined with OAD. Along with a beneficial
effect on prandial glucose control, biphasic premix
insulin may reduce the risk of diabetic complication
and cardiovascular disease [34]. Twice-daily

biphasic premix insulin is often used as an initial
insulin regimen and also as a substitute if basal
insulin fails to achieve the HbAlc goal. Biphasic
premix insulin is convenient to patients, but titra-
tion of the fix ratio of prandial and basal insulin
may be difficult.

Comparison of Biphasic Premix
Insulin Analogues with Biphasic
Premix Human Insulins

Several new biphasic premix insulin analogues
have been introduced during the last years.
Novomix 30, contains 30% rapid-acting aspart and
70% protamin — crystallised aspart. HumalLog
(Mix 25), contains 25% rapid-acting lipro and 75%
protamine-crystallised lispro. Biphasic premix
analogues are available in other differently propor-
tioned premix preparations, but these are used less
frequently. The new premix insulin analogues can
be injected immediately before a meal and the peak
insulin concentration of the fast-acting component
coincides with prandial glucose excursions [35].
The fast-acting component inhibits hepatic glucose
production and promotes glucose uptake in the
peripheral tissues and thereby reduces postprandial
glucose excursions.

The new biphasic premix insulin analogues have
been compared with biphasic premix human
insulin [36—40]. The degree of glycaemic control
obtained has been similar to the human premix
insulins and the premix analogues. In McNally’s
study the incidence of nocturnal hypoglycaemia
was reduced with the analogue, but in the other
studies no significant difference was observed in
hypoglycaemia with the premix human insulin and
the new analogues [39]. Postprandial hypergly-
caemia was, as expected, reduced more with the
biphasic premix analogues.

Comparison of Premix Insulin Analogues
with Long-Acting Insulin Analogues

In a 28-week study 209 subjects treated with
OADs (except secretagogues) were randomised
to Blasp 30/70 twice-daily or insulin glargine at
bedtime and titrated to target blood glucose
(4.0-5.5 mmol/L) before breakfast and dinner
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for biphasic premix aspart (Blasp) and before
breakfast for insulin glargine by algorithm-
directed titration [23]. At the end of the study
HbAlc was lower in Blasp 30/70 than in the
glargine group (6.9 = 1.2 vs. 7.4 + —1.2%), espe-
cially for subjects with baseline HbAlc >8.5%.
More patients in the Blasp group reached target
HbAlc below 7.0% than the glargine-treated
patients (66 vs. 40%) [23]. Reduction in HbAlc
was 3.1% versus 2.4%, respectively (p < 0.05).
The reduction in fasting plasma glucose was
comparable between the groups. The number of
minor hypoglycaemic episodes, weight gain (5.4
kg vs. 3.5 kg) and insulin dose (79 vs. 51 units
per day) were greater in the Blasp group than in
the glargine group [23].

In another 26-week study insulin naive type 2
patients were randomised to insulin Blasp 30/70
plus metformin or insulin glargine plus glimepiride
[41]. Baseline mean HbAlc was about 9%.
HbAlc reduction was 0.5% greater (1.6% vs.
1.1%) in the Blasp-treated subjects compared
with the subjects treated with glargine. The mean
plasma glucose values and the prandial glucose
increments evaluated from seven-point diurnal
plasma glucose profiles were significantly lower
for Blasp 30 plus metformin compared with the
glargine plus glimiperide-treated group. One
major hypoglycaemic episode occurred in each
group, and 20% and 9% displayed a minor hypo-
glycaemic episode in the two groups. The mean
insulin doses in the two groups were not different
at the end of the study (0.40 IU/kg Blasp and
0.39 IU/kg glargine). The weight gain was 0.7 kg
in the Blasp group and 1.5 kg in the glargine
group.

Similar results have been presented by Malone
and coworkers [24,25] using biphasic lispro 25/75
versus once-daily insulin glargine. In 597 patients
twice-daily biphasic insulin lispro 25/75 was
compared with once daily insulin glargine. Both
insulins were taken in combination with met-
formin. After 16 weeks of treatment more subjects
reached target HbAlc <7.0% in the group receiving
biphasic premix lispro than in those taking glargine
(41% vs. 22%, p < 0.001).

The studies indicate that the degree of glycemic
control obtained by biphasic premix insulin ana-
logues is better than that with glargine in patients
with type 2 diabetes mellitus.
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A study of practical clinical interest is “The
1-2-3 study” using Blasp 30/70 [42]. The
patients were treated with two OAD or one OAD
plus once-daily basal insulin. Patients discontin-
ued prior basal insulin and started insulin treat-
ment with once daily Blasp 12 units before
dinner, and at week 16 a pre-breakfast dose of
Blasp was added, if HbAlc exceeded 6.5%.
After additional 16 weeks a third dose of Blasp
was added before lunch if HbAlc still exceeded
6.5%. Once-daily

Blasp enabled 21% of the patients to achieve
HbAlc <6.5%. With two injections of Blasp 52%
and with three daily injections 60% achieved
HBAIlc <6.5%, indicating that approximately 50%
of patients with type 2 diabetes can obtain a HbAlc
below 6.5% by the addition and vigorous titration
of two daily injections of Blasp 30 to oral antidia-
betic agents [42].

In a smaller study insulin treatment was given
as once-daily Blasp 30 before dinner, human
insulin premix 30 before dinner or NPH insulin at
10 pM. [43]. After 12 weeks of treatment the
reduction in HbAlc was 1.3%, 1.2% and 1.1% in
the three groups.

Comments on the Treatment with
Biphasic Premix Insulin

The explanation for the results with biphasic pre-
mix insulin versus basal insulins is that both
postprandial and basal glycaemia are controlled
by the biphasic premix insulin. In patients with
high HbAlc, basal hyperglycemia plays a
greater role for the HbAlc level than in a situa-
tion with low HbAlc, where postprandial hyper-
glycemia contributes more to overall glycaemic
control [44]. The biphasic premix insulin ana-
logues have an advantage over basal insulin
alone because they provide the rapid-acting
insulin component that covers mealtime hyper-
glycaemia. Therefore, it is not surprising that the
premix insulin can reduce HbAlc more than
intermediate-acting or the long-acting insulin
analogues. Conversely, premixed regimens are
relatively inflexible with their fixed ratio
between the fast- and long-acting components.
They can be difficult to intensify, because of risk
of hypoglycaemia and weight gain.
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Treating Subjects with Type 2
Diabetes with Multiple Injections
(Basal-Bolus Therapy)

Multiple injections with fast-acting insulin before
the meals and intermediate or long-acting insulin at
bedtime (basal-bolus regimen) is the first choice
insulin regimen in most type 1 patients, but is not
used very much in patients with type 2 diabetes.
Nevertheless, prandial glucose regulation is an
emerging concept, since epidemiological and
mechanistic studies indicate that postprandial glu-
cose contributes significantly to overall glycaemic
exposure and also contributes to the vascular com-
plications in type 2 diabetes [34,45]. Adding pran-
dial insulin to basal insulin is a logical approach
when the target of HbAlc cannot be achieved by
the combination of basal insulin and oral therapy.
Basal-bolus therapy represents the most physiolog-
ical insulin regimen, but is more complex and the
patient needs to be more educated and motivated
for glucose monitoring. A few studies have evalu-
ated the efficacy of multiple injections in type 2
diabetic patients.

In the first study the efficacy and safety of a
basal-bolus regimen compared insulin detemir or
NPH insulin in combination with mealtime insulin
aspart in 505 patients with type 2 diabetes (BMI
30.4 + 5.3 kg/m?, HbAlc 7.9 + 1.3%) [46]. The
patients were randomised 2:1 to insulin detemir or
NPH insulin. After 26 weeks significant reduction
in HbAlc was observed for both insulin detemir
(0.2%) and NPH insulin (0.4%). HbAlc was com-
parable at study end (insulin detemir 7.6% and
insulin NPH 7.5%). Nine points self-measured
blood glucose profiles were similar for the two
treatments as were reduction in fasting plasma glu-
cose. The within-subject day-to-day variation in
fasting plasma glucose was significantly lower
with insulin detemir. Moreover, patients receiving
insulin detemir gained significantly less body
weight than those treated with NPH insulin (1.0
and 1.8 kg, respectively). The frequency of hypo-
glycaemia was similar in the two groups. Dose of
basal insulin and insulin aspart was not different
between the groups.

In a second study detemir plus aspart was
compared with NPH and human fast-acting insulin
[47]. Nocturnal hypoglycaemia weight gain and

within-person variation in self-monitored plasma
glucose were less in the analogue regimen, indicat-
ing, as found in patients with type 1 diabetes, that
the use of analogue insulin reduces weight gain,
hypoglycaemia and day-to-day variation in plasma
glucose within subjects.

Three studies, including 722, 295 and 148 patients,
compared lispro with human fast-acting insulin in
combination with basal insulin found no difference
in HbAlc. In one of the studies (n = 722) fewer
episodes of hypoglycaemia were registered. In all
studies postprandial plasma glucose was lower with
the rapid-acting analogue than with human insulin
[48-50].

In a fourth study the rapid-acting insulin
analogue glulisine from Sanofi aventis was com-
pared with fast-acting human insulin. NPH insulin
was used as basal insulin in both arms (n = 876).
After 26 weeks of treatment, 0.16% greater reduc-
tion in HbAlc and lower postprandial glucose
excursions in favour of insulin glulisine were
observed, but without any differences in episodes
of hypoglycaemia [51].

Comments on Treatment with
Basal-Bolus Regimen

It is still unknown whether it is essential to address
postprandial hyperglycemia by using rapid-acting
insulin before the meals to reduce the risk of a car-
diovascular event and late diabetic complications.
Nevertheless, in many patients, especially with a
poor endogenous insulin secretion, treatment of
both basal and postprandial hyperglycaemia with a
basal-bolus regimen is necessary to reach a target
of HbAlc less than 6.5-7.0%. The practical burden
imposed by the frequency of injections and
glucose testing may be taken into consideration
before choosing multiple injections in a subject
with type 2 diabetes mellitus.

Treatment of Subjects with Type 2
Diabetes Using Pulmonary Inhalation
of Insulin

Several pharmaceutical companies have developed
inhaled insulin, and exubera from Sanofi aventis
and Pfizer has been approved in several countries.
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The lungs with their large surface area and the thin
alveolar epithelium allow rapid absorption of
inhaled insulin [52]. The bioavailability has a range
of 15-25% [52]. The exubera insulin is a fine pow-
der insulin in doses of 1 or 3 mg, corresponding to
approximately 3 and 9 units of human insulin. The
clinical trials have shown that the insulin antibody
levels increase with the use of inhaled insulin, but
this has not been linked to any changes in glycemic
control and episodes of hypoglycaemia or allergic
reactions [53]. The pharmacokinetic profile of exu-
bera is quite similar to that of rapid-acting insulin
analogues, but with a duration of action between
that of rapid-acting analogues and fast-acting
human insulin [54].

The development of inhaled insulin must be seen
in the light of a substantial resistance to insulin
therapy in patients with type 2 diabetes and physi-
cians who care for the patients. The reasons for this
resistance include anticipated pain, inconvenience,
fear of hypoglycaemia and weight gain [55,56].

Several clinical controlled trials have evaluated
treatment with inhaled insulin. In 779 type 2
patients with an HbAlc >8% the availability of
inhaled insulin as a treatment option significantly
increased the proportion of patients who would
theoretically choose insulin treatment [57]. Thus,
patients were three times more likely to choose
insulin when inhaled insulin was available
compared with conventional insulin treatment [57].

In the first smaller randomised trial 68 type 2
patients with HbAlc between 8.1 and 11.9%
despite treatment with sulfonylurea and/or met-
formin were randomised to receive inhaled insulin
in addition to pre-study OHA (oral hypoglycaemic
agents) or to continue to take OHA alone for 12
weeks [58]. After 12 weeks a mean reduction in
HbAlc of 2.3% was found in the first group,
compared with 0.1% in the group treated with
OHA alone [58]. No long-acting insulin was used
in the study.

In another study exubera was used in monother-
apy or added to dual oral agent therapy in type 2
patients with an HbA 1c between 8% and 11% [59].
The study design was a 12-week open label ran-
domised trial. Exubera was used as a premeal
insulin in the two insulin arms with either dual oral
agents or as monotherapy. In the third treatment
arm patients continued receiving dual oral agents
[59]. At week 12 both inhaled insulin groups had a
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significantly greater reduction in HbAlc of 1.9%
and 1.4%, respectively [59]. In the control group
the decrease in HbAlc was 0.2%. Hypoglycaemia
and cough were more often reported in the two
groups treated with inhaled insulin. Pulmonary
function tests showed no statistically significant
differences between the groups, but increased
insulin antibody titers were observed in the inhaled
insulin groups [59].

In a 6-month study type 2 diabetic patients were
randomised to treatment with premeal inhaled
insulin plus bedtime ultralente or at least two injec-
tions of subcutaneous insulin (premix human/NPH
insulin) [60]. HbAlc decreased similarly in both
groups (0.7% vs. 0.6%), and no difference was
found in the number of hypoglycaemic events.
Insulin-binding antibodies increased more in the
inhaled insulin group [60].

In the study by DeFronzo and coworkers,
inhaled insulin was compared with rosiglitazone in
150 patients with suboptimal control on diet and
exercise (HbA1c 9.4%) [61]. The HbAIc reduction
was greater in the inhaled insulin group (2.3%)
compared with 1.4% in the rosiglitazone group.

Lastly, Barnett et al. in a 24-week study ran-
domised type 2 patients uncontrolled on sulfony-
lurea monotherapy to inhaled insulin before meals
or metformin and demonstrated in subjects with
HbAlc >9.5% at randomisation a greater reduction
in HbAlc in the inhaled insulin-treated group
(2.2% vs. 1.8%) [62]. In the patients with HbAlc
<9.5% at randomisation, the decrease in HbAlc
was not different between the two groups. More
events of hypoglycaemia were observed in the
inhaled insulin group [62].

Comments on Inhaled Insulin

In type 2 patients the effect of inhaled insulin
before meals on HbA1c did not seem to differ from
that of fast-acting human insulin. Adding three
times inhaled insulin to existing oral therapy is
generally more effective than adding another oral
hypoglycaemic agent. In the trials, subjects have
been more satisfied with inhaled insulin than with
subcutaneous insulin treatment. Whether this
outcome will be borne out in clinical practice
remains to be determined. Inhaled insulin seems to
be most suitable in patients with controlled fasting
blood glucose using a basal insulin.
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Smoking is a contraindication for inhaled insulin
and inhaled insulin is not recommended in patients
with asthma or chronic obstructive pulmonary
disease. All candidates for inhaled insulin should
have their lung function checked before and after
6 months and then every year. If lung function has
declined more than 20% or by more than 500 ml
from baseline, inhaled insulin should be discontin-
ued. The long-term effect of inhaled insulin in the
human lung and on neoplastic lung tissue is
unknown. Pulmonary insulin is much more expen-
sive than human insulin and still needs to be
compared with the rapid-acting insulin analogues.
In the UK, the NICE institute recommends that
inhaled insulin should be only prescribed by
diabetes specialists for patients with needle phobia
or severe problems at injection sites.

Insulin Monotherapy versus
Combinations of Insulin with Oral
Hypoglycaemic Agents in Patients
with Type 2 Diabetes

A Cochrane meta-analysis from 2004 of 20 studies
including 1,811 patients with type 2 diabetes
concluded that the quality of the studies was low,
with no assessment of morbidity or mortality
[63]. Insulin plus OHA combination therapy
statistically had benefits on glycaemic control
compared with insulin alone, but only when the
latter was applied as once-daily injections of
NPH insulin [63]. Conversely twice-daily bipha-
sic premix or NPH insulin were superior to
insulin plus OHA therapy regimens where insulin
was administered as once-daily injection. Insulin
plus OHA combination therapy was associated
with a 43% relative reduction in total daily
insulin requirement [63]. No significant differ-
ences in hypoglycaemia between insulin plus
OHA and insulin alone were reported.
Combination therapy with metformin and bed-
time NPH insulin reported significantly less
weight gain compared with insulin monotherapy.
Insulin plus OHA combination therapy should be
considered a suitable simple starting regimen for
most insulin requiring type 2 diabetic patients
[63]. Another comprehensive meta-analysis has
reached similar conclusions [64].

Concluding Remarks

Type 2 diabetes mellitus is a progressive disease,
where both fasting and postprandial blood glucose
concentrations are elevated. Owing to the progres-
sive nature of the disease, an evolving treatment strat-
egy is necessary to maintain glycaemic control.
A main problem in the treatment of subjects with
type 2 diabetes is that physicians do not initiate and
increase pharmacologic treatment in a timely fashion,
but often wait until HbAlc has increased to above
8% [65]. Therefore, better definitions of the goals
and method for initiating insulin therapy are needed.

The insulin regimen recommended for the
individual patient will often depend on the state of
the disease. If insulin treatment is started early,
when the patient is treated with one or two OADs
and HbAlc is about 7%, most patients can be
treated with NPH insulin or one of the long-acting
insulin analogues at bedtime. Later, when the
endogenous insulin secretion has diminished treat-
ment with a twice-daily biphasic premix insulin
may be reliable to control glucose. Later treatment
with multiple injections can be necessary in a sub-
group of type 2 patients to control hyperglycaemia.

The regimen based on premixed insulin achieves
good glycaemic control but with unwanted effects
of more hypoglycaemia than the long-acting ana-
logues. The place of inhaled insulin in the treat-
ment of type 2 diabetes is at present unknown.
Inhaled insulin can be an option in a few patients
with needle phobia, but the degree of control
obtained is comparable to that observed using fast-
acting human insulin before main meals. The prac-
tical burdens imposed by the frequency of
injections and glucose testing may be taken into
consideration when choosing the insulin regimen.

It can be recommended that insulin treatment is
combined with metformin. The combination
improves glycaemic control and reduces the weight
increase after starting up insulin when compared
with treatment with insulin alone. The combination
with metformin reduces the insulin dose.

An increasing number of type 2 diabetic subjects
are treated with insulin, including insulin ana-
logues. At present, there is no hard end point on
mortality, morbidity or late diabetic complication,
indicating the superiority of analogue insulins
compared with conventional insulin treatment.
HbAlc, fasting plasma glucose, postprandial
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glucose regulation, day-to-day variation in blood
glucose control, risk of hypoglycaemia and change
in weight have been the main outcome in the clini-
cal randomised studies comparing the new and old
insulin preparations. No major difference in
HbAlc has been demonstrated between the
analogue and human insulin-based regimens. The
benefit of the long-acting analogues has been
seen in relation to the reduction of risk of hypo-
glycaemia and in less weight gain with insulin
detemir. It is still unknown whether it is essential
to address the postprandial hyperglycemia by
use of rapid-acting insulin or a biphasic premix
insulin analogue before the meals to reduce the
risk of cardiovascular events and late diabetic
complications.

Lastly, the profile of adverse events and benefits,
the relative costs of the different insulin preparations,
and the complexity of insulin regimens together with
the wishes of the individual patients should be
considered when the treatment strategy is decided.
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Introduction

Development of diabetes mellitus is closely
related to development of insulin resistance [1].
However, insulin resistance itself cannot com-
pletely explain the development of hypergly-
caemia, because impairment of beta-cell function
is strongly involved in the pathogenesis of disease
[2,3]. As fasting plasma glucose increases, it is
overt that insulin secretion decreases progressively
[4,5]. In particular, loss of first-phase insulin
secretion seems to be the first and most important
defect of the beta cell. In the UKPDS, the decline
in insulin secretion was strongly associated with
disease progression [6]. In Pima Indians, develop-
ment of diabetes mellitus was associated with only
a modest deterioration in insulin sensitivity, but a
major decrease in acute insulin response to glu-
cose [7]. In addition, loss of first-phase insulin
secretion has been shown to be a predictor of
impaired glucose tolerance in the San Antonio
Heart Study [8].

Thus, effective treatment of diabetes mellitus
will have to include drugs that improve insulin
secretion.

History

Sulfonylurea

In 1942, the first sulfonylurea (SU) VK 57 was
investigated in the Section of Infectious Diseases,
Montpellier Hospital, France [9]. A few years later,
that compound was shown to induce neoformation
of insulin granules in rat beta cells. Since 1954 SUs
(Fig. 1) have been available in the USA [10] and for
many years they have been remained the most
popular pharmacological drug in the treatment of
diabetes mellitus. First-generation SUs include
chlorpropamide, tolbutamide, tolazamide and
acetohexamide and are now rarely used. They have a
lower binding affinity to the sulfonylurea receptor
and must therefore be given in higher doses than
second-generation SUs like glibenclamide
(=glyburide), glipizide, gliquidone, glimepiride and
gliclazide (Table 1). In addition, the major side
effect — hypoglycaemia — occurs more frequently in
the longer-acting first-generation SUs [10-14].
Most guidelines like the 1999 IDF [15], the 2004
American Diabetes Association [16] as well as
European national guidelines recommend SUs
as first-choice monotherapy as well as combina-
tion-therapy with other antidiabetic drugs. As
second-generation SUs seem to be safer, but essen-
tially of equal efficacy [17], they have been
preferred in most countries during the last years.
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FiG. 1. Common chemical structure of sulfonylureas.

TABLE 1. Overview of first- and second-generation sulfonylureas as well as non-SU secretagogues.

Daily dosage

Duratio zn of action

Drug (mg) Ingestion per day (h)
First-generation sulfonylureas

Chlorpropamide 100-500 Once 60
Tolbutamide 500-2,000 Once 6-12
Tolazamide 100-1,000 Once 12-24
Acetohexamide 250-1,500 Once 12-18
Second-generation sulfonylureas

Glibenclamide 2.5-20 Twice (or three times) 16-24
Glipizide 5-20 (40) Once 12-24
Gliquidone 15-180 Twice 12-16
Glimepiride 1-8 Once (twice) 16-24
Gliclazide 40-240 Once (twice) 16-24
Gliclazide MR 30-120 Once 16-24
Non-SU secretagogues

Repaglinide 1.5-12 Three times 1-2
Nateglinide 180-540 Three times 12

Non-SU Secretagogues

In order to improve postprandial glycaemic
control, but to avoid hypoglycaemic episodes, the
non-sulphonylurea moiety of glibenclamide, sub-
sequently called meglitinide, was studied in the late
1970s and showed insulinotropic effects [18]. This
finding led to the development of a relatively new
class of medications: repaglinide, a benzoic acid
derivative; and nateglinide, a phenyl-alanine deriv-
ative of meglitinide. Due to their short metabolic
half-life and subsequent short stimulation of
insulin secretion, postprandial hyperglycaemia is
limited with a decreased risk of hypoglycaemia
late postprandially [18-20]. However, when com-
pared with one another, repaglinide was shown to
be the more effective agent: In a 16-week random-
ized clinical trial in 150 type 2 diabetic patients
previously treated with diet and exercise (HbAlc
in both groups 8.9%), repaglinide monotherapy
was more effective than nateglinide monotherapy
in reduction of HbAlc (-1.57% vs. —1.04%,
p = 0.002) and fasting blood glucose (=57 vs. —18
mg/dL; p < 0.001) [21].

Mechanism of Action

Insulin secretagogues bind to the so-called SU-
receptors, which is a subunit of the voltage-dependent
potassium adenosine triphosphate (K,,;,) channels
on beta cells. Upon closure of those channels with
subsequent inhibition of the efflux of potassium
ions from the resting beta cell, the cell membrane is
depolarized and voltage-dependent calcium chan-
nels are opened. The calcium entry into the cell
leads to contraction of microtubules and thereby
insulin exocytosis from vesicles, that is insulin
secretion [10,22,23]. Thus, SUs induce insulin
secretion at lower plasma glucose thresholds as
normal. When given in maximally effective doses
(Table 1), all available SUs seem to have equipo-
tent capacity for stimulation of insulin secretion
and lowering plasma glucose [24-27]. Similar
results were obtained from the UKPDS comparing
first- and second-generation SUs [11,12].

Glinides induce insulin secretion similarly (closure
of the K, channels), but they bind to the sulfony-
lurea receptor at a different site and with different
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kinetics [18]. Unlike conventional sulphonylureas,
they are not internalized within the beta cell and have
less stimulatory effect during postabsorptive condi-
tions. Therefore, the risk of severe hypoglycaemic
episodes has been shown to be markedly less than
with classical SUs [28,29].

Treatment

There is huge variation in optimal dosing of each
member of the SUs and the glinides (Table 1). If
starting with monotherapy, it is best to start with the
lowest recommended dose and to titrate upward
every 7-14 days to achieve the desired glycaemic
control without hypoglycaemia [23]. In some cases,
the titration interval can be increased to 3—4 weeks,
but there is no therapeutic advantage in waiting more
than 4 weeks to increase the SU-dose [4]. About two
thirds of the glucose lowering action of insulin sec-
retagogues is already achieved at about half the
maximal daily dose [24,30]. During SU monother-
apy, most studies report a reduction in HbAlc of
about 1-2% [10,11,24,25] compared with placebo.

After initiation of therapy, only ~25% of patients
will achieve sufficient glycaemic control with
HbAc levels <7%. Those patients can be classified
as complete responders [4]. Recently diagnosed
diabetes mellitus, only moderate fasting hypergly-
caemia at diagnosis (<~12 mmol/L. or 220 mg/dL),
absence of glutamic acid decarboxylase antibodies, no
history of insulin therapy and good beta-cell func-
tion are predictors of good SU response [31]. Most
of the diabetic patients (~50-60%) show good
initial response, but do not achieve the desired treat-
ment goals (fasting plasma glucose <7.8 mmol/L or
<140 mg/dL) [4]. In such cases of partial response,
a combination-therapy with other oral agents or even
with basal insulin (“bed time insulin”) will be nec-
essary. In the rest of the patients (~15-25%) SUs or
glinides will not be able to decrease fasting plasma
glucose concentrations significantly (primary fail-
ure) [26]. Very high fasting plasma glucose concen-
trations (up to 17 mmol/L or >300 mg/dL) and low
fasting C-peptide concentrations are predictors of
primary failure. Some of those cases finally can be
diagnosed as late onset autoimmune diabetes
(LADA) [32] and need insulin treatment.

Although SUs are very effective in lowering
blood glucose and HbA 1c, this effect vanishes after

some years. In the UKPDS, net HbAlc reduction
after 10 years was only 0.9% [11]. After good
initial response to SU therapy, the yearly secondary
failure rate is about 5-7% [6,11,12]. After 10-12
years, most patients require additional oral medica-
tions or insulin therapy. The reasons for treatment
failure are manifold: progression of disease-related
factors (insulin resistance, weight gain), lack of
exercise and concomitant medication (beta block-
ers and thiazide diuretics) [33,34]. In addition, beta
cells lose their ability to maintain augmented
insulin secretion continuously over the years [6].
That decline in beta-cell function parallels the pro-
gressive deterioration of glycaemic control, leading
to the hypothesis that long-term SU exposure
might cause desensitization and/or exhaustion of
beta cells [9]. That concern was supported by stud-
ies that showed apoptosis in beta-cell lines and
rodent islets [35]. In a recent study [36], repaglin-
ide and nateglinide were compared with gliben-
clamide in isolated human islets with regard to cell
apoptosis. In that study, only small advantages for
the non-SU secretagogues could be shown at low
concentrations. However, at 4-day exposure of the
islets to secretagogues, beta-cell apoptosis was
similar for all secretagogues [36]. In addition,
hyperglycaemia per se as well as increased concen-
trations of plasma free fatty acids [37,38] could
have toxic effects on beta cells [39].

Differences between first- and second-generation
SUs have been studied recently and indicate
preserved insulin responsiveness in islets incubated
with glimepiride in contrast to glibenclamide or
chlorpropamide [40]. Another second-generation
SU, gliclazide, could even have protective effects
on beta cells by reducing free radicals and thereby
protecting the cells from oxidative stress [41].

On the other hand, in large clinical trials like the
UKPDS or the recently published ADOPT-study
[42], the loss of beta-cell function was not unique
for therapy with insulin secretagogues, but
occurred at the same rate of decline during therapy
with metformin or diet, suggesting that progressive
reduction of insulin secretion is peculiar for
diabetes mellitus type 2. In the ADOPT-study, the
yearly loss of beta-cell function 3-5 years after
diagnosis of diabetes mellitus was similar when
comparing glibenclamide, metformin or rosiglitazone
treatment. In that study, progression of disease, that
is, increase in HbAlc and fasting plasma glucose,
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FIG. 2. Changes of fasting plasma glucose (FPG), HbAlc
and body weight after 4 years treatment with either
rosiglitazone, metformin or glibenclamide in the ADOPT-
study population (for details see text and ref. 42).

was lower during treatment with rosiglitazone or
metformin than during treatment with gliben-
clamide (Fig. 2). However, the increase in HbAlc
levels was less pronounced than the increase in
fasting plasma glucose, indicating that postprandial
glucose concentrations were still effectively lowered
by glibenclamide.

Side Effects

Hypoglycaemia

The main and most frequent side effect during
therapy with insulin secretagogues is hypogly-
caemia. Given the large number of patients treated
with SUs, hypoglycaemia remains a major clinical
concern even if the incidence is relatively low
[4,9] and side effects are reversible when therapy
is discontinued or reduced. Large variation of
hypoglycaemic attacks has been reported depending
on the pharmacological agent used and the meta-
bolic control: from 2% [26] up to 38% in the
glibenclamide-treated patients of the ADOPT-study
[42]. The risk of major events was reported
between 0.6% and 2% in the ADOPT-study and
the UKPDS [11], being markedly lower than in
intensively treated type 1 diabetic patients in the
Diabetes Control and Complications Trial (DCCT)
[43] despite similar metabolic control.
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Hypoglycaemia induced by SUs is of particular
concern in older diabetic patients, who very often
are treated with polypharmacy and in many cases
have reduced liver or kidney function [9]. In addi-
tion, higher incidence of hypoglycaemia has been
observed for older long-acting first- and even
second-generation SUs like glibenclamide,
whereas new SUs like gliclazide and glimepiride
seem to be less associated with hypoglycaemia,
although given only once daily [10]. In a 100-min
hyperglycaemic clamp study, glibenclamide
suppressed hepatic glucose production more
than glipizide [13], which could explain its
higher incidence of hypoglycaemia. During
treatment with glimepiride in a 1-year study
markedly fewer hypoglycaemic episodes occurred
with glimepiride than with glibenclamide [44].
Recently, a modified released derivative of gli-
clazide with different pharmacokinetic profiles has
been introduced and studied under normal clinical
practice in the GUIDE-study. In that double-blind,
27-week study, 845 type two diabetic patients were
randomized to either gliclazide modified release
(MR) 30-120 mg once daily or glimepiride 1-6 mg
once daily as monotherapy or in combination
with their current treatment (metformin or alpha-
glucosidase inhibitor). HbAlc decreased similarly
in both groups from 8.4% to 7.2% on gliclazide MR
and from 8.2% to 7.2% on glimepiride. Throughout
the study, no hypoglycaemia requiring external
assistance occurred. Hypoglycaemia with blood
glucose level <3 mmol/L occurred significantly less
frequently (p = 0.003) with gliclazide MR (3.7% of
patients) compared with glimepiride (8.9% of
patients). The distribution of the sulphonylurea
doses was similar in both groups [14]. As the avail-
ability of once-daily effective sulphonylurea with a
good safety profile is of relevant clinical interest,
many diabetes experts prefer treatment with the new
second-generation SUs.

If adherence of patients is high, therapy with
repaglinide and nateglinide can help to avoid hypo-
glycaemic episodes, especially in patients with
renal diseases or older patients. A number of studies
have shown markedly reduced risk of hypogly-
caemia using glinides at similar glycaemic control
compared with SUs [18,45]. In a study comparing
repaglinide and nateglinide, 7% of subjects treated
with repaglinide had minor hypoglycaemic
episodes versus 0 patients for nateglinide [21].
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Changes in Body Weight

SU treatment is usually associated with weight
gain, usually from 2 to 5 kg, which is problem-
atic in a group of patients already overweight
[10,11,46]. However, this effect is also com-
monly seen during treatment with insulin and
thiazolidinediones. Compared with the latter,
the increase in body weight observed at SU
treatment seems to be less [9,42]. In the
UKPDS, mean body weight changes ranged
from 1.7 kg (glibenclamide) to 2.6 kg (chlor-
propamide). Nevertheless, this undesirable
effect was paralleled by maintenance of good
glycaemic control as well as reduction in
diabetes related (micro-)vascular complications
during intensive treatment. The results of the
UKPDS were confirmed by the ADOPT-study,
where body weight increased by 1.6 kg in the
first year, but then remained stable during
glibenclamide treatment [42].

Recently developed SUs seem to have only
moderate impact on weight gain or even to be
neutral: In Mexican Americans treated with diet
and exercise, no difference in body weight gain
between glimepiride and placebo treatment was
reported within 14 weeks (+2.3 vs. +2.1 kg) [47].
In another study, even body weight reduction could
be observed within 12 months compared with
glibenclamide [48]. Similarly, treatment with
gliclazide MR seems to be at least neutral on body
weight: In the GUIDE-study, body weight was
stable during 27 weeks with mean changes from
83.1 to 83.6 kg and 83.7 to 84.3 kg on gliclazide
MR and glimepiride, respectively [14].

Repaglinide and nateglinide seem to increase
body weight only slightly or to be at least neutral.
During a 1-year monotherapy study, which com-
pared repaglinide and gliclazide, no weight gain or
serious hypoglycaemic events were reported in
either treatment during the study [49]. In another
study, when repaglinide and nateglinide were
directly compared during 16 weeks of therapy,
mean weight gain at the end of the study was 1.8 kg
in the repaglinide group as compared with 0.7 kg
for the nateglinide group [21].

Taken together, those data suggest that the rele-
vance of body weight gain in response to therapy
with insulin secretagogues may have been overes-
timated even when using older SUs [9].

Cardiovascular Implications

SUs bind to a subunit of the K, channel complex
inducing closure of the channel. In the past years,
different cross-reactivity with cardiovascular K,
channels have been investigated [50]. Particular
attention has been set on the phenomenon of
ischemic preconditioning, which (self)protects the
myocardial cells from ischemia and reduces infarct
size [51]. As preconditioning is a result of opening
the K, ,, channels, it could be opposed by closing
these channels, a fact that raised concerns about
possibly increased cardiovascular complications
and mortality during SU therapy [9]. In a recent
study, left ventricular myocardial function was
determined in type 2 diabetic patients with known
coronary artery disease after therapy with either
insulin or glibenclamide. Stress conditions were
provoked by dipyridamole infusion. Patients
treated with glibenclamide showed much worse
myocardial function assessed with echocardiogra-
phy. This effect could be restored when therapy
was changed to insulin [52].

Clinical and epidemiological data on the impact
of SU use on myocardial infarction are controver-
sial. In 1970, concerns about cardiovascular safety
were raised upon results of the University Group
Diabetes Program, in which treatment with tolbu-
tamide increased cardiovascular mortality compared
with insulin and placebo [53]. In diabetic patients
undergoing direct balloon angioplasty for acute
myocardial infarction, sulfonylurea drug use was
associated with an increased risk of in-hospital
mortality [54]. However, no detailed information on
the specific SUs is given in that study. As data were
collected between 1985 and 1994, probably first or
early second-generation SUs have been used. In
another study, treatment with glibenclamide or
glipizide was associated with an attenuated magnitude
of ST-elevation during myocardial infarction,
resulting in failure to meet the criteria for throm-
bolytic therapy and as a consequence leading to
inappropriate withholding therapy in those patients
[55]. Some other studies yielded similar results
[56,57], whereas others even suggested decreased
cardiac mortality on treatment with SUs [58,59]. In
the UKPDS and other studies, SU treatment seemed
to be neutral [11,60,61]. It is of note that most of
those data are based on the use of “older” SUs.
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In the ADOPT-study [42] glibenclamide was
associated with a lower risk of cardiovascular
events (including congestive heart failure) than was
rosiglitazone (p < 0.05), and the risk associated
with metformin was similar to that with rosiglita-
zone (Table 2). This observation differs from the
UKPDS findings, which suggested that metformin
reduces overall mortality and may reduce coronary
events. This difference may be related to the facts
that patients in the ADOPT-study were younger
and had a shorter follow-up period than did the
British study. The lower cardiovascular risk associ-
ated with glibenclamide compared with rosiglita-
zone or metformin in the early phase of type 2
diabetes needs further confirmation, but could be
related to better postprandial glucose lowering
induced by glibenclamide, since HbAlc values
were only slightly different, whereas fasting glu-
cose levels were significantly higher in the SU
group (Fig. 2).

Few data about new SU agents are available.
Recently, in an epidemiologic study, the association
between the use of SUs and other antidiabetic drugs
and the risk of cardiovascular complications has
been investigated [62] in a population-based case-
control study. From those data, the risk of myocar-
dial infarction appeared higher among users of
“old” SUs like glibenclamide, glipizide and tolbu-
tamide [adjusted odds ratio (OR), 2.07; 95% confi-
dence interval (CI), 1.81-2.37] than among users of
glimepiride and gliclazide (adjusted OR, 1.36; CI,
1.01-1.84). If diabetes was not treated with phar-
macotherapy, the OR was 3.51 (CI 2.92-4.22).

In a study with type 2 diabetic patients under-
going coronary angioplasty, inhibition of ischemic
preconditioning assessed by metabolic and
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electrocardiographic parameters was less severe
during treatment with glimepiride than with
glibenclamide. Restitution of a preconditioning
response in glimepiride-treated patients may be
the potential beneficial mechanism [63]. Other
studies confirm different selectivity of SUs for
beta cell versus cardiovascular K, channels and
therapeutic benefits of glimepiride in comparison
with glibenclamide [64-66].

This epidemiological and observational approach
evaluating the effect of “old” versus “new SUs”
was recently enlarged in a Danish nationwide
population-based study [67]. Altogether, 72,913
patients with first-time admissions with myocar-
dial infarction were followed up including 6,644
patients with type 2 diabetes, 3,992 of them were
treated with SUs (1,438 were on “new SUs” and
2,554 on “old SUs”). Remarkably, 30-day mortal-
ity was significantly lower in patients on “new
SUs” (19%; gliclazide: 17.4%; glimepiride:
19.4%) compared with patients treated with old
SUs (25.9%). The relative risk ratio for mortality
after myocardial infarction associated with the
use of “new SUs” was 0.75 (p = 0.009). The data
observed in Danish patients with myocardial
infarction are in agreement with a recent report
from Italy [68], which evaluated the 3-year mor-
tality in 696 diabetic patients treated with differ-
ent combinations of insulin secretagogues and
metformin. The yearly mortality was 8.7%, when
metformin was combined with glibenclamide, but
only 3.1%, 2.1% or 0.4% when the biguanide was
combined with repaglinide, gliclazide or glim-
piride. The risk ratio for mortality associated with
glibenclamide versus other SUs was significantly
increased: 2.09 (CI: 1.07; 4.11).

TABLE 2. Vascular serious adverse events during treatment with rosiglitazone, metformin
or glibenclamide in the ADOPT-study population (for details see text and ref. 42).

Rosiglitazone Metformin Glibenclamide
(n=1,456) (n=1,454) (n=1,441)
Cardiovascular disease, n (%) 49 (3.4%) 46 (3.2%) 26 (1.8%)*
Myocardial infarction
Fatal, n (%) 2 (0.1%) 2 (0.1%) 3(0.2%)
Non-fatal, n (%) 22 (1.5%) 18 (1.2%) 11 (0.8%)
CHF, n (%) 12 (0.8%) 12 (0.8%) 3(0.2%)*
Stroke, n (%) 13 (0.9%) 17 (1.2%) 12 (0.8%)
Peripheral vascular disease, n (%) 7 (0.5%) 6 (0.4%) 4 (0.3%)

2p < 0.05 versus rosiglitazone.
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In addition to coronary heart disease, other
effects of modern SUs have been investigated: In a
recent study, the effects of treatment with gliben-
clamide and gliclazide on forearm post-ischemic
reactive hyperaemia were investigated. Four-week
treatment with glibenclamide but not gliclazide
resulted in sustained reduction of post-ischaemic
reactive hyperaemia. The authors concluded that
this difference was most probably based on different
SU-receptor binding [69].

However, other mechanisms could contribute to
such effects: gliclazide could also possess haemor-
rheologic properties [70,71]. It reduces platelet
reactivity, increases prostacyclin synthesis and
increases fibrinolysis [9]. In one study, administra-
tion of either modified release or standard
gliclazide to type 2 diabetic patients resulted in a
fall in 8-isoprostanes, a marker of lipid oxidation,
and an increase in total plasma antioxidant capac-
ity, superoxide dismutase and thiols, all of them
antioxidant parameters [72]. In a similar study,
where these data were confirmed, gliclazide, but
not glibenclamide reduced systolic and diastolic
blood pressure [73]. Following that data, gliclazide
possesses antioxidant properties that produce
measurable clinical effects at therapeutic doses. In
another study, gliclazide, but not glibenclamide
treatment was able to lower serum ICAM-1 levels
in poorly controlled type 2 diabetic patients, which
typically have elevated serum ICAM-1 as a marker
of endothelial dysfunction [74].

Similarly, glimepiride, but not glibenclamide,
has been shown to improve insulin resistance and
TNF-alpha, interleukin-6, high sensitive-CRP,
lipoprotein(a), homocystein and plasminogen
activator inhibitor-1 (PAI-1) levels, all markers of
atherosclerotic disorder [75,76]. In vitro studies sug-
gest that glimepiride, and to a lesser extent gliclazide
are more potent inhibitors of platelet aggregation
than gliquidone and glibenclamide [77].

Conclusion

Although new therapeutic options for mellitus have
been introduced during the last few years, sulfony-
lureas are still widely used for the treatment of
diabetes mellitus. Despite the fact that all available
SUs lower blood glucose effectively, new agents
like glimepiride and gliclazide have much less

interaction with the vascular system and patients
suffer from less hypoglycaemic events. In addition,
non-SU insulin secretagogues like repaglinide or
nateglinide can help to avoid hypoglycaemia in
patients with irregular food intake.
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Guntram Schernthaner and Gerit Holger Schernthaner

Keywords: Metformin, Weight loss, Cardioprotection,
First-line Therapy, Insulin Resistance.

Introduction

Type 2 diabetes mellitus is a complex chronic metabolic
disorder, which results from defects in both insulin
secretion and insulin action. An elevated rate of basal
hepatic glucose production in the presence of hyperin-
sulinemia is the primary cause of fasting hypergly-
caemia. After a meal, impaired suppression of hepatic
glucose production by insulin and decreased insulin-
mediated glucose uptake by muscle contribute almost
equally to postprandial hyperglycaemia.

Over 40 years ago various biguanides (e.g.
metformin, phenformin, buformin) were used in dif-
ferent countries for the treatment of type 2 diabetes.
All but metformin was removed from the interna-
tional market in the 1970s because of the associated
high risk of lactate acidosis [1]. In the late 1970s and
early 1980s of the last century papers about this drug
were rejected from leading journals, since it was felt
that metformin is already historical. Since metformin
had not been marketed in the USA at that time, it was
only in 1995 that it was approved for use there, after
safety concerns were satisfied by decades of experi-
ence in Canada, Europe and Asia. It is astonishing
that metformin could only be used in Germany for
decades in the late phase of type 2 diabetes in combi-
nation with sulfonylureas, when most patients had
already contraindications. Remarkably, in the last 10
years the role of metformin changed from devil to
angel and it is now recommended as first-line drug by
almost all guideline committees worldwide (Fig. 1).

Mechanisms of Action
of Metformin

The mechanism by which metformin exerts its
antihyperglycaemic effects is still not entirely
clear, but may be mediated by activation of
hepatic and muscle adenosine monophosphate-
activated protein kinase [2], which is a major reg-
ulator of lipid and glucose metabolism.
Metformin improves fasting and postprandial
glucose levels during an oral glucose tolerance
test, whereas the plasma insulin response to glu-
cose is unchanged or may be decreased in
patients with hyperinsulinemia [3]. Metformin
ameliorates hyperglycaemia by reducing hepatic
glucose production and gastrointestinal glucose
absorption and improving peripheral sensitivity
to insulin [4-7]. Unlike sulfonylureas, it does not
stimulate insulin secretion, aggravate hyperinsu-
linemia or cause hypoglycaemia [3—7]. However,
the insulin-sensitizing effect of metformin is
much smaller compared with that of thiazolidine-
diones [7]. The insulin-sensitizing action of met-
formin on peripheral tissues may be mainly
explained by glucose toxicity. It is well known
that chronic hyperglycaemia causes deterioration
of both beta-cell function and insulin action and
that these effects are reversed by improved gly-
caemic control.

The major action of metformin in patients with
diabetes is to decrease hepatic glucose output,
primarily by decreasing gluconeogenesis, but it
may also, as a lesser effect, increase glucose uptake
by skeletal muscles [6,7].
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FiG. 1. Rise, fall and revival of metformin in the therapy of type 2 diabetes.

Clinical Efficacy of Metformin:
HbA1c Lowering, But No
Weight Gain

In placebo-controlled trials, metformin lowered
HbAlc concentrations by about 1.0-2.0% [8,9].
The efficacy of metformin monotherapy was equivalent
to the monotherapy of sulfonylurea or thiazoliden-
diones [10,11]. The greatest advantage of metformin
compared with other anti-diabetic agents (insulin,
sulfonylureas or thiazolidendiones) has been the
fact that it is associated with weight loss but not
with weight gain [1,9-14]. This has been shown
for drug-naive patients as well as for patients
already receiving other oral anti-diabetic drugs.
In the UKPDS, weight gain was modest with met-
formin and very similar to the diet group, whereas
treatment with insulin and sulfonylureas was
associated with a significant weight gain of 4-8
kg over 10 years [14]. The effect of metformin to
pioglitazone or gliclazide in monotherapy or
combination therapy was recently studied in large
randomized head-to-head studies (QUARTET

Studies) [11-13]. Table 1 shows that the HbAlc-
lowering effect was very similar among the differ-
ent oral anti-diabetic drugs, whereas weight change
versus baseline and the frequency of symptomatic
hypoglycaemic events was quite different. In the -
head-to-head comparison of metformin with
pioglitazone in 1,199 drug-naive patients using a
parallel-group, double-blind study design, HbAlc
decreased similarly by 1.4% and 1.5% in both
groups from baseline after 52 weeks [11].
However, the glycaemic improvement in the piogli-
tazone group was associated with an increase in
body weight of 1.9 kg, whereas body weight
decreased by 2.5 kg in the metformin group, resulting
in a difference of 4.4 kg after 1 year.

Recently, the data of the ADOPT (A Diabetes
Outcome Progression Trial) study confirmed the
significant difference in weight loss or weight gain
when either metformin, glibenclamide or rosiglita-
zone was used as first-line monotherapy in patients
with recently diagnosed type 2 diabetes [15]. The
mean HbAlc level at 4 years was only 0.13% less
in the rosiglitazone group than in the metformin
group and 0.42% less than in the glibenclamide
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TaBLE 1. Effects of oral anti-diabetic drugs on HbAlc, hypoglycaemic events and weight
change in four randomized double-blind studies (QUARTET) results after 1 year.

Number of HbAlc Hypoglycaemia  Weight Weight
Patients % % change (kg) difference (kg)

“Metformin 597 -1.5 1.3 -2.5 44
“Pioglitazone 597 -14 1.5 +1.9 ’
"Metformin + 317 -1.5 1.3 +1.5 o1

pioglitazone ’
"Metformin + SU 317 -14 11.2 +1.4
SU + pioglitazone 319 -1.35 10.7 +2.8 3.8
°SU + metformin 320 -1.43 14.1 -1.0

SU = Sulfonylureas

aSchernthaner et al. J Clin Endocrinol Metab 2004;89:6068 [11].
"Matthews et al. Diab Metab Res Rev 2005;21:167 [12].

“Hanefeld et al. Diabetes Care 2004;27:141 [13].

group. Over a period of 5 years, the mean weight
increased from baseline by 4.8 kg in the rosiglita-
zone group, but decreased by 2.9 kg in the
metformin group, resulting in a difference in body
weight of 7.7 kg at the end of the study. Based on
these data David Nathan concluded in his editorial
[16] that metformin remains the logical choice
when initiating pharmacotherapy for type 2 dia-
betes given the modest glycaemic benefit of
rosiglitazone (with the risk of fluid retention and
weight gain) and higher cost (including the need
for more statins and diuretics). Surprisingly, the
proportions of patients with cardiovascular events
were similar in the rosiglitazone and metformin
groups but were higher than in the glyburide group.
This observation differs from the UKPDS findings,
which suggested that metformin reduces overall
mortality and may reduce coronary events [17].
This difference may be related to the shorter
follow-up period of the ADOPT study compared
with the UKPDS. In addition, the patients in
ADOPT were younger and had better glycaemic
control at study entry.

The mechanism for the weight loss associated
with metformin therapy despite significant
improvement of glycaemic control in contrast to
other anti-diabetic drugs is not known, but an
anorectic effect has been accused since many years.
Several studies have shown that metformin reduces
hunger and food intake [18,19]. Interestingly,
metformin attenuates hypoglycaemia-induced
hunger, but does not appear to influence post-
hypoglycaemic food intake [18]. Recent studies
may now explain why patients treated with metformin

show weight loss or no weight gain despite significant
lowering of glycosuria and HbAlc levels.
Metformin enhances GLP-1 secretion in experi-
mental animal studies [20] and inhibits DPP IV
activity in type 2 diabetic patients [21], suggesting
that the drug may have potential for future
combination therapy with incretin hormones.

Metformin as First-Line
Pharmacotherapy of Type 2
Diabetes

A recently published consensus statement from
the American Diabetes Association (ADA) and
the European Association for the Study of
Diabetes (EASD) suggested using metformin as
first-line pharmacotherapy not taking into account
clinical characteristics such as obesity or body
weight [22]. The authors recognized that for most
individuals with type 2 diabetes, lifestyle inter-
ventions failed to achieve or maintain metabolic
goals, either because of failure to lose weight,
weight regain, progressive disease or a combina-
tion of factors. Therefore, they arrived at the
consensus that (i) metformin therapy should be
initiated concurrent with lifestyle intervention at
diagnosis and (ii) metformin is recommended as
the initial pharmacological therapy, in the absence
of specific contraindications, for its effect on
glycaemia, absence of weight gain and hypogly-
caemia, generally low level of side effects, high
level of acceptance and relatively low cost [22].
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Metformin treatment should be titrated to its
maximally effective dose over 1-2 months, as tol-
erated. Rapid addition of other glucose-lowering
medications should be considered in the setting of
persistent hyperglycaemia. In the ADA-EASD
consensus statement the initial body weight is not
given as a criterion for the use of metformin [22].
Recently, authors of an Australian study [23] con-
cluded that metformin is at least as efficacious in
the non-obese as it is in the obese type 2 diabetic
patients and that their study provides evidence-
based data to support metformin use in non-obese
individuals who have type 2 diabetes.

Metformin in Combination Therapy

Many studies have shown that metformin can be
used in combination with all available anti-dia-
betic drugs including sulfonylureas, glinides, o-
glucosidase-inhibitors, thiazolidendiones, DPP-4
inhibitors as well as with injection of insulins and
GLP-1 agonists [9,13,24-29]. The combination of
metformin and sulfonylureas is the most common
oral combination therapy and is used by about 50%
of all type 2 diabetic patients. During the last years
many other oral combination therapies were studied
and are now in clinical use. In principal, most of the
oral anti-diabetic drugs (metformin, sulfonylureas,
thiazolidendiones and DPP-4 inhibitors) — with
the exception of o-glucosidase-inhibitors — can
lower HbAlc by about 1%. Since the action of the
mechanism of the drugs are quite different, combi-
nation therapy is logical and helpful.

As already mentioned earlier metformin was
recently recommended as first-line pharmacother-
apy of type 2 diabetes by the ADA-EASD consen-
sus group [22]. However, there was no strong
consensus regarding the second medication added
after metformin other than to choose among
insulin, a sulfonylurea (SU) or a thiazolidendione.

A 1-year randomized double-blind study in 639
type 2 diabetic patients [13] showed clinically
equivalent improvements in glycaemic control for
the combination therapy of metformin and SU
(HbAlc decrease 1.36%) or pioglitazone and SU
(HbAlc decrease 1.20%). Pioglitazone addition to
SU significantly reduced triglycerides (—16% vs. —
9%; p = 0.008) and increased HDL-cholesterol
(14% vs. 8%; p < 0.001) compared with metformin
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addition. LDL-cholesterol was increased by 2%
with the addition of pioglitazone and decreased by
5% with the addition of metformin to SU (p <
0.001). Remarkably, urinary albumin-to-creatinine
ratio was reduced by 15% in the SU plus pioglita-
zone group and increased by 2% in the SU plus
metformin group (p =0.017). In two 2-year,
randomized, multicentre trials the long-term effects
of three different oral anti-diabetic combination
therapies were compared [25]. In the type 2 diabetic
patients with inadequate glycaemic control (HbAlc
7.5-11%) studied, HbAlc was lowered similarly
when either metformin or pioglitazone was added
(HbAlc decrease 1.16% vs. 1.03%). Whereas
weight decreased by 1.7 kg when metformin was
added to SU, a significant weight gain of 3.7 kg was
observed when pioglitazone was added to SU [25].

Several studies have evaluated the effect and
safety of adding metformin to patients who had
poor glycaemic control despite treatment with
insulin [26,27]. In a study with 390 patients [26]
metformin use compared to placebo, was associated
with improved glycaemic control (mean HbAlc
6.9% vs. 7.6%, p < 0.0001), reduced insulin
requirements (63.8 vs. 71.3 IU, p < 0.0001);
reduced weight gain and decreased plasma LDL-
cholesterol. Thus, in type 2 diabetic patients who
are intensively treated with insulin, the combina-
tion of insulin and metformin results in superior
glycaemic control compared with insulin therapy
alone, whereas insulin requirements and weight
gain are less. In another study [27] the addition of
either metformin or troglitazone to insulin was
compared with insulin monotherapy in 88 type 2
diabetic patients with a high baseline HbAlc value
of 8.7%. Aggressive insulin therapy significantly
improved glycaemic control in type 2 diabetic
subjects to levels comparable with those
achieved by adding metformin to insulin therapy.
Although troglitazone was the most effective in
lowering HbAlc, total daily insulin dose and
triglyceride levels, treatment with insulin plus
metformin was advantageous in avoiding weight
gain and hypoglycaemia.

A recent study presented evidence that DPP-4
inhibition by vildagliptin when added to metformin
in type 2 diabetes over 52 weeks improved beta-
cell function along with improved postmeal insulin
sensitivity [28]. When Exenatide (10 ug BID) was
added to metformin instead of placebo [29],
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HbAlc decreased by 0.78% from the baseline
value of 8.2% associated with a further weight loss
of 2.8 kg. Thus, the combination of metformin with
injection of Exenatide seems to be superior to the
combination therapy of metformin with insulin.

More recently, metformin has been used success-
fully in different forms of anti-diabetic triple therapy
[30-34], which are becoming more and more popu-
lar to avoid insulin therapy. In these studies met-
formin was either combined with sulfonylureas and
thiazolidendiones, or with sulfonylureas and
Exenatide and in the end also with thiazolidendiones
and insulin as proposed as the final step in the
recently published ADA-EASD algorithm [22]. In a
recent review [22] the triple therapy (metformin plus
sulfonylurea plus thiazolidendione) was seen rela-
tively critical. It should be considered only when
patients are already close to target and when circum-
stances make it difficult to use insulin. Furthermore,
the combination of three oral agents is more expen-
sive than using insulin plus metformin, and no bene-
fit has been shown.

Cardiovascular Endpoint
Studies with Metformin

In a substudy of the UKPDS (with a median
follow-up of 10.7 years), among overweight (54%
with obesity) participants allocated to intensive
blood glucose control, metformin (n = 342) showed
a greater benefit [17] than chlorpropamide, gliben-
clamide or insulin (n = 951) for any diabetes-
related outcomes [98 vs. 350, relative risk (RR)
= 0.78; p = 0.009] and for all-cause mortality (50
vs. 190, RR = 0.73; p = 0.03). For the rest of the
outcomes like diabetes-related death, myocardial
infarction, stroke, peripheral vascular disease and
microvascular disease, there were no significant
differences between both comparison arms.
Moreover, the overweight participants assigned to
intensive blood glucose control with metformin
(n = 342) showed a greater benefit than overweight
patients on conventional treatment (non-intensive
blood glucose control, mainly with diet) (n =411),
for any diabetes-related outcomes (98 vs. 160,
RR = 0.74, p = 0.004), diabetes-related death
(28 vs. 55, RR =0.61, p = 0.03), all-cause mortal-
ity (50 vs. 89, RR = 0.68, p = 0.01) and myocardial
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infarction (39 vs. 73, RR = 0.64, p = 0.02). For the
rest of the outcomes such as stroke, peripheral
vascular disease and microvascular disease, there
were no significant differences between both com-
parison arms. However, these results have been
questioned because of findings in a substudy of 537
patients with poorly controlled type 2 diabetes who
had been treated with sulfonylureas for 7.1 years
and who were randomly assigned to receive either
metformin with continued sulfonylurea treatment
(n = 268) or continued sulfonylurea monother-
apy (n = 269). After a mean follow-up of 4 years,
a 96% increase in the risk for diabetes-related
death (p = 0.04) in the group receiving sulfony-
lureas plus metformin was found compared with
the group that continued receiving sulfonylurea
monotherapy. Although the absolute numbers of
heart attacks (33 and 31) and strokes (15 and 13)
were very similar in the two groups, more patients
in the sulfonylurea plus metformin group experi-
enced a fatal heart attack or stroke. The authors
pointed out that in the substudy, the number of
patients and events was small and the duration of
combination therapy was short. Furthermore, early
addition of metformin in patients with suboptimal
control while on maximum sulfonylurea therapy
resulted in improved glycaemic control [3].
However, this early addition of metformin to sul-
fonylurea therapy was also associated with an
increase in diabetes-related mortality compared
with continued sulfonylurea alone [2]. Two recent
observational studies also reported significantly
increased mortality associated with metformin
use, suggesting caution in the use of metformin for
type 2 diabetes [4,5]. These discrepancies have
left some questions regarding the overall benefit
of metformin therapy, alone or in combination
with sulfonylureas [6].

Observational Studies:
Cardiovascular Death, Heart
Failure and Outcome

in Coronary Intervention

In a retrospective cohort study of patients newly
treated with oral hypoglycaemic agents, Evans et al.
[36] found that those treated with sulfonylureas only
(n = 3,331), or combinations of sulfonylureas and
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metformin (n = 2,147), were at higher risk of
adverse cardiovascular outcomes than those treated
with metformin alone (n = 2,286).

In the metformin monotherapy cohort 4.7% of
patients died (35.5% cardiovascular deaths),
compared with 17.9% of patients in the SU
monotherapy cohort (42.4% cardiovascular deaths).
After adjusting for all available confounders, the risk
for mortality and cardiovascular mortality in
patients in the SU only cohort remained signifi-
cantly increased with 1.43 and 1.70, respectively
compared to the metformin monotherapy. Patients
in the combination cohorts had significantly
increased risk of mortality (2.47 and 2.16) and car-
diovascular mortality (2.29 and 2.43) despite the
adjustment for all available confounders and irre-
spective whether the patients started either with
sulfonylureas or metformin and then added the
other drug. A significantly reduced risk for overall
mortality [odds ratio (OR) = 0.60] and cardiovas-
cular mortality was already earlier observed in a
Canadian observational study [37] of 1,150 users
of metformin therapy in comparison with 3,033
users of sulfonylureas. By contrast, in that study
sulfonylurea plus metformin combination therapy
was also associated with reduced all-cause mortal-
ity (OR = 0.66).

Prospective controlled studies about the use of
metformin in diabetic patients after acute myocar-
dial infarction or heart failure are not available.
Indirect information is coming from several large
observational studies. In a retrospective cohort
study of 24,953 diabetic patients [38] discharged
after hospitalization with acute myocardial infarc-
tion, mortality rates after 1 year were not signifi-
cantly different in patients treated with either
metformin [Hazard ratio (HR) = 0.92] or a thia-
zolidendione (0.92) in comparison with patients
who did not receive an insulin sensitizer but were
lower in those prescribed both drugs (0.52).

In a retrospective cohort study [39] of 16,417
Medicare beneficiaries with diabetes discharged
after hospitalization with the principal discharge
diagnosis of heart failure. One-year mortality rates
were lower in 2,226 patients treated with a thia-
zolidendione (30.1%) or in those 1,861 treated with
metformin (24.7%) compared with 2,069 treated
with neither insulin-sensitizing drug (36.0%,
p < 0.0001 for both comparisons). In multivariable
models, treatment with thiazolidendiones (HR = 0.87)
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or metformin (HR = 0.87) was associated with
significantly lower risks of death, whereas no asso-
ciation was found between treatment with sulfonyl-
ureas (HR = 0.99) and mortality. However, there
was a higher risk of readmission for heart failure
thiazolidendiones treatment (HR = 1.06) and a
lower risk with metformin treatment (HR = 0.92).
It is well known that diabetic patients undergo-
ing coronary interventions have worse clinical and
angiographic outcomes in comparison with non-
diabetic patients. In the retrospective analysis of
the PRESTO (Prevention of Restenosis with
Tranilast and its Outcomes) trial the effect of dif-
ferent anti-diabetic treatment was analysed [40] in
1,110 diabetic patients who received non-sensitizer
therapy (insulin and/or sulfonylureas) and in 887
patients who were treated with sensitizers (met-
formin with or without additional therapy).
Compared with patients on non-sensitizer therapy,
those on sensitizer therapy showed an adjusted OR
of 0.72; p = 0.005 for any clinical event. The dif-
ferences between the non-sensitizer therapy group
and the sensitizer group were attributable mainly to
decreased rates of death (OR = 0.39; p = 0.007) and
myocardial infarction (OR = 0.31; p = 0.002). In
this retrospective analysis, use of metformin in dia-
betics undergoing coronary interventions appeared
to decrease adverse clinical events, especially death
and myocardial infarction, compared with diabetic
patients treated with non-sensitizer therapy.

Observational Studies: Cancer

In a population-based Canadian cohort study [41] of
10,309 new users of metformin or sulfonylureas
with an average follow-up of 5.4 years it was found
that patients with type 2 diabetes exposed to
sulfonylureas and exogenous insulin had a signifi-
cantly increased risk of cancer-related mortality
compared with patients exposed to metformin.
Cancer mortality 4.9% (162 of 3,340) for sulfony-
lurea monotherapy users, 3.5% (245 of 6,969) for
metformin users and 5.8% (84 of 1,443) for subjects
who used insulin. After multivariate adjustment, the
sulfonylurea cohort had greater cancer-related mor-
tality compared with the metformin cohort
(adjusted HR = 1.3; p = 0.012). Insulin use was
associated with an adjusted HR of cancer-related
mortality of 1.9 (p < 0.0001). It is unclear whether
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this increased risk is related to a deleterious effect
of sulfonylurea and insulin or a protective effect
of metformin or due to some other unmeasured
confounders.

Similar observations were made in a case-
controlled study from Scotland [42] suggesting that
the use of metformin may be associated with reduced
risk of cancer (HR = 0.79). In line with these obser-
vational studies are new experimental data [43]
demonstrating that metformin is an AMP kinase-
dependent growth inhibitor for breast cancer cells.

Side Effects, Contraindications
and Safety of Metformin

Gastrointestinal side effects, including abdominal
discomfort and diarrhoea, are the most common
adverse events, occurring 10-15% of patients,
depending on the dose [1,8,11]. These side effects
usually improve with continued use and are minimal
if started at a low dose (e.g. 250-500 mg/d) and
slowly titrated upward. Discontinuation of therapy
because of side effects occurs in less than 4% of
patients. Because metformin does not increase insulin
secretion [3], biochemically documented hypogly-
caemia is rare [11] in diabetic patients treated with
metformin alone (Table 1). Metformin is contraindi-
cated in patients with risk factors for lactate acidosis
or drug accumulation, for example in those with mod-
erate to severe kidney, liver or cardiac dysfunction.
Metformin is contraindicated in renal failure because
of the associated risk for lactate acidosis. It can be
used at low dosages up to a creatinine clearance of
30-60 mL/min and should be avoided with clearances
<30 mL/min [44]. There is increasing evidence that
the risk of lactate acidosis associated with metformin
treatment is a very low risk. A recent Cochrane
Database Systematic Review [45] of the incidence of
fatal and non-fatal lactate acidosis with metformin
compared with placebo and other glucose-lowering
therapies in patients with type 2 diabetes demon-
strated no increased association, with an incidence of
lactate acidosis of 8.4 cases per 100,000 patient-years
in the metformin group and 9 cases per 100,000
patient-years in the non-metformin group [45]. Based
on these and other findings, it has been proposed that
advanced age per se, mild renal impairment and
compensated heart failure can no longer be upheld as
contraindications for metformin [46].
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Improvement of Cardiovascular Risk
Profile by Metformin

During the last two decades a number of studies
showed beneficial effects of metformin on tradi-
tional and non-traditional cardiovascular risk factors
[11,47-58]. Metformin reduces fasting and post-
prandial insulin levels [3], insulin resistance [4-6]
and has beneficial effects on lipids, thrombosis and
blood flow. Metformin has a weight-lowering effect
[11,13,15] and reduces hypertriglyceridaemia [11],
elevated levels of PAI-1 [47], factor VII [49], C-
reactive protein [51,52,54] and intact proinsulin and
des 31,32 proinsulin concentrations [48]. In ran-
domized head-to-head comparisons (Fig. 2) of oral
anti-diabetic drugs metformin treatment reduced
triglycerides by 10% and increased HDL-cholesterol
by 7%, whereas pioglitazone reduced triglycerides
by 19% and increased HDL-cholesterol by 14%
[11]. By contrast, LDL-cholesterol decreased by 4%
under metformin therapy, but increased by 8% under
pioglitazone. Remarkably, HbA 1c improvement was
very similar and the prognostically important total
cholesterol/HDL-cholesterol ratio was reduced iden-
tical by 8% (Fig. 2) in both treatment arms [11].
Recent studies indicate that metformin has direct
effects on fibrin structure/ function and stabilizes
platelets, two important components of arterial
thrombus [55]. In addition, metformin has been
shown [56,57] to reduce soluble vascular cell adhe-
sion molecule-1 (sVCAM-1) and migration
inhibitory factor (MIF). Metformin also reduces
methylglyoxal, a reactive alpha-dicarbonyl that is
thought to contribute to diabetic complications in a
dose-dependent fashion and minimizes the effect of
worsening glycaemic control on methylglyoxal
levels [50].

A recent Cochrane Systematic Review [59] about
all available studies with metformin arrived at the
following conclusion: Metformin may be the first
therapeutic option in the diabetes mellitus type 2 with
overweight or obesity, as it may prevent some vascu-
lar complications, and mortality. Metformin produces
beneficial changes in glycaemia control, and moder-
ated weight, lipids, insulinaemia and diastolic blood
pressure. Sulfonylureas, alpha-glucosidase inhibitors,
thiazolidendiones, meglitinides, insulin and diet fail
to show more benefit for glycaemia control, body
weight, or lipids, than metformin.
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Changes in Lipid Concentrations: Pioglitazone versus Metformin (Quartet)
Schernthaner et al (J.Clin.Endocrin.Metab 2004; 89:6068)
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Baseline 2.64 2.61 1.13 1.13 3.56 3.56 5.34 5.34 0.66 0.66
Week 52 2.03 2.31 129 1.21 3.83 3.44 492 4.92 0.54 0.62

FiG. 2. Changes in lipid concentrations: pioglitazone versus metformin (QUARTET) (Schernthaner et al. J Clin
Endocrinol Metab 2004;89:6068 [11]).
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Thiazolidinediones (TZD) are known as insulin-
sensitizing agents since they work by improving the
action of insulin, independently of the pancreas.
Rosiglitazone and pioglitazone are the two agents
currently available and the pharmacology and use
of these drugs will be discussed in this chapter.

Thiazolidinediones — Insulin
Sensitizers

Thiazolidinediones are insulin-sensitizing agents
used in the treatment of type 2 diabetes. Two
of these agents are currently available for clinical
use in the USA: pioglitazone (Actos), and rosigli-
tazone (Avandia), both of which were approved by
the Food and Drug Administration (FDA) in 1999.
Troglitazone (Rezulin), the first clinically available
thiazolidinedione, was withdrawn in March 2000
due to concerns about severe liver toxicity and has
now been replaced by these newer agents, which
have demonstrated hepatic safety.

Mechanism of Action

Thiazolidinediones bind and activate the nuclear
receptor peroxisome proliferator-activated receptor-
¥ (PPARY). This receptor is expressed predominantly
in adipocytes, where it regulates adipocyte differen-
tiation and the expression of adipocyte-specific
genes [1]. It is expressed in lower levels in muscle
and liver tissue [2] and has also been identified in
several other tissues (discussed below). Based on

affinity for PPARY, rosiglitazone is a more potent
PPARY ligand than pioglitazone.

The mechanism of action of thiazolidinediones
has not been fully elucidated; however, the unique
effects of this class of oral medications on glycemia
as well as multiple vascular risk factors appear to be
based on their amelioration of some of the patho-
genetic links between visceral adiposity, insulin
resistance, and type 2 diabetes (Fig. 1). The binding
of PPARY by a thiazolidinedione is known to affect
the transcription of a number of genes [2]. Animal
studies have offered some insight into the effects of
thiazolidinediones on glucose and fat metabolism.
Free fatty acids (FFA) are believed to be a major
contributor to insulin resistance by inhibiting
insulin action in skeletal muscle and the liver [3].
One of the main actions of the thiazolidinediones is
to lower circulating levels of FFA by increasing
their retention in certain adipose tissue depots [4].
Thiazolidinediones are potent inducers of the dif-
ferentiation and proliferation of precursor cells into
small, metabolically active adipocytes, which
appear to take up and retain circulating FFA, prima-
rily in a subcutaneous compartment.

Analogous to FFA, tumor necrosis factor-o
(TNF-o) is a cytokine secreted by adipose tissue,
which has also been implicated as a mediator of
insulin resistance in skeletal muscle and the liver.
Thiazolidinediones suppress the secretion of TNF-o
as well as antagonize the effects of this cytokine at
the cellular level in insulin target tissues [5].
Additional mechanisms of thiazolidinedione action
have also been recently identified. For example, the
levels of adiponectin, a recently described protein
with insulin-sensitizing properties specifically
secreted by adipose tissue that circulates in
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FiG. 1. Mechanism of the pleiotropic actions of the
thiazolidinediones. Working via the PPAR-y receptor
system in adipose tissue, the thiazolidinediones interrupt
the pathogenic signaling between the expanded visceral
adipose mass in obesity, which leads to improved insulin
sensitivity in skeletal muscle and liver, enhanced pancreatic
[B-cell insulin secretion, and improved vascular endothelial
function. The processes affected by the thiazolidinediones
include redistribution of adipose stores, reduced circulating
levels of FFA, diminished levels and tissue effects of
cytokines (TNF-o), and increased circulating levels of the
insulin-sensitizing, anti-atherogenic plasma protein
adiponectin, which also arises from adipose tissue. The
thiazolidinediones have also been shown to have direct
effects in muscle and endothelial cells, which is likely to
also contribute to some of their pharmacologic activity.

relatively abundant quantities in the bloodstream,
are dramatically increased by thiazolidinediones.
Since adiponectin levels are reduced in patients
with obesity and insulin resistance, the increased
levels elicited by thiazolidinedione treatment may
mediate some of the insulin-sensitizing properties
of this class of drugs [6]. TZDs affect fat distribu-
tion by increasing subcutaneous peripheral fat
depots and reducing intrahepatic and visceral fat,
which, according to current views of the pathogen-
esis of insulin resistance, contributes to the
improvement in insulin sensitivity and the decrease
in circulating FFA and adipocytokines [7].

In human studies, thiazolidinediones improved
insulin sensitivity by increasing glucose disposal in
muscle and other tissues [8—10]. They also inhibited
hepatic glucose production to a lesser extent [11].
Serum FFA and insulin levels are decreased with thi-
azolidinedione therapy.

Effects on Pancreatic Insulin Secretion

Clinical use of thiazolidinediones consistently
results in reduced plasma insulin levels and
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reduced insulin requirements in patients with type 2
diabetes taking insulin, reflecting an increase in
insulin sensitivity. Although these agents do not
directly stimulate B-cell insulin secretion, studies
indicate that they can restore aspects of defective
glucose-coupled insulin responsiveness in humans
and animals with type 2 diabetes.

There are several potential mechanisms whereby
thiazolidinediones might enhance B-cell function,
in addition to simply lowering ambient levels of
glycemia and reducing “glucotoxic” signaling
abnormalities in B-cells. Recently, abnormal -cell
secretory responsiveness and potential cell death
(apoptosis) have been attributed to chronic effects
of accumulated triglycerides and FFA derivatives in
the pancreatic islet cells in obesity with insulin
resistance, a phenomenon that has been dubbed
“lipotoxicity” [12,13]. This hypothesis also postu-
lates that the effect of thiazolidinediones to redis-
tribute fat stores in the body, including from the
pancreatic islets, and to reduce circulating levels of
FFA, may improve B-cell function [14]. In diabetes-
prone, obese rodents, pre-clinical data has shown a
potent effect of thiazolidinediones to restore B-cell
insulin content and preventing loss of B-cell mass in
models of type 2 diabetes [12,15,16].

Effects on Glycemic Control

The US FDA has approved pioglitazone and
rosiglitazone for use as monotherapy for type 2
diabetes or in combination with metformin,
sulfonylureas, or insulin.

It is important to know that because of the drugs’
effects on adipose tissue metabolism and the
distribution of adipose stores in the body, several
weeks to months are typically required to observe
a clinical response. It is helpful to instruct patients
that there is an expected delay in the glucose low-
ering effects on a thiazolidinedione, so they can
anticipate the clinical outcome. In addition,
patients should be followed on a starting dose for
3—4 months, before increasing the dose.

Pioglitazone

Pioglitazone monotherapy is effective in type 2
diabetes. In a study of 408 patients, pioglitazone
reduced HbAlc in a dose-dependent fashion [17].



10. The Glitazones, Lessons So Far

Mean HbAlc changes compared with baseline in
all patients groups were as follows: +0.2%, —0.3%,
—0.3%, and —0.9% with 7.5 mg, 15 mg, 30 mg, and
45 mg once-daily dosing, respectively, at 26 weeks
of therapy. The groups were further analyzed with
respect to previous antihyperglycemic therapy. In
both drug-naive and previously treated patients,
HbAIc was decreased to the greatest extent by the
45-mg dose (-1.9% and —0.6% compared to
baseline, respectively).

In combination studies with sulfonylureas or
metformin, pioglitazone has resulted in an
improvement in glycemic control. Five hundred
and sixty patients who were receiving a stable dose
of a sulfonylurea were randomized to receive
pioglitazone 15 mg once daily, 30 mg once daily, or
placebo [18]. After 16 weeks, HbAlc was 0.9%
and 1.3% lower than placebo with the 15- and 30-mg
doses, respectively. Another study assessed the
effect of adding pioglitazone to stable therapy with
metformin. Three hundred and twenty-eight
subjects received pioglitazone 30 mg daily in
combination with metformin or placebo. At 16
weeks, HbAlc was reduced by about 0.6% in the
pioglitazone + metformin group compared with
baseline. In contrast, HbAlc increased by almost
0.2% in the placebo + metformin group [19].

A 16-week trial compared the combination of
insulin + pioglitazone with insulin alone. Five hun-
dred and sixty-six patients with type 2 diabetes
who were being treated with insulin received
pioglitazone 15 mg or 30 mg once daily or placebo
in addition to their pre-study insulin regimen.
HbAlc was reduced by 0.73 and 1.0% in the
15-and 30-mg groups, respectively, compared with
insulin + placebo [20].

Rosiglitazone

Rosiglitazone is effective as monotherapy in the
treatment of type 2 diabetes. In a 26-week study of
959 patients with type 2 diabetes, rosiglitazone was
given as 4 or 8 mg once daily, or 2 or 4 mg twice
daily [21]. Drug-naive patients had the greatest
reductions in HbA1c. The effect was dose-dependent,
and the 4-mg twice-daily dosing proved superior
to the 8-mg once-daily dosing (AHbAlc —0.8%

and —1.1% compared with baseline, respectively).
In patients who were not drug-naive, the 4-mg
twice-daily dose was again the most effective,
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resulting in HbAlc decreases of —0.54% in patients
who were previously treated with a single agent
and —0.43% in patients who were previously
treated with multiple agents. In this study, fasting
plasma glucose declined starting at the fourth week
of therapy and was maximally lowered at weeks
8—12. In another trial, rosiglitazone monotherapy
in doses of 2 or 4 mg twice daily reduced HbAIc at
26 weeks by 1.1% or 1.5%, respectively, in patients
with and without previous exposure to antihyper-
glycemic agents [22]. Both of these trials found
that HbAlc decreased initially at 8 weeks and
achieved maximal effects at weeks 18-26.

Rosiglitazone has been studied in combination
with sulfonylureas and metformin. In a trial of 574
patients with type 2 diabetes who were receiving
therapy with a sulphonylurea, low-dose rosiglita-
zone, or placebo was added to glibenclamide, gli-
clazide, or glipizide. The maximum dose of
rosiglitazone in this study was 2 mg twice daily,
which resulted in the greatest decrease in HbAlc
(=1.0% compared with placebo + sulfonylurea) at
26 weeks [23]. The combination of metformin and
rosiglitazone was also found to be effective therapy
in a study of 348 patients with type 2 diabetes.
These patients discontinued all antihyperglycemic
agents except for metformin and were then ran-
domized to receive placebo, rosiglitazone 4 mg
once daily or 8 mg once daily. At week 26, HbAlc
had decreased compared with baseline by 0.56%
and 0.78% in the 4- and 8-mg groups, respectively
and increased by 0.45% in the placebo group [24].

In a recent trial, the addition of rosiglitazone to
insulin therapy was evaluated in patients with type 2
diabetes. Patients who were taking insulin were
randomized to receive placebo or rosiglitazone 4 or
8 mg once daily. HbAlc was reduced by a greater
degree in the rosiglitazone groups at 26 weeks of
therapy (—0.6% and —1.2% in the 4- and 8-mg
groups, respectively, compared with baseline). The
placebo group exhibited an average increase of
0.1% in HbAlc [25].

Prevention of Diabetes

A recent study [26] examined the effects of rosigli-
tazone in the prevention of type 2 diabetes. The
double-blind, randomized controlled trial consisted
of 5,269 patients with either impaired fasting glu-
cose or impaired glucose intolerance. They were
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assigned to receive rosiglitazone 8 mg daily versus
placebo for approximately 3 years. The outcomes
revealed a significant difference in the develop-
ment of diabetes in the rosiglitazone-treated group
(11%) versus placebo (26%). The rosiglitazone
group also showed a significant regression to nor-
moglycemia (50%) versus placebo (30%). There
was, however, a small but statistically significant
number of heart failure cases, which occurred in
the rosiglitazone group (0.5%) versus placebo
(0.1%). The trial concluded that an 8-mg dose of
rosiglitazone daily, can prevent the development of
diabetes in >60% of patients with impaired fasting
glucose or impaired glucose tolerance.

Effects on Lipids

All of the thiazolidinediones sharply increase high-
density lipoprotein (HDL) cholesterol and modestly
increase low-density lipoprotein (LDL) cholesterol
in patients with type 2 diabetes [27,28]. Pioglitazone
also significantly decreases triglyceride levels [29].
In clinical trials, pioglitazone 45 mg raised HDL
by 19.1% and LDL by 6.0% compared with base-
line after 26 weeks of therapy [27]. Triglycerides
fell by 9.3%. Pioglitazone was also reported to have
dramatic effects on HDL in patients whose HDL
levels fell into the lowest category. In a study of 408
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patients with type 2 diabetes, Pioglitazone 45 mg
increased HDL by 31.6% after 26 weeks in patients
who had HDL levels less than 35 mg/dl. In contrast,
HDL levels rose by 12.9% in patients who had
baseline HDL levels greater than 45 mg/dl [30].
Compared with baseline, rosiglitazone 8 mg
raised LDL and HDL by up to 18.6% and 14.2% at
26 weeks and by 12.1% and 18.5% at 52 weeks,
respectively. These results show that LDL levels
remained stable, whereas HDL levels continued to
rise over time. Triglyceride levels in rosiglitazone-
treated patients were variable and usually not
statistically different from placebo controls [28].
Since reciprocal changes are almost invariably seen
in HDL and triglyceride levels in most clinical trials,
the mechanism of the relative lack of triglyceride
lowering with rosiglitazone remains unexplained.

Cardiovascular Effects

The unique benefits demonstrated by the thiazo-
lidinediones on vascular function appear to be
mediated by direct (via PPARY receptors in vascular
cells) as well as indirect mechanisms (via changes
in circulating factors, including adipokines,
cytokines, and FFA). A summary of the effect of
thiazolidinediones on vascular function and cardio-
vascular risk factors is presented in Table 1.

TaBLE 1. Summary of effects of thiazolidinediones on
cardiovascular risk factors and vascular function.

Lipids
| FFA
| Tiglyceride levels
T HDL-C and LDL-C
1 LDL-C oxidation

T Buoyancy of LDL particles

Coagulation/fibrinolysis
| PAI-1 and fibrinogen
Vascular inflammation
| CRP, MCP-1, ROS

A Macrophage function in atherosclerotic lesions

 MMP-9

Vascular functional effects
| Intimal-media thickness
| BP

1 Brachial arterial relaxation

1 Microalbuminuria

1 Migration and proliferation of vascular smooth-muscle cells

Platelet aggregation
| Platelet aggregation
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Pioglitazone and Macrovascular
Disease

A recent study [31] investigated the effects of
intensive glycemic control on macrovascular dis-
ease. It was a prospective, randomized controlled
trial involving over 5,000 type 2 diabetics with pre-
existing macrovascular complications. They were
randomized to receive either 45-mg pioglitazone or
placebo for approximately 2.5 years. Pioglitazone
was shown to reduce the risk of all cause mortality,
non-fatal myocardial infarction (excluding silent
myocardial infarction), and stroke by approxi-
mately 16% as compared with placebo. There was,
however, an increase in the rate of heart failure in
the pioglitazone group (11%) versus placebo (8%).
The study concluded that pioglitazone improved
cardiovascular outcomes in type 2 diabetics with
high cardiovascular risk profiles.

Effects on Atherogenesis

Rosiglitazone strongly inhibited the development of
atherosclerosis in LDL receptor-deficient mice, a
finding that correlated with increased insulin sensi-
tivity [32]. In another study, rosiglitazone decreased
atherosclerotic lesion area by 60% compared to
controls in mice with angiotensin II-accelerated ath-
erosclerosis [33]. Pioglitazone has also been shown
to markedly decrease neointimal cross-sectional
areas in air-injured rat carotid arteries relative to
controls [34]. In human studies, troglitazone and
pioglitazone treatment resulted in a significant
decrease in common carotid arterial intimal and
medial complex thickness (IMT) (=0.080 mm, N =135
and —0.084 mm, N = 106, respectively) after 3—6
months of treatment as measured by carotid ultra-
sound. In contrast, control patients had a slight
increase in IMT. There was not a significant corre-
lation between this finding and HbAlc values
[35,36]. A double-blind, placebo-controlled, pros-
pective trial [37] enrolled 97 patients with diabetes
in whom angiography had revealed coronary artery
blockages. The patients were randomized to either a
loading dose of 8 mg of rosiglitazone before
angiography and stent placement, followed by 4 mg
of rosiglitazone for 6 months or placebo on the
same schedule. At the end of the 6-month period,
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coronary angiography was repeated: 11.4% of
patients in the rosiglitazone arm had restenosis,
compared with 44.7% of patients in the control
group. Body weight and blood glucose levels were
not significantly different between the 2 groups
after 6 months but C-reactive protein levels were
significantly lower in the rosiglitazone group.

Large randomized studies evaluating cardiovas-
cular outcomes are necessary.

Cardiac Structure and Function

Thiazolidinediones were initially associated with
increased cardiac weight in animal studies.
However, human echocardiographic studies on
rosiglitazone (4 mg twice daily) or pioglitazone
(maximum 60 mg daily) for up to a year have
shown no adverse effects on left ventricular mass
or cardiac output [38,39].

TZD and Heart Failure

Diabetic patients often have significant
cardiovascular risk factors, which may be exacer-
bated with TZD treatment. Congestive heart
failure in diabetics treated concomitantly with
insulin and TZDs has been reported. In placebo
controlled trials the incidence of CHF was signif-
icantly higher in patients using pioglitazone
and insulin (approximately 1%) versus patients
on insulin alone [40].

Although the incidence of heart failure with piogli-
tazone or rosigliatoze monotherapy is low, <1%, the
American Heart Association and American Diabetes
Association have a joint consensus statement regard-
ing the use of TZD in patients with cardiovascular
disease. They recommend TZDs to be used cau-
tiously and initiated at low doses in patients with class
I or I NYHA category heart failure, and they are not
recommended in class III or IV heart failure.

Effects on Blood Pressure
Thiazolidinediones have been shown to lower

blood pressure in animal and human studies.
Mechanisms for the blood-pressure lowering effect
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have not been fully elucidated. An improvement
in insulin resistance is likely responsible, at
least in part.

In insulin-resistant rats, rosiglitazone prevented
the development of hypertension [41]. Pioglitazone
was shown to lower blood pressure in rats to an
extent that was not correlated with alterations in
fasting insulin concentrations [42].

Renal Effects

PPARY is expressed in the rat kidney, primarily in
the collecting ducts [43]. Its presence in this loca-
tion suggests that it may be involved in water and
sodium retention [44]. It has also been detected in
the mesangial cells of rats [45,46].

All of the thiazolidinediones used clinically have
been shown to delay the onset of proteinuria or
reduce established proteinuria [16,45-47]. In a small
randomized study, pioglitazone significantly reduced
urinary albumin excretion from 142.8 to 48.4
mcg/minute after 3 months of treatment in patients
with type 2 diabetes and microalbuminuria [48].
Rosiglitazone also reduced albumin/creatinine ratio
in patients with type 2 diabetes in a dose-dependent
fashion [22]. Larger, longer-term studies are neces-
sary to confirm the effects of thiazolidinediones on
the delay and improvement of diabetic nephropathy.

Effects on Diabetic Retinopathy

PPARY is expressed in bovine retinal endothelial
cells [49]. In vitro studies found thiazolidinediones
inhibited the effects of vascular endothelial growth
factor on migration and proliferation of retinal
endothelial cells. In vivo, intravitreous injection of
both agents inhibited development of retinal neovas-
cularization. These results indicate that thiazolidine-
diones may be effective in the treatment of diabetic
retinopathy pending further research in humans [49].

Nonalcoholic Steatohepatosis

An uncontrolled trial included 30 adults with histo-
logically confirmed steatohepatosis and treated
with rosiglitazone (4 mg twice daily) for 48 weeks
[50]. All patients were overweight. Paired biopsies
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before and after treatment were available in 26
patients, showing significant improvement. Mean
serum ALT levels also showed corresponding
improvement. Similar studies were done using
pioglitazone [51,52]

Thiazolidinediones in Polycystic
Ovary Syndrome

Polycystic ovary syndrome (PCOS) is characterized
by menstrual irregularities, infertility, hyperandro-
genism, obesity, and insulin resistance. In a study of
rosiglitazone (4 mg twice daily for 2 months) with or
without clomiphene in 25 women with PCOS who
had not responded to clomiphene alone, ovulatory
rates were higher in the combined versus monotherapy
groups (77% and 33%, respectively) [53].

Pioglitazone has also been shown to improve
ovulation rates and hyperadrogenism associated
with PCOS. In a randomized controlled trial [54],
40 women were assigned to receive 30 mg piogli-
tazone versus placebo for 3 months. The results
revealed that the pioglitazone group had a signifi-
cant decrease in their free androgen index as well
as higher ovulation rates (41% had normal ovula-
tion in the pioglitazone group as compared with
5.6% in the placebo group).

These results point to an exciting new treatment
option for PCOS; however, because of the effects
of these agents on gene expression, there may be
hazards in early pregnancy and are not recom-
mended for that use.

Adverse Effects

The most commonly reported adverse events with
both pioglitazone and rosiglitazone were upper
respiratory tract infection and headache, although
other side effects include abnormal liver function,
edema, weight gain, and anemia.

Hepatic Effects

In combined North American clinical trials, trogli-
tazone was associated with significant transaminase
elevations (greater than three times the upper limit
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of normal) in about 2% of patients compared with
0.6% with placebo [55]. Troglitazone use led to
liver failure and death in more than 20 cases [56],
resulting in its withdrawal from the market by the
FDA in March 2000.

Although premarketing trials revealed no cases
of rosiglitazone- or pioglitazone-induced liver
abnormalities, very few case reports have demon-
strated possible associations between both drugs
and moderate to severe hepatic toxicity [57-60].
Other patients have developed elevations in
transaminases a few weeks after initiation of therapy
with rosiglitazone; in each case, the abnormalities
were reversible 4-7 weeks after discontinuation of
therapy [58,60]. The FDA recommends periodic
monitoring of ALT according to the clinical judgment
of the health care professional.

Edema

Ankle edema occurred in about 5% of patients
treated with both rosiglitazone and pioglitazone;
in some cases, pulmonary edema can develop.
Edema was more frequent in insulin combination
therapy with either drug (about 15% compared
with 5.4—7% with insulin alone). The reasons for
fluid retention and peripheral edema with TZDs
are multifactorial. The increase in plasma
volume may result from a reduction in renal
excretion of sodium and an increase in sodium
and free water retention. TZDs may also interact
synergistically with insulin to cause arterial
vasodilatation, leading to sodium reabsorption
and an increase in extracellular volume [61,62].
In case reports, the edema has not been responsive
to diuretics [63,64].

Weight Gain

Pioglitazone and rosiglitazone are both associated
with dose-dependent and time-dependent weight
gain. The average weight gain ranged from 0.5 to
3.5 kg in patients treated with either drug as
monotherapy. When either drug was combined
with insulin or a sulfonylurea, the weight gain
was more dramatic. Mechanisms for weight gain
with thiazolidinediones may include increased
adipogenesis resulting from PPAR-y activation,
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fluid retention, and increased appetite [65]. In
general, improvement in glycemic control with
decreased glycosuria and caloric retention and
storage may result in expanded adipose tissue and
body weight. Several studies have shown that the
weight gain with TZDs may be associated with an
increase in subcutaneous fat. However, at the
same time, there is a reduction in visceral fat and
an overall decrease in the ratio of visceral to sub-
cutaneous fat. This change in fat distribution
seems to underlie the improvement in glycemic
control despite an overall increase in body weight.

In a recent report, patients with a shorter duration
of diabetes and higher body mass index were
significantly more likely to gain weight on pioglitazone
therapy [66].

Anemia

Anemia was reported in 1% of patients treated
with pioglitazone and 1.9% with rosiglitazone. In
pioglitazone-treated patients, hemoglobin decreased
by 2-3% within the first 4-12 weeks and remained
stable thereafter [27]. Rosiglitazone also caused a
decrease in hemoglobin of up to 1 gm/dl [67]. This
effect is most likely related to hemodilution
secondary to a slight increase in plasma volume
[68]. Studies have shown that thiazolidinediones
do not cause hemolysis or affect red cell mass or
erythropoiesis [68,69].

Hypoglycemia

Since the thiazolidinediones work independently
of the pancreas, and typically reduce insulin
levels in patients with type 2 diabetes, there is
very little, if any, clinical risk of hypoglycemia
with these agents. However, when circulating
insulin levels are increased, such as in patients
taking a sulfonylurea or insulin, the addition or
pioglitazone or rosiglitazone may result in hypo-
glycemia. This is usually apparent after four or
more weeks of therapy, since it takes few months
for the full clinical effect of the thiazolidine-
diones to be manifest in most patients. Under
these circumstances, the sulfonylurea or insulin
dose should be reduced and therapy with the
thiazolidinedione continued.
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Pharmacokinetics and Metabolism

Pioglitazone

Pioglitazone is available in 15-, 30-, and 45-mg
tablets. When administered in the fasting state,
pioglitazone is measurable in serum within 30 min
and peak concentrations occur in 2 h [27].
Administration of pioglitazone with food delays
the time to peak concentration to 3—4 h but does not
diminish the extent of its absorption. Pioglitazone
alone has a half-life of 3-7 h; pioglitazone in com-
bination with its active metabolites has a half-life
of 16-24 h. Steady-state concentrations are
reached within 7 days. Its volume of distribution is
0.63 L/kg and it is more than 99% protein-bound,
principally to albumin. Pioglitazone is metabolized
by hydroxylation, oxidation, and conjugation into
active and inactive metabolites. M-III (an active
keto derivative), and M-IV (an active hydroxy
derivative) are the principal metabolites in humans.
Hepatic metabolism is extensive and occurs via
cytochrome (CYP) P450 isoforms CYP2CS8 and
CYP3A4 [28]. Urinary excretion is 15-30% and is
primarily in the form of metabolites. The primary
excretion of pioglitazone and its metabolites
appears to be through bile and feces [27].

Rosiglitazone

Rosiglitazone is available in 2-, 4-, and 8-mg tablets
and is 99% orally bioavailable [67]. Peak plasma
concentrations occur in 1 h. When administered with
food, there is a decrease in the time to peak concen-
tration and in the maximum concentration; however,
these effects are not felt to be clinically significant
[70]. The elimination half-life of rosiglitazone is 34 h
and independent of the dose [67]. Its volume of dis-
tribution is 17.61. It is 99.8% plasma protein-bound,
primarily to albumin. Rosiglitazone is metabolized
via hydroxylation, N-demethylation, and conjuga-
tion. None of its metabolites are considered active.
Metabolism of rosiglitazone differs from pioglita-
zone in that it occurs via hepatic cytochrome P450
(CYP) 2C8 and to a lesser extent by CYP2C9,
avoiding the 3A4 system, which is a common route
for the metabolism of a variety of drugs used in clin-
ical practice. Urinary excretion of rosiglitazone
metabolites is 64%; fecal excretion is 23% [67].

Monika Shirodkar and Serge Jabbour

Drug Interactions

Pioglitazone

The concurrent administration of pioglitazone with
digoxin, glipizide, metformin, and warfarin, res-
pectively, has been studied in healthy volunteers.
Medication pharmacokinetics was not altered with
any of these drug combinations [27]. The p450
system CYP3A4 metabolizes pioglitazone and can
be associated with drug interactions if this enzyme
is induced or inhibited, although pioglitazone itself
does not affect the function of CYP3A4 [28]. Since
estrogens are also metabolized by CYP3A4, piogli-
tazone has been studied in combination with oral
contraceptives and other hormone replacement
therapies. The pharmacokinetics of both agents
remained unchanged with administration of piogli-
tazone, indicating that dosing adjustments are
ordinarily not necessary [71].

Rosiglitazone

Rosiglitazone has been studied in combination
with acarbose, digoxin, metformin, nifedipine, ran-
itidine, warfarin, and oral contraceptives [67,72]
There have been no clinically significant effects on
the pharmacokinetics of any of these agents in
combination with rosiglitazone.

Special Populations

No adjustment in the dosage of either pioglitazone
or rosiglitazone is required in renal insufficiency or
in elderly populations [27,67]. However, there are
now few reports of congestive heart failure caused or
exacerbated by thiazolidinediones in the setting of
chronic renal insufficiency [73], which suggests that
in patients with renal insufficiency, a lower dose of a
thiazolidinedione may be safer to use. Neither drug
should be used in patients who have serum hepatic
transaminase levels greater than 2.5 times the upper
limit of normal (see adverse effects). Both agents are
classified as pregnancy category C and should be
avoided in pregnant women. It is not known whether
either drug is excreted in breast milk. There are
insufficient data supporting the use of either drug in
pediatric populations [27,67].
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Learning Elements
Key Points

1. Thiazolidinediones act via PPAR-gamma recep-
tors to change the metabolism and distribution of
adipose stores in the body, resulting in enhanced
insulin sensitivity.

2. Improvement in the insulin resistance that under-
lies the pathogenesis of type 2 diabetes and the
metabolic syndrome leads to pleiotropic effects,
including reduced glycemia, enhanced beta cell
function, reduction in the inflammatory milieu,
improvement in dyslipidemia and blood pressure
vascular endothelial function, cardiovascular risk
reduction, and in the prevention of diabetes.

3. These agents act independently of the pancreas
and reduce circulating insulin levels, enabling
them to provide aggressive glycemic control
without hypoglycemia.

Pitfalls/Complications

1. In some patients, thiazolidinediones are associ-
ated with fluid retention and weight gain, which
can be exaggerated when used in combination
with insulin secretagogues or insulin. These
adverse effects appear to be integral to the
insulin-sensitizing effects of these drugs and may
be mediated by the PPAR-gamma receptor.

Because of these issues, neither thiazolidinediones
is appropriate for use in patients with symptomatic
congestive heart failure or severely compromised
cardiac function.
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Introduction

Type 2 diabetes (T2D) is a fast-growing disease
with an increase in prevalence of some 5% per
year. This increase may, however, in part, be
explained by a reduction in mortality indicating
that the investment in better treatment has been
fruitful [1]. Especially, treatment of arterial
hypertension and dyslipidaemia may have had
an impact, whereas severe hyperglycaemia still
seems to present a serious problem in T2D
subjects and therefore needs more attention. The
UKPDS clearly showed the existence of a close
correlation between blood glucose values and
diabetic complications, as also seen in type 1 dia-
betes [2] (Fig. 1). In fact, the epidemiological
calculation based on the UKPDS data showed a
reduction of about 20% in both mortality rate
and in the risk of developing myocardial infarct
per 1% reduction in HbAlc [2]. Consequently,
we must aim to normalise HbAlc values in
these subjects.

In most countries today, the recommendation is
therefore to reduce HbAlc values to a level below
7.0% (normal range: 4.4-6.4%). Several surveys,
however, indicate HbAlc levels in most diabetic
populations to be above 8-9%, and a clinical
experience of values of 10% or higher is not
unusual [3]. Therefore, new treatment modalities
seem to be needed. In this review, we will discuss

the pathophysiology of T2D, the treatment of the
pathophysiological defects and thereby end up
with a recommendation for a combination of
antidiabetic drugs.

Pathophysiology

Until now treatment of hyperglycaemia in T2D sub-
jects has mainly been of empirical origin, and for
many years it was based on the experiences gained
from type 1 diabetes. However, T2D is not just an
insulin deficient disease, but rather an insulin resist-
ant condition. Therefore, insulin action must be
improved as part of the treatment as well. The
pathophysiology is very complex, but recent years
have revealed many details, and today we know that
several organs and cellular defects are involved [4].
One defect cannot explain the cascade of events
leading to frank hyperglycaemia, and due to the
multifactorial aetiology, T2D cannot be treated by a
single drug or change in lifestyle alone. This has,
however, been the approach until recently, as clearly
indicated by UKDPS [5]. The authors of that land-
mark study also concluded that multifactorial inter-
vention including polypharmacia is necessary [6].

Why is Blood Glucose Elevated
in T2D Subjects?

The main reason for the elevation of blood glucose in
diabetes is reduced insulin-mediated glucose meta-
bolism due to reduced insulin secretion and insulin
resistance. Due to these defects in insulin-mediated
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glucose disposal, blood glucose values increase until
reaching a level where glucose itself — glucose-
mediated glucose disposal — is able to compensate
for the reduced insulin-mediated glucose metabo-
lism, resulting in normal glucose disposal. In other
words, the increase in blood glucose in T2D is a
compensation for the reduced insulin-mediated glu-
cose disposal. Thus, the degree of hyperglycaemia
depends on the degree of impairment of insulin
secretion and action. Due to this compensation,

Henning Beck-Nielsen and Jan Erik Henriksen

diabetic subjects do survive (which is often forgot-
ten), but they pay the price of chronic hypergly-
caemia (which may lead to severe diabetic
complications). Therefore, we must try to correct
this devastating situation by improving the insulin-
mediated glucose metabolism. This can be done by
improving insulin secretion and action or both.

The Role of the Liver in Fasting
and Postprandial Glycaemia

Blood glucose is determined by the rate of glucose
appearance (R,) and the rate of glucose disappear-
ance (R,). An increase in R_or a decrease in R (or
both) may result in hyperglycaemia. Glucose
appearing in blood can derive from both ingested
carbohydrates and the endogenously produced glu-
cose from liver and kidneys. Most focus has been
on the basal hepatic glucose production (HGP), as
for several years HGP, alone, was claimed to deter-
mine fasting blood glucose values in the morning.
This conclusion was based on the finding of a
strongly positive correlation between the two
variables — a correlation explained partly by the
fact that HGP and fasting glucose are mathemati-
cally dependent and partly by the fact that the
methods used for estimating HGP over-estimated
HGP in parallel with the increase in blood glucose,
strengthening the positive correlation [7]. There-
fore, the importance of this correlation has been
weakened, as the methodology was improved [8].
The improved methodology has also led to the con-
clusion that HGP in the postabsorptive state is nor-
mal or only slightly increased (up to 20%) [9].
It therefore seems illogical aiming for a major
HGP reduction overnight, for example, by giving -
long-acting insulin at night, as suppression of
glucogenolysis may induce hypoglycaemia at
night. Therefore, the concept must be reconsidered.

If fasting hyperglycaemia is not alone caused by
an increase in HGP overnight, what could then add
to fasting hyperglycaemia? Naturally, the reduced
insulin-mediated glucose disposal (R,) may play a
role, but it is well known that glucose uptake in
skeletal muscle during the fasting state is trivial, and
therefore defects here may only play a minor role.
Another possibility is that a spillover is created from
the daytime when postprandial blood glucose values
are severely increased. Reduced glucose disposal
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after the meal may result in glucose accumulation in
blood, which is not metabolised before bedtime, and
this may add to fasting hyperglycaemia through
overnight hyperglycaemia. This hypothesis is sup-
ported by the finding that reduction of postprandial
glycaemia by diet (low carbohydrate) alone also
results in reduction of fasting blood glucose. As a
consequence, treatment of fasting hyperglycaemia
may not primarily aim to reduce HGP overnight, but
rather aim to improve the insulin-mediated glucose
disposal postprandially.

Postprandial hyperglycaemia can be addressed
using pharmacological treatment, and also by
changing the diet, since the major part of glucose
appearance in the body during a 24-h period is due
to intake of carbohydrates. T2D subjects overeat
and this can therefore explain postprandial hyper-
glycaemia as the values decline immediately after
reducing the carbohydrate intake [10]. Several stud-
ies have shown a dramatic effect when reducing
energy intake for a few days only [10]. Therefore,
diet treatment must be part of the hyperglycaemic
treatment in T2D subjects. However, despite the
significant effect obtained immediately, hypocalory
diet treatment is disappointing in the long term as
indicated by the UKPDS study, probably due to a
decline in compliance [6]. Pharmaceutical com-
pounds are therefore needed in most diabetic sub-
jects in order to normalise postprandial blood
glucose values. The only drug known to improve
hepatic insulin sensitivity is Metformin, but recon-
struction of the first-phase insulin response is
another and more promising possibility for
reduction of postprandial hypoglycaemia.

Is the Glucose Disappearance
Rate Reduced in T2D?

Glucose disappears into skeletal muscle, fat tissue
and liver, mediated by insulin, and into the central
nervous system, blood cells and several other tis-
sues mediated by the mass action of glucose itself.
The insulin-mediated glucose uptake in skeletal
muscle is significantly reduced in T2D subjects
due to a reduced glycogen synthesis and glucose
oxidation (Fig. 2) [11]. Since most glucose after a
meal is taken up in skeletal muscle, the defect in
insulin action adds to the degree of postprandial
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hyperglycaemia. Thus, insulin resistance plays an
important role in postprandial blood glucose values
[12]. Improvement of insulin action in T2D
subjects must therefore be a primary aim for the
normalisation of blood glucose values, mainly in
the postprandial state. Normalisation of insulin
sensitivity in peripheral tissues in T2D has,
however, never been the main objective, as we pos-
sessed no tools carrying the potential for reaching this
objective. However, the recently discovered PPAR
(peroxisome proliferator-activated receptor) gamma
agonists, namely glitazones, carry this potential.

Lack of First-Phase Insulin
Response in T2D Subjects

Besides the reduced insulin-mediated glucose
uptake in skeletal muscle (and in liver and fat
tissue), the abnormal insulin secretion pattern
characterised by a lack of first-phase insulin release
may also play a pathophysiological role, since the
postprandial insulin peaks disappear in T2D
subjects (Fig. 3). A recent publication has shown
that the reduction of the first-phase insulin response
to meals is already present at normal fasting glucose
values in T2D subjects [13]. This indicates a need
for an earlier insulin treatment than what has been
the routine for several years. Furthermore, these
findings indicate that it is unphysiological to treat
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in all subjects studied (mean values) [17].

T2D subjects with NPH (Neutral Protamine
Hagedorn) insulin once or twice daily, as it only
increases the 24-h plasma insulin values without
reconstructing the physiological insulin profile.
However, the insulin response to meals can be
reconstructed using rapid-acting insulin analogues.
Therefore, based on this pathophysiological consid-
eration, it is difficult to find the arguments for the
present routine with NPH insulin or long-acting
insulin analogues once or twice daily, without treat-
ing postprandial hyperglycaemia.

Conclusion on Pathophysiological
Considerations

Obese T2D subjects suffer from insulin resistance
in both liver, skeletal muscle and adipocytes.
Furthermore, the secretory capacity of insulin in
beta cells is reduced compared with the degree of

insulin resistance. Due to hyperglycaemia itself, the
24-h insulin profile is elevated compared with con-
trols without diabetes, but the secretion pattern is
characterised by reduced, delayed and often absent
insulin peaks in the postprandial state compared
with normal controls (Fig. 3). The reason for the
increase in fasting glucose values has been dis-
cussed above, and it was concluded that postpran-
dial glucose excursions also play a role in the
post-absorptive values. Thus, it seems very impor-
tant to treat postprandial hyperglycaemia, and if this
is done properly, T2D subjects may go to bed with
normal blood glucose values. However, if insulin
values during the night are too low or the degree of
insulin resistance remains present, HGP will
increase and a reduction in HGP may be necessary.

Based on our theories of the pathophysiology of
T2D, the obvious question is therefore whether a
correction of these three major pathophysiological
defects — insulin resistance in the liver, reduced
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insulin-mediated glucose uptake, specifically in
skeletal muscle, and reduced first-phase insulin
secretion — will result in normo-glycaemia. Until
now, no treatment modalities have been able to
normalise these three defects at the same time.
However, the recent development in pharmacological
treatment has made it possible.

Triple Therapy

Our triple-therapy model combines three antidiabetic
drugs in addition to lifestyle changes aiming to
treat the three major defects in the pathophysiology
of T2D, as mentioned above. To correct these three
defects, we chose a rapid-acting insulin analogue,
insulin aspart, since it has been shown to be able to
reconstruct the insulin peaks after meals [14]; a
glitazone, in this case rosiglitazone, since these
drugs are the most potent insulin synthesizers on
the market improving R, by 50-75% and further-
more reducing lipid accumulation in skeletal
muscle and liver [15]; and finally Metformin,
thanks to its effect on gluconeogenesis in the liver
resulting in improved insulin sensitivity [16].
Metformin furthermore reduces appetite and
thereby theoretically may reduce the glucose intake,
and it is also the only drug shown to be able to
reduce mortality in T2D subjects [6]. These phar-
maceutical compounds are of course supplements
to diet treatment, which must always be the basis.
To test this new antidiabetic combination ther-
apy — named triple therapy — we used T2D subjects
already treated with insulin after failed peroral
treatment. These types of diabetic subjects suffer
from severe metabolic disturbances and are the
most difficult subjects to control. In this study, sub-
jects were allocated to continue NPH treatment
once or twice daily or shifted to triple therapy [17].
In both groups, our aim was to normalise HbAlc
values and blood glucose values without inducing
severe hypoglycaemia. The subjects measured
blood glucose pre- and postprandially daily and at
night. Based on these values, subjects were
instructed in adjusting the insulin dose in accor-
dance with an algorithm depending on the use of
insulin aspart or NPH insulin. In the triple-therapy
group, only insulin aspart was given at meals and
no insulin was given at night (in accordance with
the hypothesis discussed above). Metformin and
rosiglitazone were increased up to full dose,
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meaning Metformin 1 g twice daily and rosiglitazone
8 mg daily during the first 2 months.

After half a year of triple therapy, HblAc was
reduced by 2% from 8.8 to 6.8 in the triple-therapy
group, whereas it remained unchanged in the
NPH group despite an increase in insulin dose of
50% [17]. The diurnal profile of blood glucose
measured at the hospital and at home (Fig. 3)
clearly indicated that triple therapy resulted in
normalisation of blood glucose values during most
of the 24-h period (Fig. 3). At home, no postprandial
increase in blood glucose was seen, whereas an
increase was seen after supper during hospitalisa-
tion only. Fasting blood glucose values were identi-
cal in the two groups after 6 months of treatment
and blood glucose values increased slightly during
the night in both groups. No nocturnal hypogly-
caemia was seen at all in the triple-therapy group in
spite of the near-normalisation of HblAc values.
However, during the day, more mild (but no severe)
hypoglycaemic attacks were seen in a few subjects.
Thus, triple therapy, which affects the three major
pathophysiological defects in T2D, was able to
eliminate postprandial hyperglycaemia and keep
nightly blood glucose values stable without inducing
severe hypoglycaemia. This clearly supports our
hypothesis indicating that the three defects described
are essential to the development of hyperglycaemia
and that focusing on postprandial hyperglycaemia
using a specific treatment is important. It further-
more seems to be less important trying to treat basal
HGP values during the night by night time basal
insulin if postprandial elevation is eliminated.

How Does Triple Therapy Improve
Glucose Metabolism?

First of all, insulin aspart given at the initiation of the
meal was in fact able to reconstruct the necessary
fast and high insulin peaks compared with non-
diabetic subjects (Fig. 3). This seems to be important
since the insulin concentration obtained (24-h area
under the curve) is much lower in triple therapy
despite much lower blood glucose values. This indi-
cates that the insulin profile is more important than
the absolute amount of insulin given. We were able
to measure insulin aspart with a specific antibody
and thereby, for the first time in insulin-treated
subjects, measure the amount of endogenous insulin
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produced together with exogenous insulin. Endogenous
insulin secretion is still seen to continue with rela-
tively low peaks at meals and with an overnight con-
centration of about 50 pmol/L, which is interestingly
close to the values seen in non-diabetic controls
(Fig. 3). However, the exogenous insulin aspart
gives rise to significant peaks after meals, with a
steep rise just after injection and an appropriately
declining rate following the peak. Interestingly, all
exogenous insulin was metabolised around midnight
and therefore the T2D subjects rely on endogenous
insulin only during the night. To our knowledge this
is very important since it protects against nightly
hypoglycaemia, as a fall in blood glucose during the
night will immediately result in reduced insulin
secretion. This can explain why no hypoglycaemic
attacks were seen in the triple-therapy group during
the night, and this is one of the greatest fortunes
when using this new approach.

Blood glucose values increased during the night
in the triple-therapy group despite “normal” serum-
insulin values. The reason for this must of course
be that both the liver and peripheral tissue are
insulin resistant. However, during home blood glu-
cose measurements, the mean value reached in the
morning was between 7 and 8 mmol/L (based on
measurements every morning during 6 months),
which is an acceptable value.

As seen in Fig. 3, blood glucose values during
triple therapy were not completely normalised dur-
ing the 24-h period. This may be explained by
insulin resistance, since our euglycaemic hyperin-
sulinaemic clamp studies showed an improvement
only in peripheral insulin sensitivity of about 60%.
Therefore, to completely normalise blood glucose
values, a more potent insulin synthesizer than
rosiglitazone is needed.

Drawbacks of the Proposed
Triple-Therapy Regime

First of all, triple therapy is an expensive treatment,
but several studies of intensive therapy in T2D,
including UKDPS, have shown it to be cost-effective
because of the heavy expenses related to the
treatment of diabetic complications [18]. Secondly,
subjects may gain weight. During this half-a-year
study, it was, however, only about 2 kg and this
may be explained by the 2% reduction in HbAlc.
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Comparative Studies
to Triple Therapy

The combination of three oral antidiabetics can be
compared with our approach, but the small number
of trials published has not been able to bring
HbA 1c levels below 7.8% [19]. In three other pub-
lished studies, Metformin and a sulfonylurea (SU)
preparation have been combined with NPH insulin
with only a modest effect on HbAlc values (prob-
ably due to a modest improvement of peripheral
insulin resistance).

In a recent study (more alike ours), in which
Metformin, troglitazone and NPH insulin were
given in combination, a near-normalisation of
HbA 1c was described, too. These two triple-therapy
models including glitazones (reducing peripheral
insulin resistance) are both very effective,
probably due to treatment of peripheral insulin
resistance [20].

Both insulin aspart and insulin lispro have been
tested as a part of the classical basal bolus insulin
regime in type 1 diabetes and were tested in T2D as
a part of that regime. However, for several reasons
none of these studies turned out to be successful
when compared with the combination of NPH
insulin and SU or with treatment with regular insulin
three times a day and NPH at night [19]. An obvious
conclusion is that the insulin sensitivity must be
improved in accordance with the application of the ana-
logues in order to obtain the full effect of these
short-acting analogues. However, it is difficult to
compare insulin regimes if they are not administered
in the same trials and in comparable groups of diabetic
subjects, since T2D is very heterogeneous.

What Have We Learned from
these Studies?

We conclude that treatment of the three major
pathophysiological defects in T2D using drugs
affecting specifically theses abnormalities results
in proper insulin peaks at meals and improved
insulin sensitivity in both the periphery and in the
liver. These interventions induced near-normalisation
of the 24-h glucose profile and HbAlc values.
Therefore, a normalisation of the physiological glu-
cose homeostatis must be the goal for the treatment of
T2D. This does not always imply initiation of triple
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therapy since dual therapy may also be effective in
many subjects, whereas monotherapy only works
in fewer subjects and for a shorter period.

Which Drugs Should be Considered
for Combination in T2D?

Most T2D patients without contraindications for
Metformin should start with that drug — but not until
lifestyle intervention has failed [21]. In most
patients, monotherapy by Metformin is not suffi-
cient in time due to a decline in beta-cell function
and/or weight gain or non-adherence to the lifestyle
guidelines. Therefore, a secondary drug must be
added. Here, we have three choices: SU (gliclazide,
glimepiride, glipizide), glitazones (pioglitazone and
rosiglitazone) and insulin. Despite these choices,
dual therapy may also fail in time and a third drug
must be added in order to reach the goal for HbAlc,
namely <7.0% (in Europe <6.5%). Thus, a combi-
nation of 2-3 antidiabetic drugs, including insulin
when necessary, has now become more usual. In
this review, acarbose, which may have a minimal
effect as well as severe side-effects, will not be
discussed. Furthermore, the new GLP-1 analogues
and the DPPIV inhibitors are too new to be put into
perspective in this review.

Advantages and Disadvantages

of the Antidiabetic Drugs Metformin,
Su, Glitazones and Insulin and

a Combination of those

Metformin

The unique advantage of Metformin is that it has
been shown to reduce the risk of myocardial infarc-
tion and the mortality rate in T2D subjects (UKPDS)
[21]. Therefore, it is today the first drug of choice. It
may induce lactacidosis in very few subjects and
therefore it should not be used in subjects with
increased serum creatinine. In that case, SU or a gli-
tazone will be the first drug of choice. In about 5%
of subjects, Metformin may induce severe gastroin-
testinal discomfort. An advantage is that the drug
does not induce weight gain and hypoglycaemia. In
lean subjects, Metformin is not the first choice.
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SU

SU is the most used antidiabetic drug in T2D today,
as mentioned above. The difference in potency of
the preparations mentioned above is minimal and
no major differences in side-effects are seen either.
The tendency is to use either glimepiride, since it
may not impair cardiac function after a myocardial
infarction, or gliclazides, which may have a benefi-
cial effect on endothelial function. The drawback
of SU preparations is that they can result in
prolonged hypoglycaemic events [22].

Glitazones

Two drugs exist on the market, as mentioned
above. They are identical in potency on glucose
metabolism. They reduce blood pressure and
improve lipid profile [23]. Pioglitazone may have
an advantage compared with rosiglitazone when
triglycerides are taken into account. They are not
recommended as the first drug of choice, but they
can be used in specifically obese subjects, where
Metformin is contraindicated or not tolerated. The
side-effects are weight gain and oedema (fluid
retention) [23]. The weight gain is a few kilograms
more than the weight gain seen in patients treated
with SU or insulin. However, glitazones may
change the body composition in a more beneficial
way. More important is that glitazones reduce fat in
the liver, which turns out to be of clinical impor-
tance. Fluid retention is seen in about 5% of T2D
subjects and, in patients with reduced ejection frac-
tion, this may result in heart failure. T2D subjects
should therefore not be prescribed glitazones if
they suffer from congestive heart failure. A combi-
nation with insulin may further increase this risk.

Insulin

In combination with oral antidiabetic drugs both
NPH insulin and short-acting insulin can be used.
The most successful combination until now has been
Metformin and NPH insulin given at night, where
the insulin doses have been titrated up based on
measurements of fasting blood glucose values. This
combination is powerful and fairly weight neutral,
meaning a slight increase in body weight in most
subjects. It is safe to use and can be handled by the
patients themselves based on an algorithm [24].
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Only a few studies on the combination of
Metformin with long-acting insulin analogues, such
as glargine and determir, have been published. In a
treat-to-target study, NPH insulin was compared
with glargine and no difference was shown in antidi-
abetic potential, but glargine may induce fewer
hypoglycaemic attacks during the night [25].
However, more studies are needed, especially inves-
tigating the combination of determir and Metformin.

Based on a Cochrane analysis, insulin in combi-
nation with SU has no beneficial effect compared
with insulin alone. Moreover, this combination will
increase the body weight [26].

Trials investigating the combination of Metformin
with rapid-acting insulin or insulin analogues, such
as lispro and insulin aspart, are few, but indicate
that the effect on HbAlc is identical to what is
seen when combining Metformin with long-acting
insulin, but postprandial blood glucose values
are of course lower. This combination has been
discussed previously under the heading “Triple
therapy” [17].

From a theoretical point of view the choice
between long-acting or intermediate-acting insulin
and rapid-acting insulin and insulin analogues may
of course also depend on the patient’s phenotype
and preference.

A combination of more than three antidiabetic
drugs seems hazardous and has not been justified
by the literature so far.

What Shall We Aim for?

It is obvious that the aim must be to use as few drugs
as possible — this is an old lesson. On the other hand,
we should aim for near-normalisation of blood glu-
cose values, since a normalisation of HbA 1c seems
to reduce the risk of diabetic complications tremen-
dously (Fig. 1). In that respect, the economy may be
taken into account, since combination therapy may
be expensive. It is, however, much more expensive
to treat diabetic complications.

Therefore, it seems obvious to attack the three
major pathophysiological defects in T2D, peripheral
insulin resistance, increased HGP in the liver and the
loss of first-phase insulin response related to a meal,
using lifestyle changes and at least three pharmaceu-
tical drugs. This suggestion is based on a few short-
time studies, but longer studies are on their way.
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Algorithm for Combination
Treatment of T2D Subjects

The algorithm proposed by us is based on the statement
paper by the American Diabetes Association
(ADA) and the European Association for the Study
of Diabetes (EASD) [27] and our own experience
based on current pathophysiological knowledge.
The algorithm will be changed in time in accor-
dance with the new literature, but until then the fol-
lowing proposal will be useful. This algorithm
takes into account the specific characteristics of the
drugs used, their synergies, expenses and side-
effects. The goal is — based on the recent literature
— to maintain HbA lc values as close as possible to
the non-diabetic range and to change medication as
rapidly as necessary based on the effect obtained
and the side-effects. The algorithm is based on the
most used and best documented drugs in the field:
Metformin, SU (glimiperide, gliclazide or glip-
izide), glitazones (pioglitazone or rosiglitazone)
and insulin (mainly NPH insulin, but analogues
when indicated — see above).

Algorithm

Lifestyle intervention is the basis for all treatment of
T2D [27]. The improvements of glucose metabolism
obtained initially, specifically on body weight, may
influence the results of the drug added later on
(Fig. 4). Specifically, a change of diet is important as
it has an immediate effect. The amount of calories
should be reduced by reducing intake of not only fat,
but also rapidly absorbed carbohydrates. The patient
should remain on non-pharmacological treatment
for a couple of months before starting drug treatment
in order to obtain the full beneficial effect of lifestyle
changes. The time spent on lifestyle changes alone
of course depends on the achieved blood glucose
values and the clinical situation.

The first drug of choice is Metformin, which
should be titrated up to the highest dose tolerated. To
start with a low dose is recommendable to avoid side-
effects. However, most patients suffer some gastroin-
testinal side-effects, but these side-effects disappear in
most subjects in time. If the goal for HbAlc — either
the international goal or the individually decided goal
— is not reached within 2—3 months, another group of
drugs may be added. As mentioned in Fig. 4,
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FiG. 4. Algorithm for the metabolic management of type 2 diabetes [27].

three possibilities exist: insulin, SU or glitazones. The
choice depends on several factors: the level of
HbAlc, body weight, age and phenotype.
Furthermore, some drugs may be contraindicated.
The patient’s preference must also be taken into
account, as the patient’s compliance has immediate
impact on the results obtained. Since T2D subjects
need many drugs for treatment, individual education
and motivation are important.

Insulin

Insulin treatment may be initiated earlier in young
subjects, in lean subjects and in subjects with high
HbAlc levels (>8.5%). Today, in addition to
Metformin, intermediate-acting insulin once daily —
often given at night — will be the regime to choose
[24]. This regime is easy to handle, as the patients
themselves can titrate the dose of insulin based on
the fasting blood glucose values. The goal is a fast-
ing blood glucose of <6 mmol/L. The patients may
start with NPH insulin at night and titrate according
to the individually given algorithm. The long-acting
insulin analogues may be used instead of NPH
insulin, since they have demonstrated the same
potency as NPH [25], but with fewer hypogly-
caemic attacks. However, more studies are needed
before recommending the new insulins in general,

but in subjects showing a tendency of hypogly-
caemia or poor control, glargine or determir must be
considered.

A few studies used rapid-acting insulin or rapid-
acting insulin analogues at meal time instead of
intermediate- or long-acting insulin at night, since it
is important to treat postprandial blood glucose
values as stated above (triple therapy). Only a few
studies have been published until now investigating
the combination of these fast-acting insulins with
Metformin. The concept of treating postprandial
blood glucose alone seems as effective as treating
with long-acting or intermediate-acting insulin at
night. The advantage is that the postprandial values
will be lower. However, fasting blood glucose
values may be higher, and therefore more long-term
studies are needed before this change of concept
can be recommended. The only obvious situation is
lean, young T2D subjects with reduced beta-cell
function indicated by C-peptide values fasting
lower than 300 pmol/L. In this case the classical
basal bolus regimes should be considered.

SU

SU is another possibility as add-on medication to
Metformin in cases where the metabolic goal is not
obtained. These drugs may be considered in young
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and lean subjects and in T2D subjects with a
HbAIc value lower than 8.5% after 2-3 months of
monotherapy with Metformin. These drugs can
induce severe hypoglycaemia and are therefore
relatively contraindicated in subjects prone to hypo-
glycaemia, that is, elderly subjects and subjects
suffering from liver diseases [22]. It has been
claimed that SU should not be given to T2D subjects
with coronary arteriosclerosis, but data supporting
this are not very solid. The three different SUs
mentioned above have the same potency and, for the
moment, no scientific evidence exists to choose one
for the other, but the patient’s individual phenotype
must naturally be taken into account.

Glitazones

Glitazones are the newest antidiabetic drugs on the
market, and we therefore have less experience
with these drugs. Both pioglitazone and rosiglita-
zone can reduce HbAlc levels by 1-2% in combi-
nation with Metformin. They seem to work best in
obese subjects with preserved beta-cell function
indicated by a C-peptide level higher than 300
pmol/L in the fasting state. They should not be
used in subjects showing signs of reduced cardiac
function due to fluid retention and oedema, as
stated above. A combination of Metformin and
glitazones seems to be equal to the combination of
Metformin and SU in their blood glucose reducing
effect. Glitazones should be considered as add-on
medications in subjects not tolerating SU, specifi-
cally obese subjects, and in subjects where
Metformin is contraindicated or not tolerated,
glitazones could be the first drug of choice.

Triple Therapy

In some diabetic subjects, the goal is not
reached by dual therapy, and add-on of the third
antidiabetic drug must be considered. The com-
bination of insulin and glitazones has been
shown to be powerful and must be considered if
the goals are not reached, as stated above. Now,
this combination has also been approved in
Europe. Another possibility is to combine the
three oral antidiabetic drugs: SU, Metformin
and glitazones [28].

The algorithm given in Fig. 4 based on the ADA
and the EASD criteria can be recommended as the
basis for the individual treatment.
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Conclusion

It is obvious both from the literature and the daily
clinical experience that most T2D subjects need
combination therapy consisting of two or three
antidiabetic drugs. The long-term effect on compli-
cations (hard end-points) and the potential side-
effects (of combinations) have still not been
demonstrated in the literature, but from the UKPDS
study we learned the importance of normalisation of
blood glucose values.
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Introduction

The stimulation of insulin secretion has been a
therapeutic principle since the introduction of
sulfonylureas in the 1950s, when tolbutamide and
carbutamide were introduced. Second- and third-
generation sulfonylureas like glibenclamide and
glimeperide remain to be among the most commonly
used antidiabetic agents, attesting to the fact that
promoting B-cell secretory function is a feasible way
of controlling plasma glucose in patients with type
2 diabetes. Nevertheless, sulfonylureas are far from
ideal as antidiabetic agents, since their use is associ-
ated with weight gain and with the provocation of
hypoglycemia [1]. The latter is caused by the absence
of a strict glucose dependency of the ability to pro-
mote insulin secretion, since sulfonylureas per se are
able to close the ATP-dependent K* channel, even at
rather low glucose concentrations [2].

The incretin concept was developed when it had
become obvious that the oral ingestion of nutrients,
especially carbohydrates (glucose, starch, etc.)
releases insulinotropic hormones from the gut

mucosa, which in turn augment the insulin secretory
response induced by meal-related glycemic
excursions [3,4]. When the first incretin hormone
to be described in detail, Glucose-dependent
Insulinotropic Polypeptide (Gastric Inhibitory
Polypeptide, GIP) was characterized [5-7], one of
the remarkable properties was the strict glucose
dependency of its insulinotropic actions, both in per-
fused rat pancreas [8] and in human subjects in vivo
[9]. Werner Creutzfeldt, in his 1978 Claude-Bernard
lecture to the European Association for the Study of
Diabetes [3], made this characteristic of GIP a core
component of the definition of incretin hormones in
general. Obviously, with a peptide like GIP, it was
impossible to provoke hypoglycemic episodes, even
when it was administered at high doses. A natural
compound that potently stimulates insulin secretion,
however, without a risk of provoking hypoglycemia,
attracted attention as a potential candidate parent
compound for the development of antidiabetic
drugs. Because GIP has lost most of its insulino-
tropic activity in patients with type 2 diabetes
[10-13], it was not until the identification of
glucagon-like peptide-1 (GLP-1) [14-18] and the
demonstration that GLP-1 had preserved
insulinotropic (and additional) activities in patients
with type 2 diabetes [11,19,20] that the idea of using
incretin hormones as the basis for novel antidiabetic
drugs could be actively persued.
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Definition of the Problem
and Basic Pathophysiology

Secretion and Action of Incretin
Hormones in Physiology

Physiological Roles of Gastrointestinal
Peptide Hormones

The ingestion of nutrients elicits the secretion of
gastrointestinal hormones intimately involved in the
regulation of gut and gallbladder motility, digestive
juice secretion, and postprandial carbohydrate metab-
olism. In particular, incretin hormones stimulate
insulin secretion from the endocrine pancreas.
Through the action of incretin hormones, enteral nutri-
tion provides a more potent insulinotropic stimulus
relative to an isoglycemic intravenous challenge. This
phenomenon is named the “incretin effect” [3,21-23].

GIP

The first incretin to be identified, GIP, was
purified from porcine intestine extracts by virtue
of its ability to inhibit gastric acid secretion
(therefore, the original name was gastric inhibitory
polypeptide) [7,24]. Soon, it was discovered that
GIP displayed potent insulinotropic actions in
animals [8,25] and in human subjects [9]. GIP
was shown to be a 42 amino acid peptide hormone
[7,24] synthesized in duodenal and jejunal
enteroendocrine K cells [26] in the proximal small
bowel (duodenum and jejunum) (Fig. 1).

GIP (1-42 amide)
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GLP-1

Much later, the second incretin hormone, glucagon-
like peptide-1 (GLP-1), was identified as a partial
sequence of the cDNAs and genes encoding
proglucagon [14,27]. After posttranslational pro-
cessing of proglucagon in gut endocrine L-cells
[16,28-30], GLP-1 exists in two circulating equipo-
tent molecular forms, GLP-1 (“glycine-extended
GLP-17) and GLP-1 [7-36] amide (‘‘amidated GLP-1”)
[31,32] (Fig. 1). The amidated form is more abun-
dant in the circulation following meal ingestion in
humans [32]. Although the majority of GLP-1 is
synthesized in the distal ileum and colon, plasma
levels of GLP-1, like GIP, increase shortly after
starting meals. This leaves two possibilities: Either
there is an upper gut signal mediating GLP-1 release
from more distal stores [33] (i.e. the locations where
GLP-1 is most abundant [28]). Alternatively, GLP-1
is predominantly released from the sparse L-cells
that are present in the upper gut [28,34]. Quantitative
considerations make it appear feasible that GLP-1
from gut segments coming into direct contact with
chyme is the source of postprandial increments in
GLP-1 concentrations [35].

Proteolytic Degradation of Incretin
Hormones by Dipeptidyl Peptidase-4

Plasma levels of total GLP-1 (including proteolytic
degradation products) are low (“basal”) in the fasted
state (approximately 5 pmol/L) and increase rapidly
following meal ingestion, reaching levels in plasma

ThrPhe IleSerAspTyrSer Ile AlaMetAsplLys Ile HisGin GInAsp AsnTrpleuleuAla GinLysGly LysLysAsrAspTriLys His Asn Ile ThrGin -NH;

Site of proteolytic inactivation (DPP-4)

GLP-1 (7-36 amide)
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FiG. 1. Peptide structures of the two main incretin hormones, glucose-dependent insulinotropic polypeptide
(gastric inhibitory polypeptide, GIP), and glucagon-like peptide 1 (GLP-1). Amino acids shared between both
peptides are shown in dark blue, and amino acids unique to GIP and GLP-1 are shown in light and dark green,
respectively. The red arrow indicates the position of cleavage by dipeptidyl peptidase-4 (DPP-4), the alanine
residue in position 2, which is recognized by DPP-4, is highlighted by a red margin.
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of 15-50 pmol/L [32]. Only a minor proportion of
circulating GLP-1 (approximately 10-20%) is intact,
biologically active GLP-1. This is true after endoge-
nous secretion [36] as well as during exogenous
administration, for example, during continuous intra-
venous infusion or after subcutaneous injection [37].
The major reason is the rapid proteolytic degradation
and inactivation by dipeptidyl peptidase-4 (DPP-4)
[38], an aminopeptidase recognizing peptides with a
proline or alanine in the second aminoterminal posi-
tion [39]. It removes the first two aminoterminal
amino acids, rendering the breakdown products
(GLP-1 [9-36] amide or GLP-1 [9-37]) biologically
inactive or even weakly antagonistic [40—44]. The
circulating levels of intact GLP-1 and GIP are further
kept low by rapid renal clearance [45,46]. Whether
additional proteases such as human neutral endopep-
tidase 24.11 are also essential determinants of GLP-1
inactivation remains under active investigation
[47,48]. Mice with targeted inactivation of the DPP-4
gene exhibit increased levels of plasma GIP and
GLP-1, increased insulin secretion, and reduced glucose
excursion following a glucose challenge [49].

GIP and GLP-1 Receptors

GIP and GLP-1 exert their actions via engagement
of structurally distinct G protein-coupled receptors.
GIP receptors are predominantly expressed on islet
B-cells, and to a lesser extent, in adipose tissue and
in the central nervous system [50-53]. In contrast,
GLP-1 receptors are expressed in pancreatic
endocrine B-cells [54,55] and in several peripheral
tissues including the central and peripheral nervous
system, heart, kidney, lung, and the gastrointestinal
tract [56,57]. Activation of both incretin receptors on
B-cells leads to rapid increases in levels of cyclic
AMP and intracellular calcium, followed by insulin
exocytosis, in a glucose-dependent manner [58].
Incretin receptor signaling is associated with protein
kinase A activation, induction of gene transcription,
enhanced levels of (pro-)insulin biosynthesis [59], and
the stimulation of B-cell proliferation [60,61]. GLP-1
and GIP receptor activation protect -cells against
toxin-induced apoptosis (elicited by glucotoxicity —
hyperglycemia, lipotoxicity — high concentrations of
free fatty acids, streptozotocin, or hydrogen perox-
ide) and enhanced P-cell survival, findings
observed in studies of both rodent [62-64] and
human islets [65].
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Biological activity of GIP and GLP-1

The main functions of GIP are the glucose-dependent
augmentation of insulin secretion during periods
characterized by physiological hyperglycemia, the
incretin function sensu strictu [8,9,18,66,67].
Animal experiments suggest that GIP receptors on
adipose tissue are essential for adipocyte triglyc-
eride storage after meal ingestion: GIP receptor
knock-out mice do not become obese when fed a
high-fat diet [53].

GLP-1 does not only display glucose-dependent
insulinotropic (“‘incretin) activity [15,17,18,68],
but also inhibits glucagon secretion [11,69], decel-
erates gastric emptying [70-73] and reduces food
ingestion [74-78], and promotes enhanced glucose
disposal via neural mechanisms involving recep-
tors in the “hepatoportal” region [79]. All these
actions, which are summarized in Fig. 2 and Table 1,
potentially contribute to glucoregulation. It is of
interest that GLP-1 effects on glucagon secretion,
like those on insulin secretory responses, are
glucose-dependent, whereas counter-regulatory
release of glucagon in response to hypoglycemia
remains undisturbed even in the presence of
pharmacological concentrations of GLP-1 [68].

Effect of Incretin Receptor Knock-out in Mice

The physiological importance of endogenous GIP
and GLP-1 for glucose homeostasis can be examined
using specific receptor antagonists or knock-out
mice. Acute antagonism of either GIP or GLP-1
action lowers insulin secretion and increases plasma
glucose following oral glucose ingestion in rodents
[80,81]. Similarly, mice with inactivating mutations
in the GIP or GLP-1 receptors exhibit reduced
glucose-stimulated insulin secretion and impaired
glucose tolerance [66,82]. GLP-1, but probably not
GIP, is essential also for the control of fasting
glucose concentrations, as acute antagonism or
genetic disruption of GLP-1 action leads to
increased levels of fasting glucose in rodents [82].

Effects of GLP-1 Receptor Antagonists
in Human Subjects

The GLP-1 receptor antagonist exendin [9-39]
has been used to elucidate the role of endoge-
nously secreted GLP-1 in human volunteers.
Administration of exendin [9-39] leads to a
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FiG. 2. Biological actions of GIP and GLP-1 on various target organs/cells in relation to pathophysiologically
important facets of type 2 diabetes. See Table 1 for related literature.

reduction in glucose-stimulated insulin secretion,
diminished glucose clearance, and increased
glucagon secretion [83,84]. Indirect evidence
suggests more rapid gastric emptying following
disruption of GLP-1 action in humans as expected
from the activity profile of GLP-1 (Fig. 2) [85].

Activity of the Entero-Insular Axis and
Incretin Hormones in Type 2-Diabetic
Patients

Reduced Incretin Effect in Patients
with Type 2 Diabetes

In healthy human subjects oral glucose elicits a
considerably higher insulin secretory response than
does intravenous glucose (even if leading to the
same glycemic increments). This incretin effect is
substantially reduced or even completely lost in
patients with type 2 diabetes [86]. The reduction
in the incretin effect probably is an acquired defect,

since it is also found in patients with diabetes
secondary to chronic pancreatitis, whereas chronic
pancreatitis without diabetes is characterized by a
normal incretin effect [87].

Secretion of Incretin Hormones in Patients
with Type 2 Diabetes

Cross-sectional analyses of larger cohorts suggest
that there is a slight reduction in postprandial GLP-1
secretion following the ingestion of a mixed meal
in patients with type 2 diabetes. Subjects with
impaired glucose tolerance display intermediate
results between healthy controls (normal response)
and type 2-diabetic patients (reduced response)
[88]. This is true for both total and intact GLP-1
[36]. However, the overall difference is small, and
concerns the second and third hour after starting
meal ingestion, whereas the characteristic differ-
ences in insulin secretory pattern are found in the
early period after glucose or meal ingestion [89].
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Therefore, it cannot be considered likely that the
slight reduction in postprandial GLP-1 secretion in
patients with type 2 diabetes has any immediate
impact on glycemic control. Along the same lines,
any administration of GLP-1 receptor agonists
should not be simply considered a replacement of
an essential hormone (e.g. GLP-1) that is lacking in
patients with type 2 diabetes.

GIP secretion in patients with type 2 diabetes
has been reported as exaggerated [90], normal (on
average) [91], or reduced [88]. In all cases, the
differences were small in comparison with appro-
priate control subjects and are not likely to indi-
cate any importance for the pathophysiology of
the entero-insular axis in type 2 diabetes.
Certainly, there is no complete lack in GIP in
patients with type 2 diabetes.

Insulinotropic Activity of GIP and GLP-1
in Patients with Type 2 Diabetes

While the interaction of both GIP and GLP-1 with
their respective receptors on healthy pancreatic
endocrine B-cells leads to cAMP production and the
augmentation of glucose-stimulated insulin release in
a very similar manner [92], the insulinotropic activ-
ity of GIP is almost completely lost in patients with
type 2 diabetes [10-13,93]. This does not appear to
indicate a lack of expression of GIP receptors on type
2-diabetic B-cells, since a bolus injection of GIP still
elicits some insulin secretory response [13].
However, prolonged infusion, even of highly phar-
macological doses of GIP, is unable to meaningfully
stimulate insulin secretion. This certainly is the fun-
damental defect underlying the reduced incretin
effect in patients with type 2 diabetes. The patho-
physiology of the entero-insular axis in type 2
diabetes is outlined elsewhere in more detail [94,95].

On the other hand, a considerable proportion of
the insulinotropic activity of GLP-1 as found in
healthy subjects is preserved in patients with type 2
diabetes (Table 1). Physiological concentrations of
GLP-1 (as found after meal ingestion), however,
have little if any effect on insulin secretion in
patients with type 2 diabetes [11].

Upon a closer look, the insulinotropic activity of
GLP-1 is also somewhat reduced in patients with
type 2 diabetes compared with healthy control sub-
jects [96]. However, even a relatively low dose of
GLP-1 can acutely restore the ability of B-cells to

Michael A. Nauck et al.

respond to increasing glucose concentrations with
an insulin secretory response similar to healthy
subjects. Nevertheless, the insulin response
remains at approximately 20-25% relative to
the effect in healthy subjects exposed to the same
GLP-1 doses and concentrations [96]. This partial
preservation of insulin secretory effects is suffi-
cient to make GLP-1 a potent insulinotropic agent
in patients with type 2 diabetes.

Pharmacological doses of GLP-1 display the full
spectrum of activities also in patients with type 2
diabetes (Fig. 2, Table 1). This includes effects on
insulin [11,97] and glucagon [11] secretion, gastric
emptying [20,97], appetite, and meal size [76]. As
a consequence, antidiabetic properties of pharma-
cological doses of GLP-1 have been examined in
patients with type 2 diabetes.

Therapeutic Potential of Incretin
Hormones

Owing to their pivotal role in the postprandial
regulation of insulin secretion, both GIP and
GLP-1 have been suggested as potential antidia-
betic drug candidates [4,98]. However, no signif-
icant reduction in glycemia could be achieved in
studies with intravenous infusions of the GIP in
hyperglycemic patients with type 2 diabetes
[99]. Indeed, while GIP exhibits potent
insulinotropic properties in healthy subjects and
probably mediates the major proportion of the
incretin effect under physiological circumstances
[9,10,18,100,101], its insulinotropic effect is
markedly diminished in patients with type 2 dia-
betes [11-13]. It is a current matter of debate
whether this loss of incretin activity in type 2 diabetes
is due to a specific defect, for example, in GIP
signaling on pancreatic B-cells, or whether it goes
along with a general decline in B-cell mass and
function in such patients [102,103]. In support of
the latter hypothesis, the insuliotropic effect of GIP
is not only reduced in patients with type 2 diabetes,
but also in individuals with other forms of diabetes,
such as MODY or type 1 diabetes [104]. A number
of GIP analogues exhibiting prolonged biological
half-lives due to the chemical modifications,
mostly at the N-terminal end of the peptide chain,
have been proposed as potential drug candidates
for the pharmacotherapy of type 2 diabetes
[105-107], but as yet none of these compounds
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has been tested in patients with diabetes. Given the
obvious inefficacy of native GIP in such patients, it
is questionable whether GIP analogues will indeed
exhibit a significant antihyperglycemic potential.
Furthermore, unlike GLP-1, GIP even stimulates
glucagon secretion [108,109], thereby potentially
counteracting its insulinotropic effect.

Antidiabetic Actions of GLP-1

Short-term intravenous infusions of GLP-1
(approximately 1.2 pmol/kg/min, leading to
pharmacological plasma concentrations of total
GLP-1 of approximately 100 pmol/L, and intact
biologically active GLP-1 of approximately 15
pmol/L) lower blood glucose in human subjects
with type 2 diabetes through a transient glucose-
dependent stimulation of insulin and suppression of
glucagon secretion and gastric emptying [110-113].
A 6-week subcutaneous infusion of GLP-1 in
patients with type 2 diabetes achieving plasma
levels of total GLP-1 of around 65 pmol/L [114]
was followed by a substantial improvement in
insulin secretory capacity, insulin sensitivity, a
reduction in HbA, by 1.2%, and weight loss [114].
Although intravenous or subcutaneous GLP-1 infu-
sions may be useful for the short-term control of
hyperglycemia under a variety of clinical conditions
[115,116], the long-term treatment of type 2
diabetes requires a more feasible approach for
achieving sustained GLP-1 receptor activation. The
proof-of-principle that GLP-1 can help lower, even
normalize plasma glucose in a substantial number
of patients with type 2 diabetes [112], has paved the
way to explore the clinical efficacy of (i) peptides

GIP GLP-1 (biologically
[1-42] [7-36 amide] active)

‘ DPP-4
o3 = inhibition
GIP GLP-1 (biologically
[3-42] [9-36 amide] inactive)

FiGg. 3. Schematic diagram illustrating the action of
dipeptidyl peptidase-4 (DPP-4) on the incretin hormones
GIP and GLP-1.
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that act as GLP-1 receptor agonists, but have more
suitable pharmacokinetic properties than are char-
acteristic for the parent compound, GLP-1, and (ii)
DPP-4 inhibitors (small molecules with substantial
oral bioavailability) (Figs. 3 and 4, Table 2).

Therapeutical Approach of
Relevant Drugs, Understanding and
Pinpointing Clinical Pharmacology.
Critical Evaluation of Drugs

GLP-1 Receptor Agonists
Exenatide (synthetic exendin-4)

Exenatide (synthetic exendin-4) was isolated from
the salivary gland of the gila monster, a lizard
found in the deserts of Arizona [117]. Due to an
~50% amino acid homology with native human
GLP-1 (Figs. 1 and 4), this peptide acts as a potent
agonist at the mammalian GLP-1 receptor, but is
not substrate to proteolytic cleavage by DPP-4
[117]. This leads to a circulating plasma half-life of
2—-4 h, with exenatide levels being raised for ~6 h
after a single subcutaneous injection [118].

The clinical effects of exenatide in the treatment
of type 2 diabetes have been examined in phase 3
trials (Fig. 5). In these studies, exenatide (5 or 10
ug s.c. twice daily) was added to an existing
therapy with metformin [119], sulfonylureas [120],
a combination of both [121], or thiazolidinediones
[122]. HbA -reductions achieved after exenatide
treatment over 30 weeks ranged from 0.8% to
1.0%, with HbA, -levels at baseline ranging
between 8.2% and 8.6%. In addition, body weight
was reduced by ~1-3 kg after 30 weeks (baseline
weight: ~100 kg), and patients continuing in an
open-label extension study for 80 weeks exhibited
a total weight loss averaging ~4.5 kg [123]. The
latter effect is remarkable in that all other
insulinotropic drugs (sulfonylureas and glinides) as
well as insulin itself typically cause weight gain
during long-term administration [1].

In an open-label comparison of exenatide with
insulin glargine in diabetic patients suboptimally
controlled with metformin and sulfonylurea, both
treatment regimens led to a reduction in HbA
levels by ~1.1% after 26 weeks (baseline: 8.2%)
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FIG. 4. Peptide and chemical structure, respectively, of the incretin mimetics exenatide and liraglutide and the DPP-4
inhibitors sitagliptin ((2R)-4-ox0-4-[3-(trifluoromethyl)-5,6-dihydro[1,2,4]triazolo[4,3-0]pyrazin-7(8H)-yl]-1-(2,4,5-
trifluorophenyl)butan-2-amine) and vildagliptin (1-[[(3-hydroxy-1-adamantyl)amino]acetyl]-2-cyano-(S)-pyrrolidine).
(Modified from Drucker and Nauck 2006 [145]).

TaBLE 2. Comparison of the incretin mimetics exenatide, exenatide LAR and liraglutide.

Exenatide Exenatide LAR? Liraglutide
Administration s.c. injection s.c. injection s.c. injection
Half-life (h) =24 >1 week® =12-14
Frequency of injections Twice daily Once weekly once daily
Dose per injection 5-10 pug Up to 2 mg® Up to 2 mg
DPP-4 substrate? No No No
Insulin secretion? T Te T
Glucagon secretion? l Je l
Fasting glucose l W NN
Postprandial glucose excursions L4 W L
Weight reduction Yes Yes Yes
Gastric empting l ? W)
Hypoglycemia Nof No No
Nausea Yes (=50%) Yes (=25%) Yes (=10%)
Antibody production Yes (=45%) Probably yes No

“LAR = long-acting release preparation (biodegradable polymeric microspheres).

"Estimate, since no pharmacokinetic characteristics have been published.

Since liraglutide strongly binds albumin, only 1-2% are non-albumin bound, free liraglutide
able to interact with GLP-1 receptors.

IThe influence on insulin and glucagon secretion is glucose-dependent.

°The active ingredient of exenatide LAR is identical to unretarded exenatide; no studies have
reported the action profile of exenatide LAR with respect to insulin and glucagon secretion.

fOnly if combined with other agents which can cause hypoglycemic episodes (e.g., sulfonylureas).
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[124]. However, while fasting glucose concentra-
tions were reduced to a greater extent with insulin
glargine, exenatide treatment elicited greater
reductions in postprandial glycemia. The most
striking differences between both treatment regi-
mens were observed in body weight. Thus, patients
treated with insulin glargine experienced a weight
gain of 1.8 kg, whereas patients on exenatide lost on
average 2.3 kg over the treatment period [124].
Similar findings have been reported for the compar-
ison of exenatide and premixed insulin aspart, both
injected subcutaneously twice daily [125] (Fig. 5).
In April 2005, exenatide (trade name, Byetta)
was approved by the FDA for the treatment of type
2 diabetic patients who have not achieved adequate
glycemic control on maximally tolerated doses of
metformin and/or a sulfonylurea. In Europe,
exenatide was approved in November 2006.

Liraglutide

Liraglutide (NN2211; Arg34, Lys26-[N-€ (y-
Glu[N-o-hexadecanoyl])]-GLP-1[7-37]) is a GLP-1
derivative developed by Novo Nordisk, which is cur-
rently undergoing phase 3 clinical trials. The plasma
half-life of this compound has been extended to
~10-14 h through an amino acid substitution
(Arg,,—Lys) and the attachment of a glutamic acid
and a 16-C-free fatty acid addition to Lys,
[126—-128]. The acyl moiety induces non-covalent
binding to albumin with ~1-2% of Liraglutide cir-
culating as the non-albumin bound, “free” peptide
[129]. These modified pharmacokinetic properties
make the compound suitable for once-daily s.c.
administration. In clinical studies in patients with
type 2 diabetes, liraglutide reduced HbA, _levels by
up to 1.75% [130]. Liraglutide induced a moderate
weight loss during chronic administration
[131-133], similar to the effects of native GLP-1
and exenatide.

Long-acting GLP-1 Receptor Agonists

As a single subcutaneous injection of exenatide
does not produce effective glucose control for
more than 6-8 h, there is considerable interest in
the development of longer-acting GLP-1 receptor
agonists, which require less frequent parenteral
administration. Exenatide LAR (“long-acting
release”) is a poly-lactide-glycolide microsphere
suspension containing 3% exendin-4 peptide,
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which exhibits sustained dose-dependent glycemic
control in diabetic fatty Zucker rats for up to 28
days following a single subcutaneous injection
[134]. Preliminary experience with exenatide LAR
in 45 subjects with type 2 diabetes mellitus indi-
cates a much greater reduction in fasting glucose
concentrations and HbA, following once-weekly
administrations of exenatide LAR for 15 weeks
[135]. However, long-term experience with exe-
natide LAR in larger numbers of patients has not
yet been reported. Exenatide LAR is currently
being examined in a Phase 3 trial head to head
against twice-daily exenatide.

Properties of exenatide, exenatide LAR, and
liraglutide are compared systematically in Table 2.

Additional strategies for development of long-
acting GLP-1 receptor agonists include the use of
chemical linkers to form covalent bonds between
GLP-1 (CJC-1131) or exendin-4 (CJC-1134)
(ConjuChem Inc.) [136]. Similarly, recombinant
albumin-GLP-1 proteins (e.g., “albugon’) have been
developed, which mimic the full spectrum of GLP-1
actions in preclinical studies [137]. Although these
drugs are expected to exhibit a prolonged pharmaco-
kinetic profile suitable for once-weekly dosing in
diabetic patients, only limited clinical information is
available about the efficacy and safety of these
albumin-based drugs in human subjects.

DPP-4 Inhibitors

The therapeutic use of GLP-1 is primarily limited by
its rapid in vivo degradation by the enzyme DPP-4
[37,38,138]. DPP-4 is a ubiquitous membrane-spanning
cell-surface amino-peptidase widely expressed in
many tissues including liver, lung, kidney, intestinal
brush-border membranes, lymphocytes, and endothe-
lial cells, which can also be found circulating in
plasma [39,139,140]. DPP-4 nonspecifically cleaves
peptides displaying a proline or alanine residue in the
second amino-terminal position, thereby making a
number of gastrointestinal hormones, including
GIP [38,138,141], GLP-1 [37,38,138,142], GLP-2,
PACAP, Neuropeptide Y, and Peptide YY substrates
to DPP-4 degradation [39].

Endogenous GLP-1 plasma levels typically
increase by ~2-3-fold after meal ingestion and
return to baseline values within ~3-6 h [18,143,144].
Inhibiting DPP-4 activity extents the circulating
half-life of the incretin hormone, thereby raising
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intact GLP-1 levels (Fig. 3) for up to 5 h after meal
ingestion. While DPP-4 inhibitors primarily lower
postprandial glycemic excursions, there is now
evidence that basal concentrations of intact GLP-1
are also raised to some extent by DPP-4 inhibition,
which may explain their (modest) effects on fasting
glycemia [145].

As a rule, DPP-4 inhibitors mimic many of the
actions of native GLP-1, such as the stimulation
of insulin and inhibition of glucagon secretion.
However, unlike GLP-1 and its analogues, DPP-4
inhibitors do not typically influence body weight
or gastric emptying [146]. These discrepancies
might be due to the nonspecific mode of action
of the DPP-4 inhibitors, which also prevent the
degradation of other peptides, especially GIP
and NPY, which might exert opposite effects on
gastric motility and the central nervous control
of appetite. As an alternative explanation, it
seems possible that the modest elevations in
intact GLP-1 levels (approximately doubled)
seen after DPP-4 inhibition are of insufficient
magnitude to elicit significant effects on gastric
emptying and food intake.

A number of small molecule DPP-4 inhibitors
suitable for oral administration are currently under-
going clinical trials. This article focuses on the two
major compounds with available reports regarding
phase 3 clinical trials. Important results are
summarized in Fig. 5.

Sitagliptin

The DPP-4 inhibitor sitagliptin has been developed
by Merck Pharmaceuticals and was recently approved
for the therapy of type 2 diabetes by the FDA under
the name Januvia. The elimination half-life of
sitagliptin is 12-14 h [147], thereby allowing for
once-daily administration. In phase 3 trials enrolling
drug-naive patients with type 2 diabetes, sitagliptin
led to HbA reductions of 0.79% and 0.94% a dose
of 100 and 200 mg, respectively (baseline: 8.0%)
[148]. In diabetic patients inadequately controlled
with metformin (baseline HbA, : 8.0%), HbA | -levels
were reduced by 0.65% after 24 weeks of sitagliptin
treatment [149]. Likewise, patients pretreated with
pioglitazone (baseline HbA | : 8.1%) exhibited a 0.7%
HbA, -reduction after 24 weeks of sitaglitin treatment
[149]. Regarding the control of glycemia (HbA,),
sitagliptin was equipotent to the sulfonylurea
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glipizide, when added to metformin pretreatment.
Glipizide, however, caused significant weight gain
(Fig. 5). Similar to vildaglitin, sitagliptin does not
have any systematic effect on body weight (Fig. 5).

Vildagliptin

The DPP-4 inhibitor vildagliptin has been devel-
oped by Novartis Pharma and is currently awaiting
approval. Vildagliptin has been studied at doses
between 50 and 100 mg administered once or twice
daily per os [146,150,151]. In a study over 4 weeks,
once-daily administration of 100 mg vildagliptin
reduced fasting glucose by 0.70 mmol/L, and post-
prandial glucose excursions by 1.45 mmol/L [150].
This effect was accompanied by a significant reduc-
tion glucagon levels, whereas plasma insulin
remained rather unchanged [150]. However, similar
insulin profiles at lower glucose concentrations
indicate an improvement in glucose-stimulated
insulin secretion. Consistent with this, indirect
evidence from mathematical modeling studies
suggested a significant improvement in B-cell
function during vildagliptin treatment [152].

In metformin-treated patients with type 2 diabetes,
the addition of vildagliptin led to a reduction of HbA,
by ~0.8% (baseline: 7.7%), and this effect was main-
tained during an open-label extension for 52 weeks
[153] (Fig. 5). Recent studies in patients with type 2
diabetes treated with the twice-daily administration of
50 mg vildagliptin also demonstrated a significant
improvement in postprandial plasma triglyceride and
apolipoprotein B-48-containing triglyceride-rich
lipoprotein particle metabolism [154], suggesting that
this compound might exert antiatherogenic effects
beyond its glucose-lowering actions.

In a direct comparison, vildagliptin did not quite
achieve noninferiority in comparison with met-
formin in terms of lowering HbA | -levels, but was
associated with a lower frequency of GI-side
effects [155]. When compared with rosiglitazone,
vildagliptin treatment elicited a similar reduction in
HbA, -levels, but did not cause a similar increase
in body weight (Fig. 5) [156].

Contrasting Properties of GLP-1 Receptor
Agonists and DPP-4 Inhibitors

Properties of incretin mimetics and DPP-4
inhibitors are systematically compared in Table 3.
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TaBLE 3. Comparison of the classes of incretin mimetics and DPP-4 inhibitors.

Parameter Incretin mimetics

DPP-4 Inhibitors

Administration

GLP-1/GLP-1 receptor agonist
concentration elevated

GLP-1 concentration

Action through

Injection
Up to 24 h/day
GLP-1 receptors

GLP-1 action via Circulation > nerves

HbA | reduction -0.8-1.8%
Weight change -3(-5) kg
B-cell mass effects? Robust

Pharmacological (> x5)

Tablet

Predominantly for 3—6 h after meals, when secretion
from endogenous sources is stimulated)

Close to physiological (= x 2-3)

GLP-1 receptors, GIP-receptors (?),
other receptors (?)

Nerves > circulation (?)

-0.5-1.1%

+0 kg

Probable

“Animal experiments.

Twice-daily exenatide administered via subcu-
taneous injection is currently indicated for the
treatment of patients with type 2 diabetes mellitus
failing one or more oral agents, often as an
alternative to institution of insulin therapy. In
contrast, once-daily DPP-4 inhibitors may find
use as first-line therapy or as add-on therapy to
patients failing one or more oral agents. Although
there does not appear to be a great difference in
the HbA  -lowering capacity of GLP-1 receptor
agonists versus DPP-4 inhibitors, the obvious
difference between these classes of drugs is their
effect on body weight. Weight loss is a com-
mon outcome of therapy with native GLP-1
[114], exenatide [119-121], and liraglutide
[157,158], whereas therapy with DPP-4
inhibitors is associated with prevention of
weight gain [150,153,159,160] (Fig. 5). In contrast,
gastrointestinal side effects, predominantly
nausea, are frequently reported following treat-
ment with injectable incretin mimetics, but
have not been described with DPP-4 inhibition

[150,153,159-162]. These differences may be
explained in part by the relatively modest
stabilization of postprandial GLP-1 seen after
DPP-4 inhibition versus the pharmacological
increases in circulating levels of incretin mimetics
exemplified by exenatide. Although nausea is a
common side effect of exenatide therapy, many
patients experience weight loss independent of
nausea [163]. Consistent with the above differences
in circulating levels of GLP-1, incretin mimetics,
but not DPP-4 inhibitors, profoundly decelerate
gastric emptying [97,113,164,165] (Table 3).

Practical Outline in the
Management

In this chapter, a suggestion will be developed on
how incretin mimetics and DPP-4 inhibitors will
fit into established treatment algorithms for
glycemic control in patients with type 2 diabetes
(see Fig. 6A).

L

>

FiG. 6. Treatment algorithm for patients with type 2 diabetes. (a) is a simplified version of “a consensus algorithm for
the initiation and adjustment of therapy” for the “management of hyperglycemia in type 2 diabetes” recently published
by Nathan et al. [166,167]). ?"indicates that a higher than target range HbA _(e.g., >7.0%) indicates the need for inten-
sification of anti-hyperglycemic therapy. The algorithm is based on the availability of metformin, sulfonylureas,
glitazones, and insulin. o-glucosidase inhibitors are not considered. (B) is a development of algorithm (A), but
considering the availability of DPP-4 inhibitors (e.g., sitagliptin and vildagliptin) and incretin mimetics (e.g., exenatide).
The therapeutic options at each step of intensification considerably increase in number. Dotted lines indicate that
progressing through the algorithm this way may require more action than just adding the next antidiabetic drug. In
some cases, contraindications need to be addressed (e.g., glitazones in combination with insulin, not approved in Europe).
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A Diagnosis of Type 2 Diabetes

v

Lifestyle Intervention + Metformin

Add Basal Insulin Add Add
Most effective Least expensive No hypoglycemia

Intensify Insulin

Add Basal or
Intensify Insulin

Diagnosis of Type 2 Diabetes

v

Lifestyle Intervention + Metformin (Optional: + DPP-4 Inhibitor)

Add Basal Add

. - No
Insulin - . :
Most effective Weight loss, |hypoglycaemia, - Least

Durability? no weight gain | expensive

- No
hypoglycaemia

Add Basal or
Intensify Insulin

F1G. 6. (continued). In other cases, especially if a more potent drug is to be added, which relies on a similar mecha-
nism (e.g., incretin-mediated insulinotropic activity), one of the previously used antidiabetic agents may need to be
discontinued (e.g., when adding a sulfonylurea or an incretin mimetic to a patient previously treated with a DPP-4
inhibitor). Note that sufficient study results (see Fig. 5) are not available for all mentioned combinations to provide a
sound scientific basis for their use outside clinical studies.
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Choice of Patients
Incretin Mimetics

Since incretin mimetics are injectable antidiabetic
drugs, their use will most likely be considered, when
oral antidiabetic agents in combinations do no longer
assure glycemic control of the required quality. This
is the moment, when — according to current
guidelines — the start of insulin treatment would be
considered according to most recommendations
[166,167]. However, such guidelines have, until now,
not considered the availability of incretin mimetics or
DPP-4 inhibitors. An attempt has been made to
incorporate these novel antidiabetic treatment
choices into a more complex algorithm (Fig. 6B).

Incretin mimetics (e.g. exenatide) would have
some advantages over using insulin. In particular,
they promote weight loss, whereas the initiation of
insulin treatment must be expected to be associated
with weight gain [1,168]. This difference has been
demonstrated in two head-to-head studies compar-
ing twice-daily exenatide injections either with
once-daily insulin glargine [124] or twice-daily
premixed insulin [125]. It is, however, not known
whether the resulting weight difference (approxi-
mately 5 kg) represents a significant health benefit
in terms of cardiovascular risk or even outcome.
Longer-term studies examining cardiovascular
endpoints will be necessary to clarify this point. It
can, however, be foreseen that for the obese type
2-diabetic patients, who has struggled to lose
weight, an agent that will provide a good chance to
lose rather than to gain body weight is an attractive
choice. Along these lines, for patients in whom
insulin therapy had been initiated recently, and in
whom this has led to considerable weight gain, switch-
ing to incretin mimetics might be a reasonable alterna-
tive. However, studies examining the consequences of
changing therapy from insulin to incretin mimetics in
this particular situation are not yet available.

DPP-4 Inhibitors

Given the fact that metformin is the established
first-line drug for the anti-hyperglycemic treatment
of obese type 2 diabetes [166,167,169], especially
considering the reduction in the incidence of acute
myocardial infarction and related mortality demon-
strated in the UKPDS (obese cohort) [169], the use
of DPP-4 inhibitors may be considered, when met-
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formin alone has failed to maintain adequate
glycemic control, or is not likely to achieve treat-
ment goals unless combined with additional agents
(Fig. 6 B). An early initiation of anti-hyperglycemic
combination treatment is supported by the recent
finding that metformin and sitagliptin achieved a
higher likelihood of treatment success when given
in combination to patients with type 2 diabetes not
previously treated with oral agents [170].

As a second oral antidiabetic agent, the use of
DPP-4 inhibitors has to be weighed against the
alternatives, sulfonylureas, glitazones, o-glucosidase
inhibitors, and (basal, “bedtime”) insulin (Fig. 6).
All other treatment choices (except acarbose or
miglitol) will cause weight gain, whereas DPP-4
inhibitors generally can be considered weight-neu-
tral. Sulfonylureas can provoke hypoglycemic
episodes [1], and glitazones may precipitate fluid
retention and congestive heart failure [171,172].
Given the comparable antidiabetic potency of
sitagliptin relative to the sulfonylurea glipizide
[125] and of vildagliptine in comparison with the
thiazolidindione rosiglitazone [156], their weight-
neutrality and unremarkable side-effect profile
make DPP-4 inhibitors a serious contender for
the second oral antidiabetic agent to be added to
metformin treatment.

Given the fact that incretins (both GIP and GLP-1)
are eliminated via the kidneys and that patients with
impaired renal function have elevated circulating
concentrations of GIP and GLP-1, treatment with
usual doses of DPP-4 inhibitors might lead to further
elevations in incretin plasma levels, potentially caus-
ing adverse events. Therefore, lower doses of DPP-4
inhibitors may be appropriate in such patients. Like
in the case of renal functional impairment, not much
is known on the use of DPP-4 inhibitors in patients
with type 2 diabetes and associated diseases leading
to severe organ failure (liver cirrhosis, heart failure,
pulmonary disorders, etc.).

Initiation of Treatment
Incretin Mimetics

Since starting exenatide injections may be associated
with the provocation of nausea, it is better to start
treatment at a lower dose (5 [g per injection, twice
daily subcutaneously) and to increase the dose to 10
ng twice daily after 4 weeks. This has been shown to
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make the 10-ug dose more tolerable [173]. Following
this regimen has been associated with low withdrawal
rates in studies using 10 ng twice daily [124,125].

Initial studies using liraglutide had identified 0.75
mg once daily as a subcutaneous dose close to the
maximum tolerated dose upon a single injection into
treatment-naive subjects or patients [127,128,131].
Later, a regimen starting at 0.5 mg once daily, and
increasing the dose by 0.5 mg on a weekly basis,
was used to extend the final dosage to 2 mg once
daily [174] for the majority of patients. Therefore, it
appears advisable to start liraglutide at a low dose
and titrate the daily dose up to the 2-mg range. The
most recent trial has reported the use of 0.65, 1.25,
and 1.9 mg once daily [130].

DPP-4 Inhibitors

DPP-4 inhibitors can immediately be started at the
target dose, since the initiation of treatment has not
been associated with any untoward responses. Since
studies examining effects of sitagliptin and
vildagliptin at single (100 mg once daily orally) or
divided doses (e.g., 50 mg twice daily orally) have
not consistently resulted in different efficacy (Fig. 5),
once-daily dosing will probably be the standard.

Choice of Dose and Timing
Incretin Mimetics

In studies examining the dose—response relation-
ships for exenatide, 10 g twice daily has uniformly
been more effective than 5 pg twice daily
[119-121]. Therefore, for the majority of patients,
exploiting the efficacy of 10 pg twice daily will
be necessary to reach treatment targets. For those
patients achieving their goals already at 5 ug twice
daily, continuing at this dosage is an option.

Given the pharmacokinetics of exenatide injected
subcutaneously into human subjects [175], a single
injection is likely to be clinically effective over a
period of 6-8 h. This can be inferred from the fact
that the glycemic rise after breakfast and dinner is
almost completely abolished when injecting exe-
natide before breakfast and dinner, whereas there
remains a glucose excursion after lunch [124,125].

One consequence of the rather short duration of
action of a single injection of exenatide is that
timing the injection relative to meals is of some
importance. Linnebjerg et al. demonstrated that
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exenatide should be injected within 60 min before
starting meals [176]. This appears plausible, since
one important mode of action of exenatide is the
deceleration of gastric emptying [177].

Further, the question arises whether more frequent
injections of exenatide (three or four per day) would
provide even better glycemic control, including a
more profound effect on fasting glucose concentra-
tions and lunch-time glycemic control. One study had
not found advantages of three over two injections
[178]. Rather than increasing the number of injections
per day, the development has been in the direction of
more extended-acting preparations of exenatide.

Preliminary results of using exenatide LAR indi-
cate that doses of 0.8 and 2.0 mg per week (injected
subcutaneously) are effective in reducing HbA
considerably [135]. Interestingly, only the higher
dose significantly reduced body weight, while the
effect on HbA | after 15 weeks was relatively simi-
lar. This raises the question whether the
dose-response relationship is different for glycemic
control and for the reduction in body weight. If this
were true, higher doses should be used, if weight
reduction is among the treatment goals.

Similarly, liraglutide reduced HbA  at doses of
0.65, 1.25, and 1.9 mg injected once daily subcuta-
neously, to a rather similar extent [130], while only
the higher dose(s) significantly reduced body
weight. Perhaps, the upper end of the dose—response
relationship for weight reduction has not been char-
acterized, and doses even higher than 2 mg daily
would have more profound effects on body weight.
Like with exenatide, the choice of the dose should
consider whether or not weight loss is among the
individual treatment goals.

DPP-4 Inhibitors

Sitagliptin and vildagliptin exert their antidiabetic
activity by inhibiting DPP-4 enzymatic activity. Since
a single dose of 100 mg inhibits DPP-4 activity by
>90% for most of a 24-h period [150,179], there is no
obvious reason why higher doses should be more
effective. As a consequence, a dose of 100 mg once
daily will most likely be used rather uniformly, both
for sitagliptin and vildagliptin, unless they are combined
with other antidiabetic agents (like metformin), which
are usually administered twice daily [170].

Reduced doses may be necessary for patients
with renal functional impairment.
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Choice of Antidiabetic Agents to be Used
in Combination

Incretin Mimetics

A number of potential combinations are depicted in
Fig. 6b. Based on available clinical studies, a
combining exenatide with metformin has the most
obvious advantages: A substantial reduction in
HbA,  is associated with the numerically largest
weight loss [119] (compared with combinations
including sulfonylureas) [120,121] and no
increased risk of hypoglycemia (despite better
glycemic control) [119].

Addition to thiazolidinediones is similarly
possible [122].

If exenatide is to be combined with sulfony-
lureas [120,121,124,125], the benefit of better
glycemic control has to be weighed against the risk
of hypoglycemia and less weight reduction.

A combination of a short-acting incretin
mimetic (to control postprandial rises in
glycemia) and a long-acting insulin (to titrate fast-
ing glucose into the target range [180,181]) may
theoretically appear to make sense, but no studies
are available to report experience with this partic-
ular combination.

DPP-4 Inhibitors

DPP-4 inhibitors can safely be combined with
metformin and thiazolidinediones. A combina-
tion with sulfonylureas does not suggest particu-
lar advantages, since both agents, through
different mechanisms, enhance insulin secretion.
This combination would, most likely, not be as
safe regarding hypoglycemic episodes [182]. No
studies are available regarding a potential
combination with o-glucosidase inhibitors or
insulin treatment.

Measures to Assure Metabolic Control
(Self-Blood-Glucose Monitoring)

Although exenatide was approved by the FDA and
introduced for use in the USA in 2005 (and other
countries since) and sitagliptin has been approved
in the USA and elsewhere in late 2006, no recom-
mendations regarding metabolic control have been
issued. The following suggestions, therefore, are
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based on the known properties of incretin mimetics
and DPP-4 inhibitors.

Incretin Mimetics

Since incretin mimetics will be used at fairly
standardized doses (vide supra), and not based on
individual titration (like in the case of insulin),
and since incretin mimetics alone do not provoke
hypoglycemic episodes, there will be a rather
limited need for blood-glucose self-control in
addition to regular determinations of HbA | . The
frequency of glucose control will primarily
depend on other antidiabetic agents used in
combination and their potential to elicit hypo-
glycemia. Certainly, in comparison with any
insulin regimen, the requirement for blood
glucose-self control will be much smaller. This
could affect the acceptability of such treatment
regimens to patients and on the overall
cost—benefit relationship.

DPP-4 Inhibitors

DPP-4 inhibitors, in their most likely use, in com-
bination with metformin, do not require additional
measures of blood-glucose self-control, since they
are administered at a standard dosage and do not
provoke hypoglycemia. Thus, only occasional pro-
files to assess glycemic control are adequate.

Discontinuation of Treatment

With randomized clinical trials concerning incretin
mimetics and DPP-4 inhibitors lasting up to 1 year
[125,155], and open-label follow-up reported up to
2 years [183], it is obvious that these studies cannot
provide an estimate of how long treatment with
incretin mimetics and DPP-4 inhibitors can mean-
ingfully control glycemia. It is, however, obvious
that not all patients treated with such agents
achieve their glycemic target, even within the time
frame of the studies that have been reported.
Therefore, preliminary thoughts on when incretin
mimetics or DPP-4 inhibitors should be discontin-
ued, and what the treatment alternatives would be,
seem adequate, even in the absence of studies that
would provide any firm guidance.
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Incretin Mimetics

Treatment with exenatide results in fairly stable
fasting glucose and HbA, concentrations after
approximately 3 months [119-121,124,125]. If by
then HbAlC targets (e.g., <7.0% [166,167]) have
not been met, intensification of treatment has to be
considered. Since weight loss associated with the
use of exenatide progresses at least up to a duration
of 2 years [183], a secondary improvement of
glycemic control appears possible with further
weight reduction, although this is not clearly
confirmed by serial HbA, measurements [163].
Certainly, once weight becomes stable and HbA
remains outside the target range, antidiabetic
therapy needs to be intensified.

Adding more or other oral antidiabetic agents at
this stage of type 2 diabetes does not seem to be
helpful in achieving adequate glycemic control.
Rather, insulin-based treatment regimens will most
likely be needed. Since there is no reported experi-
ence with a combination of exenatide and insulin,
this cannot be recommended. Established treatment
regimens ranging from a combination of once-daily
basal insulin and oral agents, twice-daily premixed
insulin, or intensified regimens with multiple daily
insulin injections should be initiated instead.

DPP-4 Inhibitors

When a DPP-4 inhibitor added to metformin no
longer adequately controls glycemia, the options
for intensifying therapy include the start of basal
insulin or an incretin mimetic. It is not known
what continued treatment with DPP-4 inhibitors
would add to a combination of metformin (con-
tinued) and basal insulin (newly initiated). In
addition, there has been no published experience
with a combination of a DPP-4 inhibitor and an
incretin mimetic. Such studies are needed to jus-
tify a continuation of DPP-4 inhibitor treatment
under these circumstances. Since there have
been no head-to-head comparisons of the anti-
hyperglycemic efficacy between DPP-4
inhibitors and incretin mimetics, one can only
speculate whether switching from a DPP-4 to an
incretin mimetic would improve glycemic con-
trol. Based on comparisons of the effects on fast-
ing glucose and HbA concentrations (Fig. 5),
one might assume that longer-acting incretin
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mimetics (exenatide LAR, liraglutide) would
probably provide a better glycemic control than
a DPP-4 inhibitor.

Side Effects of Treatment

Side Effects of Incretin Mimetics
Side Effects of Exenatide

As is typical for the administration of native GLP-1
[184], a considerable proportion of patients receiv-
ing exenatide experience gastrointestinal side
effects, such as nausea and more rarely vomiting
or diarrhea [119-121]. In the phase 3 trials with
exenatide, the frequence of these adverse effects
was reported to be as high as 48% during
treatment with 10 pg of exenatide [119-121].
However, it should be noted that, though frequent,
these side effects were mostly mild to moderate in
intensity and usually transient. Overall, the per-
centage of patients who discontinued exenatide
treatment as a result of side effects was low. When
considering all patients enrolled in the exenatide
phase 3 trials, there also seemed to be an increase
in the frequency of hypoglycemic events
[119-121], but this was limited to the patients
receiving additional treatment with sulfonylurea
drugs [185]. In contrast, the incidence of hypo-
glycemia was unchanged in patients treated with
metformin [119,121].

Antibody formation has been reported in
~40-50% of patients receiving Exenatide treat-
ment [119-121]. However, these antibodies
seemed to exhibit a weak binding affinity and have
not been associated with severely impaired antidi-
abetic effectiveness of exenatide in the majority of
treated subjects.

Side Effects of Liraglutide

In the published phase 2 trials with liraglutide, nau-
sea, vomiting, and diarrhea were the most frequent
adverse events reported, with the incidence of
events being dose-related [131]. Only a small pro-
portion of patients (<5%) discontinued treatment
due to these side effects [131,132]. The frequency
of hypoglycemia was not increased during liraglu-
tide treatment. Side reactions of urticarial injection
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were reported in 1 out of 135 patients exposed to
liraglutide in one trial and did not occur in the other
published studies [131]. No antibody formation has
been reported after exposure to liraglutide.

Side Effects of DPP-4 Inhibitors
(Sitagliptin and Vildagliptin)

A number of theoretical concerns have been
expressed regarding potential adverse effects of
DPP-4 inhibitors. In particular, the large number of
physiological substrates of DPP-4 [39,140] gave rise
to speculations that inhibiting the action of this pro-
tease might interfere with numerous other hormonal
axes, thereby potentially causing adverse reactions.
Furthermore, since DPP-4 is also expressed on
T-lymphocytes as CD26, it was speculated that
chronic DPP-4 inhibition might alter immune functions
[186]. Against these theoretical considerations, the
DPP-4 inhibitors have so far proven to be safe and
well tolerated in clinical studies, and no characteris-
tic pattern of adverse events has been observed
[150,153,159-161]. Thus, in patients with diabetes
pretreated with metformin, the incidence of adverse
effects during 12 weeks of treatment with sitagliptin
was similar to the placebo group [153]. Likewise,
the frequency of side effects was not different from
the placebo group in diabetic patients previously
treated with a dietary regimen [151]. With
sitagliptin, the frequency of gastrointestinal side
effects was slightly higher compared with placebo in
one [148], but not all studies [149,156,187]. Overall,
the gastrointestinal side effects typically reported
during the treatment with GLP-1 analogues do not
represent a problem during DPP-4 inhibitor admin-
istration. Nevertheless, further long-term studies
will be required to confirm the absence of a poten-
tial to cause clinically important adverse reactions
before these drugs can unequivocally be accepted as
safe, especially with regard to their potential effects
on other hormonal axes and immune functions.

Key Issues in the Treatment
Strategy

Based on presently available study results, the clinical
benefit of using incretin mimetics is determined by
their ability to control glycemia (i.e., lower HbA, ),
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their inability to cause hypoglycemia unless combined
with other antidiabetic agents that have the potential to
initiate hypoglycemia, their weight effects (promotion
of weight loss in the case of incretin mimetics, weight
neutrality in the case of DPP-4 inhibitors), and their
safety and tolerability, especially the absence of a
potential to cause specific severe adverse events.

The novel classes of antidiabetic agents, incretin
mimetics and DPP-4 inhibitors, may hold two addi-
tional promises: A reduction in cardiovascular
complications typically associated with type 2
diabetes [188] and the metabolic syndrome, and a
positive influence on the natural history of type 2
diabetes, which with current treatment options is
characterized by a steady loss of B-cell function
[189,190], which in turn determines a rather short
“durability” of successful glycemic control with
any choice of antidiabetic agents [191,192].

Possible Effects of Incretin Mimetics
and DPP-4 Inhibitors on 3-Cell Mass

Both type 1 and type 2 diabetes are caused by a
significant deficit in [B-cell mass, caused by
increased B-cell apoptosis [193-195]. Strategies
to inhibit (3-cell apoptosis and/or increase the rate of
B-cell replication may therefore allow for the
prevention or even reversal of diabetes [196]. A num-
ber of studies have suggested that GLP-1 might
exhibit such properties. Thus, in B-cell lines (INS-1
cells), GLP-1 increased the rate of proliferation
through induction of phosphatidylinositol 3-kinase,
protein kinase C zeta, and activation of PDX1 gene
expression [197,198]. In rodent models of diabetes,
GLP-1 led to an increase in B-cell replication, a
stimulation of islet neogenesis, and an inhibition of
[B-cell apoptosis [199—-203]. An inhibition of B-cell
apoptosis by GLP-1 was also noted in isolated human
islets [65]. These actions therefore raised hopes that
GLP-1 analogues and DPP-4 inhibitors might halt or
even reverse the progression of diabetes.

With exenatide, an increase in B-cell replication
and neogenesis resulting in increased B-cell mass
has been reported after partial pancreatectomy in
rats [199], and a diminished recovery of B-cell
mass after partial pancreatectomy was shown in
GLP-1 receptor knock-out mice [204]. Likewise,
exendin-4 stimulated B-cell neogenesis in strepto-
zotocin-induced diabetic rats [200] as well as in
Goto—Kakizaki diabetic rats [201].
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The effects of liraglutide on B-cell mass and
turnover were studied as well. In db/db mice,
liraglutide treatment significantly increased P-cell
mass and proliferation resulting in improved dia-
betes control [205]. In addition, liraglutide inhib-
ited both cytokine- and free fatty acid-induced
apoptosis in isolated rat islets [206].

Not only GLP-1 and its analogues, but also the
DPP-4 inhibitors have been shown to exert benefi-
cial effects on B-cell mass and turnover. Along
these lines, Pospisilik and colleagues reported a
significant increase in B-cell mass in strepozotocin-
induced diabetic rats following 7 weeks of treat-
ment with the DPP-4 inhibitor P32/98 [207], and
recently a significant increase in B-cell mass was
reported after treatment with des-fluoro-sitagliptin
in high-fat diet (HFD)/streptozotocin (STZ)-
induced diabetic mice [208].

Taken together, these studies suggest that both
incretin mimetics and DPP-4 inhibitors might
indeed have a potential to induce PB-cell regenera-
tion in patients with diabetes during long-term
treatment. It is, however, difficult to draw firm con-
clusions from these studies in rodents or in vitro for
the situation in humans. In fact, the rates of B-cell
turnover seem to be much lower in humans than in
rodents [193,209], and the overall capacity for islet
regeneration in humans appears to be limited [196].
Furthermore, it is yet impossible to directly meas-
ure changes in B-cell mass or turnover, since the
human pancreas are inaccessible for repeated
biopsy sampling, and since the functional assess-
ment of insulin secretion might only partly relate to
the actual B-cell mass [210]. Therefore, while cur-
rent evidence strongly suggest that the GLP-1 ana-
logues and DPP-4 inhibitors will indeed induce
B-cell regeneration in patients with diabetes, this
question will ultimately have to be answered in fur-
ther long-term trials.

The recommendation of an extended and per-
haps earlier use of incretin mimetics, for example,
starting an injection therapy instead of using oral
antidiabetic agents although oral agents would pro-
vide adequate glycemic control, would require the
demonstration of unique benefits. In principle, the
demonstration that exenatide and liraglutide, like
GLP-1, can inhibit B-cell apoptosis and increase
B-cell mass in isolated pancreatic islets [211-213]
and rodents [199,205], would provide a rationale to
counteract the progressive loss of 3-cell function
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[189] (and presumably, B-cell mass [193]) typical
of type 2 diabetes. However, although some exper-
iments with human islets or islet cell precursors
have reported similar findings [65,214], only pre-
liminary hints have been gained from clinical stud-
ies examining the long-term effect of incretin
mimetics on parameters of “B-cell health.”
Whether the reported decreases in the proportion of
proinsulin (relative to insulin) [119,120] can be
used as makers of improvements in “functional
B-cell mass,” and whether these changes reflect
specific actions of the treatment with incretin
mimetics or mainly the removal of gluco-lipotoxicity
as a consequence of improved metabolic control,
remain to be demonstrated in long-term studies.
Islet and B-cell turnover appear to be much slower
in human subjects than in rodents [215]. Certainly,
the demonstration of profound improvements in
B-cell mass and function, possibly associated
with a longer durability of anti-hyperglycemic
effects of incretin mimetics relative to other
antidiabetic agents [192], would suggest their use
at earlier stages of type 2 diabetes, perhaps even
including prediabetes.

A similar reasoning seem to apply to DPP-4
inhibitors: In selected animal models, effects of
using sitagliptin [208] or vildagliptin [216] on the
rate of B-cell apoptosis and B-cell mass have been
demonstrated. In one clinical study an improve-
ment in meal-related B-cell function after a year of
treatment has been reported [152]. If substantial
benefits in terms of “P-cell health” could be
demonstrated, this could broaden the indications
for the use of DPP-4 inhibitors.

Cardiac Effects of GLP-1: Consequences
of the Treatment with Incretin Mimetics
and DPP-4 Inhibitors

The GLP-1 receptor is expressed in the heart [56].
In GLP-1 receptor knock-out mice structural and
functional cardiac abnormalities are typical [217].
In animals, exposure to GLP-1 reduces the size of
myocardial necroses in the case of induced infarc-
tion [218]. In a pilot study with patients treated for
acute myocardial infarction, a 48-h infusion of
GLP-1 improved left-ventricular function and a
wall-motility index [219]. In a dog model of dilated
cardiomyopathy, GLP-1 increased glucose uptake
and left-ventricular function [220]. These findings,
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together with the cardiovascular benefit expected
from significant weight loss, make it appear possi-
ble, that incretin mimetics and/or DPP-4 inhibitors
may be agents with the potential to reduce the
incidence of cardiovascular events in patients with
type 2 diabetes, thus targeting one of the main clin-
ical problems of this metabolic disease. Such
potential benefits should be studied in randomized
controlled trials of appropriate size and duration.

With incretin mimetics and DPP-4 inhibitors,
two novel classes of antidiabetic agents have been
developed and are in the course of being approved
for the treatment of patients with type 2 diabetes,
which will certainly broaden the armamentarium
of anti-hyperglycemic therapy. This is valid based
on their properties that have already been charac-
terized in clinical trials. Some additional proper-
ties need to be explored in future studies, but hold
the promise to make a substantial contribution to
changing the course of type 2 diabetes, from the
prevention of the transition between the predia-
betic state to manifest diabetes, to improved and
more durable metabolic control with less
unwanted side effects and the prevention of
diabetic complications.

Summary

GLP-1 is an intestinal incretin hormone that stimu-
lates insulin (“incretin”) and suppresses glucagon
secretion, inhibits gastric emptying, and reduces
appetite and food intake. In contrast to the other
incretin hormone, GIP, GLP-1 remains active in
patients with type 2 diabetes. GLP-1 itself, how-
ever, cannot be used for therapeutic purposes
because of its rapid proteolytic degradation and
inactivation (DPP-4) and renal elimination, leading
to a t,, of 1-2 min. Therapeutic use of the antidia-
betic properties of incretins, especially GLP-1, can
be made using degradation-resistant GLP-1 recep-
tor agonists (“incretin mimetics”), or inhibitors of
DPP-4 activity (“incretin enhancers”). Clinical
studies with exenatide (two injections per day or
long-acting release form administered once-
weekly) and liraglutide (one injection per day)
have proven the antidiabetic efficacy with reduc-
tions in fasting and postprandial glucose concen-
trations and HbA, (~1-2%), associated with
weight loss (2-5 kg). Treatment with incretin
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mimetics is associated with mild nausea, which
occurs early, mostly transiently, after initiation.
Orally administered DPP-4 inhibitors (e.g.,
sitagliptin, vildagliptin) reduce HbA, by approxi-
mately 0.6-1.0%. DPP-4 inhibitors are weight-
neutral. There are no specific safety of tolerability
concerns emerging from clinical trials. Both
incretin mimetics and DPP-4 inhibitors have the
potential to increase B-cell mass as shown in ani-
mal studies. However, long-term clinical studies
are required to ascertain specific benefits of using
novel antidiabetic agents derived from the entero-
insular axis, in particular incretin hormones like
GLP-1, in the treatment of type 2 diabetes.
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Introduction

There is now a bulk of evidence that excessive
postprandial or postchallenge hyperglycemia is an
independent risk factor for cardiovascular disease
[1-3], stroke [4], and all-cause mortality [5]. Rapid
increase in postprandial glucose concentrations has
harmful effects on endothelial function as indicated
by reduced flow-mediated vasodilatation of the
forearm [6] and myocardial blood-flow measure-
ments by contrast echocardiography [7]. Excessive
postprandial glucose excursion initiates a cascade of
proatherogenic and prothrombotic events (Fig. 1).
Recently it has been shown that rapid rise in glucose
level increases the activity of low-grade inflammation
[8]. Furthermore, a direct correlation between oxida-
tive stress measured by urinary 8-iso PGF, o excretion
and mean amplitude of glucose excursion in circadian
blood-glucose profile measurement was demon-
strated by Monnier et al. [9]. On the other hand exces-
sive postprandial hyperglycemia may also have
harmful effects on the beta-cell (glucotoxicity) and
has been shown to deteriorate insulin sensitivity of the
musculature [10]. As shown for fasting hyper-
glycemia, postprandial hyperglycemia is a continuous
risk factor with a linear relationship to cardiovascular
event rate up to the normal range [11]. Therefore, near
to normal control of postprandial glucose with 2 h
postprandial levels below 6-8 mmol/L is nowadays
recommended by many national and international

boards. In modern diabetes treatment strict normal-
ization of the gluco-triad (Fig. 2) should be the target.

This however may lead to a higher risk of
hypoglycemia as long as long-acting oral insulin
secretagogues such as glibenclamide/glimepride or
regular insulin are used to control postprandial
hyperglycemia. Another problem of strict control
of hyperglycemia is weight gain in the case of
advanced type 2 diabetes [12,13].

Postprandial hyperglycemia strongly depends on
the amount of absorbed monosaccharides and the
velocity of absorption in the small intestine.
Carbohydrates are recommended to account for
~50% of the daily supply of calories in type 2 dia-
betes. Monosaccharides play only a minor role as
dietary carbohydrates. They consist mainly of
complex carbohydrates, such as starch (~60%), and
disaccharides, such as sucrose (~30%). Complex
carbohydrates and disaccharides must be hydrolyzed
by intestinal and pancreatic enzymes before they can
be transported through the mucosa of the bowel.
Thus, any medication that delays breakdown of
complex carbohydrates should decrease postpran-
dial hyperglycemia and improve insulin sensitivity,
as well as protecting the beta cells of the pancreas.

Alpha-glucosidase inhibitors (AGIs) were the
first drugs developed to meet the needs of better
postprandial glucose control when sulfonylureas
and biguanides were the only available oral antidi-
abetics that did not show any vasoprotective effect
in the UGDP study [14].

The digestion of complex carbohydrates in the
lower parts of the small intestine and upper part of
colon, as is the case with natural eating habits, has
a stronger stimulating effect on gastrointestinal
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hormones, such as glucagon-like peptide 1 (GLP,),
than the consumption of refined carbohydrates as
typical for modern fast food [15]. AGIs — acarbose,
miglitol, voglibose — are oral antidiabetics that
specifically inhibit alpha-glucosidases in the brush
border of the small intestine. These enzymes are
essential for the release of glucose from more com-
plex carbohydrates [16].

Transit of food from the stomach along the bowel
has stimulatory effects on incretins, which regulate
insulin secretion and beta-cell regeneration as well
as glucagon release.

Pharmacology of
Alpha-Glucosidase Inhibitors

AGIs were developed by Puls et al. [17] to control
diabetes by inhibition of glucose release from
starch and disaccharides, the major carbohydrate
components in the food.

An appropriate agent (acarbose) of microbial
origin (culture filtrates of actinoplanes) was
first described by Schmidt in 1977 [18], and
this inhibitor was introduced onto the market in
1990. Three AGIs are now in therapeutic
use worldwide (Table 1) and are frequently
prescribed in Asia and Central and South
Europe.

Acarbose is a pseudotetrasaccharide with
nitrogen bound between the first and second
glucose unit. This modification of a natural
tetrasaccharide is important for its high affinity
for active centers of alpha-glucosidases of the
brush border of the small intestine and for its
stability. 1-Desoxynojirimycin is the parent com-
pound of other AGIs such as miglitol, which, in
contrast to acarbose, is a small molecule, similar
to glucose. Voglibose is produced by reductive
alkylation of valiolamine [19].
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TABLE 1. Summary of pharmacological characteristics of AGBs in clinical use.
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Drug Acarbose Miglitol Voglibose
Extent of absorption  Low High, dose-dependent Low, dose-dependent
Unchanged drug <2% >96% <6%
Metabolites <35%
Bioavailability <2% >96% <6%
Clearance Mainly renal by glomerular Mainly renal by glomerular Mainly renal
filtration filtration
Protein binding Low to high, species-dependent, Low Low to high, species-dependent,
saturable saturable
Distribution Extracellular, low tissue affinity Extracellular, low tissue affinity ~ Low tissue affinity
Metabolism Extrasystemic in the intestine None None
Excretion
Fecal >65% Low Almost complete
Renal <35% >96% <5%
Biliary <5% <0.2% -
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FiG. 3. Effect on postload glucose and insulin excursions after a mixed meal.

AGlIs act as competitive inhibitors because of
their high affinity for alpha-glucosidases; they
block the enzymatic reaction particularly because
of their nitrogen component. Thus, AGIs must be
present at the site of enzymatic action at the same
time as the carbohydrates. The effect on postload
glucose excursion and insulin after a starch-contain-
ing mixed meal is shown in Fig. 3. In principle, all
three AGIs act in the same way, by inhibiting alpha-
glucosidase enzymes in the brush border of the
upper part of the small intestine. There are, how-
ever, some differences with respect to the inhibitory
efficiency on various alpha-glucosidases, which

may be responsible for differences in the frequency
of side effects. Acarbose is most effective on glu-
coamylase, followed by sucrase, maltase, and dex-
tranase [16]. It also inhibits the alpha-amylase, but
has no effect on beta-glucosidases, such as lactase.
Miglitol is a more potent inhibitor of disaccharide-
digesting enzymes, such as sucrase and maltase,
than acarbose, and is also active on isomaltase but
has no effect on alpha-amylase [20]. It also weakly
interacts as a pseudo monosaccharide with the
intestinal sodium-dependent glucose transporter,
without having a clinically relevant effect on glu-
cose absorption [21]. Voglibose is isolated from
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FIG. 4. Acarbose delays carbohydrate absorption.

Streptomyces culture broths. It is a strong AGI with
minor effect on alpha-amylase.

Acarbose is absorbed unchanged only by 0.5-1.7%.
About 98% is degraded to glucose, maltose, and
acarviosine by bacterial enzymes (Table 1); about
35% of degradation products appear in the urine.
Miglitol remains unchanged and is excreted
dose-dependently by the kidneys. Only 3-5% of
voglibose is absorbed, and it is almost completely
excreted via feces. After oral administration, about
90% unchanged drug remains. By extrapolation,
the most striking differences between AGIs in clin-
ical use are with respect to absorption. Neither
acarbose nor voglibose are absorbed in their active
form; whereas miglitol is almost completely
absorbed in the upper part of the small intestine, it
has a long-lasting presence in the mucosa. Intake of
acarbose has profound effects on a complex pattern
of intestinal enzymes and gene expression regulat-
ing immune response to food (unpublished data).
AGIs primarily act on the alpha-glucosidases of the
jejunum. Thus, larger proportions of undigested
carbohydrates reach the ileum and colon ascends
(Fig. 4). There they are hydrolyzed by bacterial
enzymes with no malabsorption. The consequence

is formation of gases and short-chain fatty acids
leading to meteorism and flatulence. The intensity
of gas formation together with increased motility
strongly depends on the amount and type of carbo-
hydrates in the food.

There exist striking differences in the regional
use of AGIs as oral antidiabetics. It has been found
that acarbose is more effective in a diet rich in
starch as it is the case in Asian type of nutrition
since it preferentially inhibits glucoamylase [22].
By contrast AGIs are seldom prescribed in the
USA and Northern Europe with a diet rich in fat
and proteins. However, in many Asian countries
with nutrition rich in complex carbohydrates AGIs
are frequently used as first-line drugs and/or in
combination with metformin with less gastroin-
testinal complaints.

Effects on Hormonal Regulation

AGIs neither have a direct effect on insulin secre-
tion nor on insulin sensitivity of target tissues.
However, as reported by Meneilly et al. [23] acar-
bose significantly improves insulin sensitivity in
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elderly patients with type 2 diabetes as measured
by euglycemic CLAMP. This may mainly be due to
reduction of postprandial hyperglycemia. Consis-
tent data on postprandial insulin excursion [24,25]
prove a diminished postprandial insulin excursion.
After AGI intake, reduction in postprandial glucose
load may lead to improved beta-cell function.
Accordingly, it could be shown in people with IGT
[26,27] and patients with type 2 diabetes that
proinsulin output is lower after acarbose treatment
[28]. This fits well to the results of the STOP-
NIDDM trial where treatment with acarbose
reduced the incidence of newly diagnosed diabetes
by 36% [29]. A new insight on possible actions of
AGIs on hormonal regulation is provided by the
incretin concept. The slowing down of gastric emp-
tying observed in men after intake of AGIs causes
a decrease in gastric inhibitory polypeptide (GIP)
release. Even more important, the fact that larger
amounts of undigested carbohydrates reach the
lower part of the small intestine rich in C-cells pro-
ducing GLP, stimulates a long-lasting increase in
this incretin [15,30].

A slower emptying of the stomach and subse-
quent GLP, increase after mixed meals have been
demonstrated for acarbose [31] as well as for vogli-
bose [30]. GLP, (60-240 min) and — to less extent
— GIP are natural insulin secretagogues and play a
key role in the entero-insulinar axis. This may sup-
port the therapeutic effect of AGIs behind their
direct effects on postprandial hyperglycemia.

Synergistic Effects on Metabolic
Syndrome

In long-term studies in patients with IGT and type
2 diabetes, respectively, a significant reduction of
body weight in the range of 0.7-0.9 kg was
observed with acarbose [32,33]. In the STOP-
NIDDM trial in patients with prediabetes, individuals
receiving acarbose had lost about 1.2 kg, compared
with individuals receiving placebo [29]. This
weight loss cannot be explained by changes in
dietary habits [33] and malabsorption [16], than
may be rather a consequence of changes in release
of incretins as seen in recent results of treatment
with GLP, analoges. The strongest effect on traits
of the metabolic syndrome has been shown for
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elevated blood pressure. A double-blind, random-
ized, placebo-controlled study in 44 patients with
type 2 diabetes found that achievement of good
glycemic control with acarbose was accompanied by
significant reductions in diurnal systolic, diastolic,
and mean blood-pressure values (p < 0.05) [34].
Similarly, a randomized 6-month study in obese
patients with diabetes found that acarbose treatment
reduced the mean 24-h systolic blood pressure by a
mean of 5.2 mmHg, compared with only 1.6 mmHg
with glibenclamide (p = 0.0001) [35].

In the STOP-NIDDM trial the incidence of newly
diagnosed hypertension was reduced by 34%. In a
meta-analysis of controlled long-term studies with
acarbose (MeRIA), systolic blood pressure was
reduced by 2.7 mmHg (p = 0.024) [36]. The syner-
gistic effect of AGIs on blood pressure may be the
result of improved endothelial function due to
protection from vasotoxic postprandial glucose
spikes [37].

AGIs have no significant effect on total and
LDL-cholesterol [38]. However, recently published
investigations in patients with IGT analyzing LDL-
subfractions reveal a decrease in small dense
LDL [39]. No significant effects have been shown
on HDL-cholesterol in the STOP-NIDDM study
[29] and the MeRIA meta-analysis [36]. The
major effect is on fasting and postprandial triglyc-
erides with a reduction of about 15% [40]. As
discussed in a review, effect on postprandial hyper-
triglyceridemia may add to vasoprotective power
of acarbose [41].

Low-grade inflammation is closely associated
with the metabolic syndrome and is an accepted
new cardiovascular risk factor. Reductions in post-
prandial glucose excursion by treatment with acar-
bose in patients with type 2 diabetes have shown to
reduce the activity (p = 0.045) and nuclear local-
ization (p = 0.02) of the proinflammatory tran-
scription factor NFkB, suggesting a mechanism by
which the anti-inflammatory effects of acarbose
may be mediated [8]. This mechanism would be
consistent with reductions in the level of coagula-
tion factors seen with acarbose treatment. For
example, acarbose has been shown to reduce the
level of fibrinogen in patients with type 2 diabetes
(p = 0.013 vs. placebo) [42] and serum C-reactive
protein levels in individuals with IGT (p < 0.01 vs.
placebo) [43]. We found a significant reduction in
postprandial leukocyte excursion another indicator
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of low grade inflammation by acarbose treatment
compared with placebo (Hanefeld et al., unpub-
lished results). These data suggest that acarbose,
for reasons that are not yet fully understood, has a
beneficial effect on low-grade inflammation activ-
ity and immune response to food.

AGIs have beneficial pleiotropic effects on
major components of the metabolic syndrome,
which should add to their therapeutic benefit in the
treatment of IGT and type 2 diabetes.

Indications for AGIs and Clinical
Practice

AGTIs can be used as first-line drugs in newly diag-
nosed type 2 diabetes insufficiently treated with
diet and exercise alone, as well as in combination
with all oral antidiabetics and insulin if monother-
apy with these drugs fails to achieve the targets for
HbAlc and postprandial blood glucose [25,44]. As
first-line drugs, AGIs are particularly useful in
newly diagnosed type 2 diabetes with an excessive
postprandial hyperglycemia, because of their
unique mode of action in controlling the release of
glucose from complex carbohydrates and disaccha-
rides. In these cases, they lower postprandial
blood-glucose level peaks by >50 mg dL!, result-
ing in an average reduction of HbAlc by 0.7-1.2%.
Table 2 summarizes subgroups of type 2 diabetes
that may preferentially benefit from the use of
AGIs as first-line treatment. Especially elderly
obese women exhibit postchallenge hyperglycemia
as the dominant abnormality of glucose homeosta-
sis. Since AGIs are very safe and have very few
contraindications and drug interactions, they also
may be considered in polymorbid patients with
beginning renal and hepatic dysfunction. Their
weak weight-reducing effect could be an advantage
over oral insulin secretagogues for some patients.
AGIs have no risk of causing hypoglycemia; they

TaBLE 2. Indications for AGIs as first-line drug in type 2
diabetes.

Newly diagnosed patients insufficiently treated with diet and
dominating postprandial hyperglycemia

Elderly multimorbid patients

Elderly patients with weight gain or hypoglycemia under
treatment with insulin secretagogues

Patients with hepatic or renal disorders

Markolf Hanefeld and Frank Schaper

are therefore a rational alternative for patients who
experience hypoglycemic episodes with insulin
secretagogues. In early type 2 diabetes with both
high fasting plasma glucose and high postprandial
glucose, a combination of acarbose either with met-
formin or long-acting insulin secretagogues, such as
glibenclamide and glimepiride, should be consid-
ered. This approach has the advantage of increasing
efficacy and reducing side-effects, if low doses of
either drug are used for the combination.

Many patients on monotherapy with either met-
formin or sulfonylureas do not reach HbAlc levels
<6.5-7%. A further reduction of HbAlc of 0.5-1%
can be achieved by add-on therapy with AGIs
[45,46]. There is increasing evidence that postpran-
dial hyperglycemic excursions add to the risk of
progression of type 2 diabetes and its cardiovascu-
lar complications [47,48]. In this context, AGIs are
also useful adjuncts if postprandial glucose levels
cannot be controlled sufficiently with metformin,
sulfonylureas, or insulin. A meta-analysis revealed
an additional effect of 0.7% of acarbose given after
metformin pretreatment, and 0.85% when added to
sulfonylurea treatment [46]. Extrapolation of con-
trolled clinical trials with AGIs as add-on therapy
showed an additional reduction in postprandial glu-
cose of >40 mg dL-!. The additional reduction in
fasting blood glucose is >20 mg dL~'. Little is
known so far about combination therapy with thia-
zolidindiones and “prandial oral insulin secreta-
gogues,” such as nateglinide and repaglinide.
Scarce information also exists on the clinical use of
AGIs in combination with bed-time administered
long-acting insulin injections in type 2 diabetes.
This combination may be useful in avoiding weight
gain and to achieve better control of postprandial
hyperglycemia. As shown by Monnier et al. [49]
postprandial hyperglycemia accounts for 60% of
variance HbAlc in patients with a HbAlc level
below 7.5%.

Practicalities

Efficacy, side-effects, and compliance with AGIs
strongly depend on rational indication, education of
patients on how to use the drug, and good dietary
advice. Even with good clinical practice, a consid-
erable variation in response and side-effects is seen.
Side-effects depend, among other things, on the
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TaBLE 3. Advice to patients to overcome difficulties
with AGSs.

Start low, go slow

Prefer nutrients with complex carbohydrates (rice, pasta, full
bread, vegetables, fruits)

Avoid refined carbohydrates (sugar, sweets). Take only three
meals

Avoid laxatives, such as sugar alcohols (sorbitol)

Control your postprandial blood glucose to experience the
efficacy of treatment

In most cases gastrointestinal side-effects are transient

dose and time intervals for titration of optimal ther-
apeutic dosage. It is essential to start with low doses
of 25 mg of acarbose or miglitol twice a day, with a
stepwise increase in 2-3 week intervals. A study in
type 2 diabetes patients treated with sulfonylurea
compared the tolerability of stepwise increase with
an initial dose of 100 mg three times per day of
acarbose [50]. The stepwise increase in dosage
reduced specific side-effects from 70% to 31%. The
maximum dosage for acarbose and miglitol is usu-
ally 100 mg three times per day. There are, however,
controlled studies that show that 200 mg three times
per day is more effective, but has a higher rate of
gastrointestinal side-effects [51].

After 3—4 weeks gastrointestinal side-effects
diminish to <20% in almost all studies. In long-
term studies, the great majority of discontinuations
because of side-effects happens during the first 3
months. It is important to reinforce dietary advice
before treatment and if side-effects occur. A high
content of refined carbohydrates and a diet rich in
fat and protein are causes of gastrointestinal dis-
comfort. Patients should be made aware that side-
effects are due to the mode of action, are mostly
transient, and can be prevented by prudent diet.
Table 3 summarizes some guidelines for patients to
help overcome difficulties.

Patients should also take blood-glucose levels
twice a week at 2 h postprandial to see the benefit
of the treatment, because the fasting blood-glucose
levels are not indicative of therapy success in the
first month of treatment.

AGIs in the Primary Prevention
of Type 2 Diabetes
IGT is prediabetic category and an established risk

factor for cardiovascular disease. Prevalence of
IGT in all nations with a westernized lifestyle is
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>15% in subjects aged >40 years. Primary preven-
tion efforts with life-style modification are there-
fore of high priority [52]. In terms of medical
intervention in subjects with IGT, AGIs have been
shown to improve insulin sensitivity and reduce
proinsulin secretion [26,27]. In the STOP-NIDDM
trial, a large placebo-controlled multinational study
of 1,429 subjects with IGT, acarbose reduced the
annual incidence of diabetes by 36% in the inten-
tion to treat analysis [29]. No serious adverse event
associated with acarbose was observed during the
3.4-year follow-up.

AGTIs in the Prevention of Cardiovascular
Disease

Acarbose has favorable effects on a broad spectrum
of established cardiovascular risk factors: it lowers
blood pressure, improves atherogenic lipoprotein
profile, has antithrombotic actions, reduces parame-
ters of low-grade inflammation, and downregulates
insulin resistance as already described. In this
respect less data are available for miglitol and vogli-
bose. In a study by Wascher et al. [37] reduction of
postprandial glucose excursion by acarbose was
associated with improved flow-mediated vasodila-
tion. The cardiovascular benefits of acarbose were
shown by the STOP-NIDDM study. The study found
that treatment of people with IGT with acarbose was
associated with a 49% reduction in the incidence of
newly diagnosed cardiovascular events over a mean
follow-up of 3.3 years, including a 12:1 myocardial
infarction in favor of acarbose (p = 0.02) [53].
Compared with placebo, acarbose treatment reduced
the annual progress of intima media thickness (IMT)
by approximately 50% (p < 0.027) [54]. The treat-
ment with acarbose reduced the risk of any cardio-
vascular event by 35% (p = 0.006) as shown in a
meta-analysis of seven long-term placebo-controlled
trials in patients with type 2 diabetes (MeRIA) [36].
Again the strongest effect was on incidence of
myocardial infarction, which was reduced by
64% (p = 0.012, Fig. 5). In both studies a trend for
reduction of cardiac failure was observed.

Thus in conclusion, acarbose improves endothe-
lial function, reduces progression of IMT, lowers
incidence of newly diagnosed hypertension, and
prevents any cardiovascular events in particular
myocardial infarction in patients with IGT and type 2
diabetes, respectively.
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FiG. 5. Acarbose reduces the risk of myocardial infarction in patients with type 2 diabetes.

Conclusions

AGTIs have been in clinical use for 15 years and are
now registered worldwide. They are among the
best-studied oral antidiabetics, with data from con-
trolled studies and long-term clinical investigations
for all three clinically used compounds. AGIs are
used as first-line drugs in early type 2 diabetes, as
well as in combination with nearly all established
oral antidiabetics and insulin. In some cases of type
1 diabetes, with rapid postprandial glucose rise,
and in cases of premeal hypoglycemia, AGIs may
be introduced as adjunct therapy. Numerous trials
have demonstrated that acarbose is a safe and
effective oral antidiabetic agent in patients with
diabetes and IGT. Furthermore, acarbose reduces
the risk of cardiovascular events, improves differ-
ent cardiovascular risk factors, and may have long-
term benefits for patients with metabolic
syndrome. So far acarbose is the only antidiabetic
drug in the treatment of prediabetes with evidence
for reduction of cardiovascular disease. These
properties can be attributed to the mode of action of
acarbose, which directly targets postprandial
hyperglycamia and avoids several common side-
effects associated with other blood-sugar-lowering
medications. AGIs are very safe drugs. The most
common side-effects are mild-to-moderate GI
events, and these can be minimized if appropriate
stepwise-dosing regimens are used at the start of

the treatment. AGIs are therefore a valuable option
for the management of type 2 diabetes, and partic-
ularly acarbose, the only oral antidiabetic agent
approved for the treatment of prediabetes, can help
to improve clinical management across the dysgly-
camic disease continuum.
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Treatment of Type 2 Diabetes:
from a Glucocentric Approach
Towards Global Vascular Protection

For long, type 2 diabetes mellitus was considered to be
a relatively benign disorder, at least in the elderly [1].
Insights have, however, become deeper. From epidemi-
ological surveys it is well documented that the age-
adjusted prevalence of coronary heart disease in white
adults who have diabetes is about 45% compared to
about 25% in individuals without diabetes [2].
Cardiovascular disorders (CVD i.e. coronary heart dis-
ease, stroke, and peripheral vascular disease) may
account for about 70% of all deaths in people with dia-
betes mellitus and all manifestations of CVD are also
substantially more common in patients with type 2 dia-
betes than in non-diabetic individuals [3]. Therefore,
type 2 diabetes is not ‘just another risk factor’ for a poor
cardiovascular prognosis; at the population level it
per se defines maximal risk for target organ damage,
primarily the cardiovascular system [4].

During recent years numerous prospective studies
have identified several modifiable risk factors for
CVD in patients with type 2 diabetes. On top of
hyperglycaemia these factors include hypertension,
dyslipidaemia, microalbuminuria, a pro-thrombotic
state, visceral fat accumulation, and associated
chronic low-grade inflammation, smoking, diets

rich in saturated or trans-fatty acids, and lack of
physical activity [5-9].

Even though at present there are no data from
controlled long-term clinical trials to provide
definite answers to the impact on CVD outcome of
each of the individual behavioural factors, there is
overwhelming epidemiological evidence that an
integrated healthy life performance including
no smoking, daily physical activity, a low-fat,
vegetable-/fruit- and seafood-enriched diet and
mental stress coping reduces insulin resistance
and helps preventing CVD in the general popula-
tion. It is reasonable to expect that the same will be
the case in patients with type 2 diabetes. When it
comes to the practicality and impact of sustained
weight loss a randomized controlled trial sponsored
by the National Institute of Diabetes and Digestive
and Kidney Diseases termed Look AHEAD: Action
for Health in Diabetes has been initiated [10]. Five
thousand one hundred and forty-five obese type 2
diabetic patients are enrolled for an estimated
period of 10 years to evaluate if an average weight
loss of 7% of body weight induced by altered diet
and exercise habits reduces risk of CVD.

Importantly, crucial information has been gained
from individual risk factor intervention trials in both
diabetic and non-diabetic subjects. Based upon the
results of these interventions in diabetic patients
(for review see [11-14]), the degree of CVD rela-
tive risk reduction with each individual risk factor
target ranges from small (e.g. non-significant for
hyperglycaemia lowering using insulin or sulphony-
lurea in the UKPDS), to moderate (e.g. about 10% with
aspirin therapy) to substantial (e.g. 25-40%
with blood pressure reduction or statin-induced
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lipid lowering). in addition, treatment with ACE
inhibitors as secondary prevention of CVD is
convincingly demonstrated. Based upon the indis-
putable results from clinical endpoint trials, the
pharmacotherapy of type 2 diabetes as reflected in
national guidelines including those from the
American Diabetes Association [15] has changed
from the glucocentric tradition towards an approach
of more global vascular protection.

The outcome of this intensive and integrated
vascular treatment approach aiming at multiple
sources of risk has, however, only been evaluated
in a few studies of patients with type 2 diabetes (for
review see 12—-14). By targeting several risk factors
simultaneously using treatment goals in many
respects comparable to current guidelines from the
American Diabetes Association [15], the Steno-2
study, which was initiated 15 years ago, demon-
strated an overall 50% relative risk reduction of
CVD in a high-risk population of type 2 diabetic
patients with microalbuminuria (a marker of a gen-
eralized vasculopathy), thus underscoring the ben-
efits of an intensified intervention integrating both
a target-driven polypharmacological therapy and a
focused behaviour modification [16,17].

Steno-2 Demonstrates that

an Intensive and Multi-Targeted
Intervention Makes a Major
Difference

The Steno-2 study [16,17] was the first long-term
type 2 diabetes trial that compared the impact of an
intensified, multi-targeted intervention with that of
a usual multifactorial treatment on risk factors for
angiopathy. In a randomized, open, parallel trial, 80
patients with type 2 diabetes and microalbuminuria
were randomized to receive usual care in accor-
dance with national guidelines, while another 80
patients with type 2 diabetes were assigned to
receive an intensified, comprehensive approach
targeting a series of modifiable risk factors. The
primary composite endpoint was death from CVD,
non-fatal MI, non-fatal stroke, percutaneous coro-
nary intervention (PCI), coronary artery bypass
grafting, revascularization, and amputation. At a
mean follow-up of 7.8 years, patients receiving the
intensive therapy had a 53% (95% CI: 27-76%)
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lower relative risk of CVD. Shown graphically, the
difference began to be observed within the first year
with a continuous widening gap over time (Fig. 1).
More detailed information on the impact of intensi-
fied interventions on the various components of the
primary CVD endpoint is given in Fig. 2.

Also the secondary endpoints of microvascular
complications were markedly altered: 61% (CI:
13-83%) lower relative risk of nephropathy, 58%
(CI: 14-79%) lower risk of retinopathy, and 63%
(CI: 21-82%) lower risk of autonomic neuropathy.
For the primary CVD endpoint risk reductions
were seen for all the different components except
for mortality. It may be added that this trial was not
statistically powered to evaluate the interventional
impact on mortality.

Compared to the majority of individual risk factor
intervention trials, the absolute risk reduction in the
Steno-2 trial was considerable. The absolute risk
reduction for the primary endpoint was 20% mean-
ing that one CVD event was prevented for every five
patients treated intensively for 7.8 years. In compar-
ison, the absolute risk reductions for most of the
other intervention studies are typically about 5%
giving a number needed to treat of 20. The outcome
of the Steno-2 study may have implications for type 2
diabetes care generally, adding to the accumulating
knowledge and practical experiences that integrating
several pieces of now evidence-based interventions
cut the risk of macro- and microangiopathy by half —
at least in high-risk patients.

How were the Angiopathy-Risk
Reductions Achieved
in the Steno-2 Trial?

Patients randomized to intensive therapy were fol-
lowed by a diabetes care team consisting of a nurse, a
clinical dietician, and a physician. In this group each
patient paid a visit to the clinic at least every third
month. Individual risk assessments and prioritizations
of risk factor targeting were made at the start of the
trial and whenever appropriate but as a minimum
annually throughout the trial period. At each consulta-
tion measurements of clinical (blood pressure, body
mass index, waist and hip circumference, smoking status)
and biochemical variables (HbA - fasting serum levels
of total cholesterol, High-density lipoprotein-cholesterol
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(HDL-cholesterol), and triglycerides as well as urinary
albumin excretion rate) were performed and the treat-
ment was adjusted accordingly.

The intensive intervention involved a stepwise
introduction of lifestyle and pharmacological inter-
ventions aimed at keeping glycated haemoglobin
(<6.5%), blood pressure (<130/80 mmHg), total fast-
ing serum cholesterol (<175 mg/dL) and fasting
serum triglycerides (<150 mg/dL) at strict targets
close to what was considered normal physiology.
It should be emphasized that the treatment goals in
the intensive arm were made more ambitious
throughout the study concomitantly with the gain of
novel insights from published single risk factor inter-
vention studies. A stepwise introduction of the phar-
macotherapeutic package was chosen to facilitate
concordance. The details of the treatment algorithms
have previously been reported [12—17]. To keep up
the long-term motivation for this integrated and
aggressive approach, at each consultation the patients
were educated about the rationale for the prescribed
polypharmacy and the behaviour modification.

A diet interview was performed annually or
whenever patients or the diabetes educators found
it necessary. In this way continuity in diet educa-

tion was maintained. The dietary intervention was
concentrated on qualitative changes of the diet
including a reduction in the intake of animal fat, an
increase in omega-3 fatty acid-rich food items
(seafood, walnuts and almonds), and an increase in
daily intake of vegetables and fruits. At each con-
sultation patients were encouraged to stop smok-
ing. Structured stop-smoking courses for smoking
patients in the intensive therapy group and their
spouses were organized throughout the follow-up
period. Nicotine substitution was offered for free.
The patients were continuously inspired to increase
the level of leisure-time physical activity of any
type. Otherwise, treatment goals for smoking and
exercise were similar in the two treatment arms.

Treat to Target in Type 2
Diabetes— is it that Easy?

In evidence-based medicine what seems to be com-
mon sense still has to be documented. The Steno-2
study proved what many diabetes educators for
years had thought to be obvious: that type 2 dia-
betes is a treatable disorder and that the angiopathy
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prognosis of these patients can be dramatically
improved if the intervention is aggressively
directed against a series of modifiable risk factors
and if the patients are offered a continuous educa-
tion and motivation.

A major strength of the Steno-2 study is the
pragmatic treatment approach to the everyday clin-
ical challenges that patients with type 2 diabetes
present. Although the protocol was limited to
patients who had microalbuminuria, this subgroup

of patients may constitute up to one third of all
patients with type 2 diabetes. It may be reasonable,
however, to expect lower absolute risk reductions
for type 2 diabetic patients at lower risk than with
patients included in the Steno-2 trial.

Even in a clinical trial setting such as the Steno-2
study it is, however, quite thought-provoking that
treatment goals were not obtained to greater
extents in the intensive therapy group. Only 15% of
patients in this group achieved an HbA, value
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below 6.5%, which was the upper normal value for
the applied assay and only about half achieved the
target for systolic blood pressure [16] (Fig. 3).
In addition, it turned out to be extremely difficult in
a long-term perspective to change health behaviour
in middle-aged and elderly overweight people
despite the investment of relatively many educa-
tional resources [16].

Should Every Type 2 Diabetic
Patient be Offered a Steno-2 Like
Treatment Algorithm?

An ongoing trial with a treatment concept and clin-
ical endpoints similar to the Steno-2 protocol is
examining the effect in a low-risk population of
screen-detected type 2 diabetic patients [18]. If sig-
nificant vascular risk reductions are demonstrated
in these low-risk patients, the intensified approach
might be offered to all patients with type 2 dia-
betes. However, until then it seems reasonable to
confine the intensified approach primarily to type 2
diabetic patients with elevated levels of albumin

excretion rate or known CVD. Such patient cate-
gories may well comprise more than half of the
type 2 diabetes population.

The Gap between Clinical Reality
and Guidelines Recommending the
Multi-targeted Therapeutic Package

A recent Swedish survey [19] involving more than
40,000 patients with type 2 diabetes from both pri-
mary care units and diabetes clinics reported that
the new European treatment targets of HbA, < or
=6.1%, blood pressure <130/80 mmHg, and total
serum cholesterol <4.5 mmol/LL were attained by
16%, 13%, and 28% of the patients in 2003, respec-
tively. Aspirin was prescribed in 36% of cases.
These findings are compatible with reports from
the USA [20] calling for much more focus on the
implementation of current guidelines at the com-
munity level and changes in today’s strategies.
Moreover, since a review from the Cochrane
Library [21] concluded that unstructured care in
the community is associated with poor follow-up,
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worse glycaemic regulation, and a greater mortality
than specialist care of type 2 diabetes, it is obvious that
diabetes care professionals have to reconsider their
CVD risk reduction approaches. That structured care
can be implemented in a community setting has been
demonstrated in a 6-year randomized intervention
study enrolling more than 1,200 patients with newly
diagnosed type 2 diabetes who were treated by
general practitioners [22].

Also nurse-led type 2 diabetes care might well be
a major innovation in the field of successful CVD
risk intervention. The results from a British prot-
ocol-driven, nurse-led cardiovascular risk reduction
clinic using an open clinical algorithm were recently
reported [23]. The primary aim of the study was in
110 patients with type 2 diabetes and hypertension
to optimize blood pressure control; secondary aims
were to reduce modifiable CVD risk factors. Patients
taking one or more antihypertensive drugs were
selected for referral to the nurse-led clinic if blood
pressure was >140/85 mmHg. An open clinical
algorithm was designed to direct the nurse on the use
of antihypertensive, statin, and aspirin therapy plus
lifestyle advice. Blood pressure was reduced to
130/68 mmHg (p < 0.001), this reduction being sus-
tained at review 9 months later (mean BP 133/67
mmHg), with 87 (79%) achieving BP < or = 140/85
mmHg. Treatment modalities were adjusted to
reduce CVD risk, including antihypertensive med-
ication, lipid-lowering therapy, and antiplatelet ther-
apy. HDL-cholesterol improved from 1.2 = 0.5
mmol/L to 1.4 £ 0.5 mmol/L (p = 0.004). The num-
ber of patients with microalbuminuria decreased
from 41 (47%) to 25 (28%) (p = 0.02), with a fall in
urinary albumin:creatinine ratio from 3.0 (1.3-7.9)
to 1.8 (1.0-5.0) mg/mmol (p = 0.01). The number of
smokers decreased from 22 (20%) to 14 (13%)
(p = 0.01). Although not included as an interven-
tion in the protocol, HbA,_improved to 8.1 + 1.6%
from 8.7 = 1.6% (p < 0.001).

The Patient-centred Approach —
the Essentials of Continued
Education and Motivation

It is the experience of the Steno-2 investigators that
repetitive teaching about the rationale for the indi-
vidual interventions and their expected health
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benefits is of utmost significance for the long-term
motivation and therapy adherence of the patients.
A similar experience was recently reported by
Dr Ravid and co-workers who examined whether
motivating patients to gain expertise and closely
follow their risk factors would attenuate the course
of vascular sequelae of diabetes [24]. A random-
ized, prospective study was conducted involving
165 patients who had type 2 diabetes, hypertension,
and hyperlipidemia and were referred for consultation
to a diabetes clinic in an academic hospital. Patients
were randomly allocated to standard consultation
(SC) or to a patient participation (PP) programme.
Both groups were followed by their primary care
physicians. The mean follow-up was 7.7 years, a
period similar to the one of the Steno-2 study. The
SC group attended eight annual consultations.
The PP patients initiated on average one additional
consultation per year. There were 80 cardiovascular
events (eight deaths) in the SC group versus
47 events (five deaths) in the PP group (p = 0.001).
The relative risk (RR) over 8 years for a cardiovas-
cular event in the intervention (PP) versus the
control (SC) group was 0.65 (95%CI, 0.89 to 0.41).
There were 17 and 8 cases of stroke in the SC and
PP groups, respectively (p = 0.05). RR for stroke
was 0.47 (95%CI, 0.85 to 0.32). In the SC group,
14 patients developed overt nephropathy (four
ESRD) versus seven (one ESRD) in the PP group
(» = 0.05) (Fig. 3). Throughout the study period
blood pressure, serum level of LDL-cholesterol,
and HbA  were significantly lower in the PP than
in the SC patients. The investigators therefore
concluded that well-informed and motivated
patients are more successful in obtaining and
adequately coping with their risk factors, resulting
in reduced CVD risk as well as slower progression
of microvascular disease.

Also a recent randomized controlled trial in
Canada sought to determine whether a 1-year inten-
sive multi-therapy programme resulted in greater
goal attainment than usual care among patients with
poorly regulated type 2 diabetes [25]. It was demon-
strated that an intensive multifactorial intervention
was successful in helping patients meet most of the
ambitious treatment goals. However, 6 months after
intensive therapy and education, treatment was
stopped and patients returned to usual care, the ben-
efits had vanished, again underlining the critical
importance of continued motivation and support.
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Treatment Barriers

The success of a treatment strategy depends both
on the patient’s ability or will to adhere to the treat-
ment prescribed as well as possible barriers of the
health professional against the treatment. A recent
investigation of the adherence to prescribed oral
medications in type 2 diabetic patients following a
multifactorial approach in a primary care setting
demonstrated that only one in three patients had
adequate adherence [26]. Factors associated with
non-adherence included diabetes duration, com-
plexity of drug regimen and inadequate control of
risk factors for vaculopathy.

Many of the therapies given in an intensified
multifactorial intervention approach are given as
preventive treatments irrespective of the presence
of symptoms, and therefore patients without symp-
toms may find, that the treatment interferes more
with their quality of life than the disease itself. In
this respect, it is worth noticing, that patients may
find that a change in lifestyle and diet can lead to
a large reduction in the quality of life and thus be a
more severe barrier for the adherence to treatment
than taking drugs [27]. Even in case of symptoms, the
start of a treatment may not relieve these, thereby
in itself being a risk factor for non-adherence to
treatment [28].

Many patients with type 2 diabetes and therefore
with multiple health issues may be able to handle
changes only one step at a time. The long-term ther-
apeutic action plan will, however, require multiple
steps but the plan needs to be gradually developed
by the physician and the patient together based
upon individualized risk assessment, digestible evi-
dence-based information, empathetic motivation
and realistic tradeoffs related to benefits and potential
undesired effects of the intervention.

Two different pills plus insulin for control of
blood glucose, one or two for dyslipidaemia, then
three or four for hypertension and on top of this a
low-dose aspirin a day. Upwards of eight or more
drugs a day for each intensively treated type 2 dia-
betic patient and that is even before we consider the
drug treatment of concomitant diseases. No wonder
that patients exposed to life-long intensive treat-
ment of type 2 diabetes to be motivated, need con-
tinued and personalized education about
indications, mechanisms of actions, and potential
side effects of the prescribed medications. Whether
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the pill burden of polypharmacy in patients with
type 2 diabetes may be alleviated through the use
of drugs that intrinsically are effective against more
aspects of the metabolic abnormalities or by pre-
scription of a single poly-pill per day containing
many of the known ingredients needed in the pre-
vention of vasculopathy is an intriguing question
that deserves to be pursued [29]. Of course, side
effects including drug interactions will also influ-
ence drug adherence, and finally cost of treatment
may be of major significance [30,31].

On the professional side it has been shown that
barriers of the professionals in following guidelines
are related to their knowledge of the disease and its
rational treatment [32]. One of the obstacles may
thus be that some physicians and diabetes educators
still think of type 2 diabetes as a relatively benign
disease [32] or they may doubt that the impressive
results from the clinical trials can be achieved in
daily practice or they share the concern of some of
the patients that treatment side effects outbalance
benefits. Therefore, to facilitate the implementation
processes of an aggressive micro- and macroan-
giopathy risk intervention in patients with diabetes,
it appears relevant to offer not only postgraduate
training of diabetes care professionals but in order to
reveal treatment resistance also to establish a continuous
monitoring of the response to treatment including
efficacy, concordance, and adverse effects. A proposal
for a focused and multifactorial management of type
2 diabetes is given in Table 1.

Residual Risk of Angiopathy
and Future Complementary
Treatment Approaches

The cardiovascular complications are by far the
most threatening for the long-term prognosis in
patients with overt type 2 diabetes and the high-risk
microalbuminuric patients participating in the stan-
dard multi-targeted intervention in the Steno-2
study showed an event rate of the combined CVD
endpoint of 7% per year [16]. Although the inten-
sified multifactorial intervention cut this event rate
by half, it is still more than three times as high as
in the matched background population leaving
much room for improvements.

The radical fight back is obviously to intensify
the primary prevention of type 2 diabetes [33-36].
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TaBLE 1. A multifactorial approach to a personalized treatment of type 2 diabetes.

Risk assessment

Several computer-based risk scoring programs are available. One of them is the UKPDS Risk Engine (www.dtu.ox.ac.uk), which
has been developed at Oxford University. It can be used to estimate the future risk of the type 2 diabetic patient to develop
ischaemic heart disease or stroke. A CVD risk profile at annual intervals may be a useful tool for the repetitive motivating
dialogues and prioritization of risk marker interventions.

Therapeutic action plan based upon repetitive patient education, listening-, and motivation sessions.

The long-term therapeutic action plan will require multiple steps but the plan needs to be gradually developed by the diabetes
educators and the patient together based upon the individualized risk assessment, digestible evidence-based information,
empathetic listening and motivation, and realistic tradeoffs related to benefits and potential undesired effects of the intervention.
Obviously, regular and readily understood feedback on progress towards the goals is crucial for sustained patient motivation and
treatment success.

An integrated healthy life performance including no smoking, daily physical activity (at least for 1 hour), a low-fat, vegetable-/fruit-
and seafood-enriched diet, and mental stress coping is notoriously difficult to implement. Nevertheless, enthusiastic motivation
for this first-line therapy should be an essential part of the recurring patient education [15].

Hyperglycaemia

Target: HbA || <6.0% (referenced to a non-diabetic range of 4.0-6.0% using a DCCT-based assay). The target should, however, be
higher in patient with known coronary heart disease or unawareness of hypoglycaemia.

Oral antidiabetic drugs (OAD) are introduced if HbA,  is >6.0% after 3 months of dietary and exercise intervention. Overweight
and obese patients are started on metformin to maximum of 2 X 1 g. If contraindicated or in lean patients, a sulphonylurea or a
meglitinide is prescribed.

Combination of the two types of drugs or addition of a glitazone drug is considered when HbA, target is not met after 6-9 months.

NPH insulin or long-acting insulin analogues at bedtime or mixed short- and long-acting insulin analogues at the main meals 2-3
times a day should be added when HbA, _is >7.0% despite maximal dose of OADs. At the start of insulin treatment, obese patients
stop the sulphonylurea/meglitinide and the lean patients stop metformin.

Alternatively, the patient may be prescribed a combination of conventional OADs and a DPP IV inhibitor or a GLP-1 analogue

Hypertension

Target: <130/80 mmHg. In diabetic patients with albuminuria the target should be even lower.

Angiotensin II receptor antagonists or ACE inhibitors as initial treatment. Like the HbA  target the blood pressure target will often
require multiple agents including thiazides, loop diuretics, calcium antagonists and [3-blockers.

Dyslipidaemia

Targets: serum LDL-cholesterol <2.6 mmol/L (<100 mg/dL) and fasting serum triglycerides <1.7 mmol/(<150 mg/dL).

Treatment: a statin or a combination of a statin and ezetimibe for raised isolated hypercholesterolaemia or combined dyslipidaemia;
fibrates and/or high doses of omega-3 fatty acids (2 g x 2 daily) in isolated fasting hypertriglyceridemia (>3.4 mmol/L or
>350 mg/dL).

Albuminuria
Angiotensin II receptor antagonists or ACE inhibitors are prescribed irrespective of blood pressure values.

Prevention of platelet aggregation
Aspirin 75 mg/daily to all type 2 diabetic patients. For patients with very high CVD risk or in whom aspirin is contraindicated,
clopidrogel is an option.

Secondary CVD prevention
Treatment with an ACE inhibitor should be considered.

Depression
About 5% or more of diabetic patients suffer from depression, which should be recognized and therapeutically addressed to ensure
that the patient remains an active and motivated partner of the management plan.

Barriers and treatment resistance
A continuous monitoring of the response to treatment including efficacy, concordance, and adverse effects is a key to dissolve
treatment resistance.
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Perhaps a breakthrough in our understanding of the
molecular pathogenesis of abdominal obesity and
thereby of targets for antiobesity drug development
will be an answer to many of the current shortcomings
in the prevention and successful treatment of the
majority of type 2 diabetes patients since abdomi-
nal obesity is known to cause insulin resistance
and an atherogenic low-grade inflammatory state
partially due to an excessive secretion of pro-
inflammatory adipokines including tumour necrosis
factor alpha.

Another target for major improvement is treat-
ment of resistant hyperglycaemia of type 2 diabetic
patients. The UKPDS showed a steady decline in
pancreatic beta-cell function with diabetes dura-
tion, most likely caused by an accelerated apopto-
sis induced by numerous factors including chronic
exposure to elevated levels of free fatty acids, glu-
cose and proinflammatory cytokines [37]. Any
future intervention that might prevent reduction of
beta-cell mass or function (e.g. GLP-1 analogues,
exanetide and DPPIV inhibitors) is expected to
improve glycaemic regulation as are treatments
which diminish insulin resistance (glitazones) [38].
Due to the progressive nature of type 2 diabetes
more aggressive insulin regimens in combination
with oral hypoglycaemic drugs should be applied
as well.

Treatment targets for circulating levels of LDL-
cholesterol and triglycerides can in most cases
rather easily be achieved with statins, ezemtibine,
fibrates and omega-3 fatty acids. In contrast, it is
much more difficult to improve the low serum level
of HDL-cholesterol as a prominent CVD risk fac-
tor in type 2 diabetes. Some hope is given to sev-
eral novel drug candidates [39].

Continued smoking has disastrous effects on the
progress of retinopathy and cardiovascular compli-
cations. Although much more needs to be explored
about how to successfully apply smoking cessation
approaches, smoking remains a treatable addiction
and in this context one of the most crucial initia-
tives a care provider can take is to refer the patient
(and his spouse) who smokes to repetitive struc-
tured programmes including both psychological
and drug therapy interventions.

Finally, it is anticipated that progress within the
field of pharmacogenomics identifying by geno-
type those patients who are responders and less
responders, respectively, to a given drug treatment
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of hyperglycaemia, dyslipidaemia, or hypertension
greatly will contribute to efficacious ‘personalized’
interventions improving the risk marker profile and
thereby enhancing the health of patients suffering
from type 2 diabetes.

Conclusion

Type 2 diabetes is a major risk factor for premature
angiopathy equivalent to existing ischaemic coro-
nary disease. The reason appears to be that besides
hyperglycaemia a clustering of other interactive but
modifiable risk factors for vasculopathy coexists in
these patients more often than would be expected
by chance. During the last 5-10 years several suc-
cessful randomized individual risk factor interven-
tion trials have, however, been performed punching
the nihilistic attitude to improve the vascular prog-
nosis of type 2 diabetes previously taken on by
many physicians and diabetes educators. Thus, to
prevent or postpone premature vasculopathy in type 2
diabetes evidence has been provided that at all age
groups a structured and intensified long-term
approach is required that is far more than just
glucocentric — an approach addressing more vascular
risk factors including hypertension, dyslipidaemia,
platelet aggregation, sedentary behaviour, smoking
and dietary habits. The application of such an inte-
grated and focused therapy for almost 8 years to
high-risk type 2 diabetic patients cuts the relative
risk of micro- and macroangiopathy by half. It is
time to take these health benefits of global vascular
interventions aimed at all validated targets gained in
the controlled clinical trials to the community level,
where it has been documented that a gap exists
between evidence-based diabetology and daily
clinical practice. To facilitate the implementation
process it appears relevant to offer not only post-
graduate training of diabetes care professionals but
in order to identify treatment barriers also to estab-
lish a continuous monitoring of the intervention
including efficacy, levels of patient motivation and
concordance, as well as adverse effects.
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In the past 25 years, the rates of obesity have
tripled in countries that have adopted a Western
lifestyle with decreased physical activity and over-
consumption of cheap, easily available, energy-
dense food. The prevalence of overweight (BMI >
25 kg/m?) is 40-60% and the prevalence of obesity
(BMI > 30 kg/m?) is 10-25% in adults in most
Western countries. Of special concern, this obesity
epidemic also affects children where overweight
among them ranges from 10% to 25%, and the
prevalence of obesity ranges from 3% to 10%.

Obesity, particularly with abdominally located
fatness, is associated with development of type 2
diabetes, cardiovascular diseases, and some can-
cers. The increase in the prevalence of type 2 dia-
betes worldwide is closely linked to the increase in
obesity. Moreover, obesity is associated with con-
siderable impairment of the quality of personal and
social life. About 80-90% of type 2 diabetes is
attributable to excess weight. Thus, the best way to
prevent or treat type 2 diabetes is to be able to pre-
vent or to treat excess body weight. There are,
however, obvious problems both in preventing and
in treating excess body weight since most obese
patients losing weight regain it and even though
most people do not like to be obese the prevalence
of obesity is increasing steadily.

Management of obesity should be integrated,
aiming to alter the micro-environment of the
patient and his family to favour a better lifestyle
with more physical activity and a better diet with
focus on more fruit, vegetables, and whole-grain

products. The general success of lifestyle interven-
tions in obtaining long-lasting weight loss in obese
patients is relatively poor. However, minor weight
loss in the range of 2.5-10% maintained for more
than a year has been shown to improve some of the
health complications of obesity. Minor weight loss
maintained for a few years together with increased
physical activity have been shown particularly to
improve glucose-insulin homeostasis by preventing
the development of overt diabetes or to improve the
diabetic state [1,2].

More pronounced weight losses induced by
surgical methods have been shown to reduce
most of the obesity-related complications includ-
ing reducing the development of type 2 diabetes
with more than 80% compared with a control
group [3]. Furthermore, it has now been demon-
strated that pronounced weight loss (induced by
surgery), which can be maintained long-term
(more than 15 years), is able to reduce the obesity-
related mortality by 25-30% (Sjostrom L personal
communication).

Pharmacotherapy

Pharmacological intervention is often recom-
mended as an adjunct to dietary modification and
physical activity when other approaches have failed
for patients with overweight and obesity. Currently
only three medications are suitable for long-term
therapy — orlistat, sibutramine, and rimonabant.
These medications should only be prescribed in
combination with lifestyle modifications and a
structured long-term follow-up. Clinical practice
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guidelines suggest a stepped approach to the man-
agement of overweight and obesity with only those
of significant risk requiring more intensive therapies
such as pharmacotherapy. Thus, pharmacotherapy
could be considered in patients with obesity (BMI >
30 kg/m?) or in those with BMI between 27 and
29.9 kg/m? with increased risk such as type 2
diabetes, risk of or manifest cardiovascular disease,
or obstructive sleep apnoea [4].

Weight regain is common after the medications
are discontinued, and long-term drug administra-
tion may be required for weight loss maintenance.
Weight regain may, however, occur despite contin-
ued drug treatment. Weight loss usually reaches a
plateau after 6-9 months of treatment. It is unclear
whether this is due to biological or more psycho-
logical factors. Moreover, some obese patients are
refactory to drug treatment and do not respond at
all. Thus, if the patient does not obtain any weight
loss after treatment for 2-3 months, drug treatment
should be stopped. Patients are more likely to be
compliant if they receive ongoing counselling and
follow-up by a dietician and/or general practitioner.
It is also important to discuss realistic expectations
for weight loss and the long-term consequences of
maintaining a healthy lifestyle with the patients.

Sibutramine

Sibutramine acts centrally as a noradrenalin-serotonin
uptake inhibitor and has appetite-suppressing effects.
Sibutramine also stimulates thermogenesis but this
effect seems to play a minor role in weight reduction.
Together with lifestyle modification sibutramine
provides a mean weight loss of approximately 4 kg
after treatment for 1 year when compared with
placebo [5]. The dose of sibutramine used was
either 10 or 15 mg once daily. The number of
patients reaching 5% and 10% weight loss was
34% and 15% larger with sibutramine than with
placebo. Wadden et al [6] have shown that a pro-
gramme of sibutramine together with lifestyle
modification is considerably more successful than
either therapy alone. After a significant weight loss
sibutramine is better to maintain the weight loss for
up to 2 years when compared with placebo [7].
Besides common usually mild side effects such as
dry mouth, constipation, insomnia, and headaches,
sibutramine produces a dose-dependent minor
increase in heart rate and may increase the blood
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pressure as well, leading to concerns about potential
cardiovascular negative effects. Thus, it should be
used with caution in patients with hypertension and
the blood pressure should be monitored in all
patients particularly in the initiation of treatment.
Sibutramine is contraindicated in patients with
untreated or poorly controlled hypertension, arrhyth-
mias, coronary heart disease, cardiac failure, and
severe impairment of the liver and kidney function.

Sibutramine and Diabetes

Several smaller interventions with sibutramine in
obese patients with type 2 diabetes have been
performed. In 6- to —12-month interventions
glycemic control improved in parallel with weight
loss and those with a weight loss of 210% also
achieved significant decreases in HbAlc. Diabetic
patients have higher rates of hypertension than
non-diabetic patients. At least 10% of the patients
will experience a 10 mmHg or more rise in blood
pressure using sibutramine [8]. Thus, the drug
should be used with caution in diabetic patients. In
a Cochrane review concerning pharmacotherapy for
weight loss in adults with type 2 diabetes, it is con-
cluded that the magnitude of weight loss is modest
and the long-term health benefits of pharamo-
cotherapy remain unclear. Moreover, the safety of
sibutramine in these patients is still uncertain [9].

Long-term data on the effect of sibutramine on
obesity-related morbidity and mortality are still lacking.
However, the current Sibutramine Cardiovascular
Outcomes (SCOUT) trial is evaluating the efficacy of
sibutramine on major cardiovascular events (myocardial
infarction, stroke, and mortality). It is planned that
this study should be finished in 2008.

Orlistat

Orlistat binds to intestinal and pancreatic lipases,
inhibiting their action and reduces dietary fat
absorption by about 30%. The typical dose of orli-
stat is 120 mg three times per day with meals. Less
than 1% of the drug is taken up. Thus, most of the
drug is excreted unchanged in faeces.

The mean weight loss after treatment for 1 year
with orlistat is around 3 kg when compared with
placebo. The number of patients reaching 5% and
10% weight loss was 21% and 12% larger with
orlistat than with placebo [10]. In a 3-year trial the
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placebo-corrected extra weight loss with orlistat was
2.5 kg [11]. In a 4-year intervention the weight loss
after treatment with orlistat was 2.7 kg when
compared with placebo [12]. In some but not all
studies it is found that orlistat treatment leads to
more favourable changes in total cholesterol and
LDL-cholesterol. Orlistat has been found to reduce
blood pressure by 1.8 mmHg systolic and by 1.6
mmHg diastolic. Side effects of orlistat are related to
its mode of action and include particularly gastroin-
testinal problems such as fatty oily stools, faecal
urgency, diarrhoea, flatulence, and abdominal pain.
These side effects are reduced by following a low fat
diet. Fat malabsorption does, however, increase the
risk of vitamin D, E, and beta-caroten deficiency,
and, therefore, daily supplementation with vitamins
is recommended during orlistat treatment. These
supplements should be taken between meals.

Orlistat and Diabetes

Beneficial results in the glycemic profile (mean
reduction of fasting glucose by about 0.8 mmol/L)
have been reported with orlistat-induced weight loss
in 6- to 12-month studies in obese type 2 diabetic
patients. This has been found also when orlistat was
given as an adjunct to antidiabetic treatment such as
with metformin and sulphonylurea drugs. Smaller
but significant reductions of HbAlc have also been
found by orlistat treatment (placebo controlled).

In a 4-year Swedish intervention with orlistat in
3,305 obese patients, it was found that orlistat
reduced weight by extra 2.7 kg and decreased the
incidence of type 2 diabetes from 9.0% to 6.2%
(hazard ratio 0.63). The preventive effect associ-
ated with orlistat treatment was almost only in
patients with impaired glucose tolerance at base-
line (20% of the population) [12].

Apart from diabetes incidence, the effect of
orlistat on obesity-related morbidity and mortality
is still lacking.

Rimonabant

Rimonabant is the first endocannabinoid—CB [1]
blocking drug in the treatment of obesity. The
CB1 receptor is widely distributed in CNS and
these receptors interact with several pathways
involved in appetite regulation (e.g. ghrelin and leptin
pathways). Rimonabant may, however, also have
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peripheral effects on metabolic factors. Endogenous
ligands for these receptors, the endocannabinoids,
are synthesised from phospholipid derivatives of
arachidonic acid and may stimulate the appetite.
There are some indications that obesity is associ-
ated with an overactivity of the endocannabinoid
system, which may be reduced by rimonabant.

Four clinical trials in overweight or obese adults
with or without type 2 diabetes have currently been
published. Oral rimonabant 20 mg once daily
reduces mean weight by around 4-5 kg more than
placebo after treatment for 1 year [13—16]. The pro-
portion of patients achieving >5% and >10% weight
loss was 30% and 20% higher in the rimonabant
group compared with placebo. The reduction in waist
circumference after treatment with rimonabant was
closely related to the extra weight loss. After 1 year
of rimonabant treatment rerandomisation of the
patients to placebo resulted in weight regain.
Rimonabant-induced weight loss has only been asso-
ciated with slightly reduced blood pressure [13].
More pronounced improvements in HDL-cholesterol
and in triglyceride have, however, been observed
after treatment with rimonabant. From analysing the
data from the four trials it is suggested that rimona-
bant may have weight loss independent effects in
improving HDL-cholesterol and triglyceride.
However, these possible weight independent effects
of rimonabant await further verifications from stud-
ies specifically designed to investigate this issue.

The adverse effects of rimonabant are upper res-
piratory tract infections, nausea, dizziness, and
insomnia. The focus has, however, particularly
been on mood alterations, depressive disorders, and
anxiety, and these symptoms were reported in 3.2%
with rimonabant (20 mg) and in 1.6% in placebo-
treated patients. Patients with psychiatric illnesses
were, however, not included in the published
rimonabant trials. Thus, there is limited data avail-
able on the safety of rimonabant in patients with
mental illness. Therefore, the use of rimonabant is
not recommended in patients with depression or in
patients on antidepressant medication.

Rimonabant and Diabetes

Only one study investigating the effect of rimona-
bant in type 2 diabetic patients has been published
[16]. The rimonabant-induced weight loss was
associated with a reduction of HbAlc by 0.7%
after treatment for 1 year in obese diabetic patients
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who were not well controlled on either metformin
or sulphonylurea drugs. The proportion of patients
obtaining HbAlc under 6.5% was 43% in the
rimonabant treated and 21% with placebo.
Rimonabant had similar positive effects on HDL-
cholesterol and triglyceride as in the other trials in
non-diabetic patients [17].

No data on cardiovascular morbidity or mortal-
ity of rimonabant have still been reported but a
large study investigating the effect of rimonabant
on myocardial infarction, stroke, and cardiovascu-
lar death has been started.

Clinical Perspectives

No head-to-head trials of the three major antiobe-
sity drugs on the market exist, which makes the
decision of the benefit of one drug over the other
for a given patient almost impossible. Therefore,
if drug treatment is under consideration the
choice among the three drugs may mainly take
into account the adverse effects, the patients’
preference, the concomitant diseases, and the cost
of the drug.

It is shown that orlistat could prevent or retard
the development of type 2 diabetes and reduce
LDL-cholesterol. Thus, orlistat could be the
choice in obese subjects with a high risk of devel-
opment of type 2 diabetes (e.g. impaired glucose
tolerance) and at enhanced risk of cardiovascular
disease (e.g. hypertension and high LDL).
Orlistat should be avoided in patients who are
unable to reduce their fat intake and in patients
with chronic diarrhoea.

Sibutramine may be useful in patients where the
obese state is characterised by overeating and
snacking because of its appetite reducing effects.
Sibutramine should not be used in patients with
uncontrolled hypertension or with tachy-arrhythmia.
Rimonabant may be preferred in obese patients
with the metabolic syndrome particularly in those
with low HDL and high triglyceride. Because of
few data rimonabant should be avoided in patients
with psychiatric illness, particularly in patients with
major depressions and in patients in antidepressive
treatment. These suggestions are not evidence
based but the recommendations that can be used
until more direct head-to-head investigations have
been performed.
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If treatment with one of the drugs does not result
in weight loss of more than 2—-3% after 3 months, it
should be stopped and another drug could be initi-
ated. For all three drugs it has been found that
when the drugs are stopped weight regain is very
common. Treatment with orlistat has been per-
formed up to 4 years without safety problems. For
sibutramine and rimonabant data up to 2 years have
been published. No data are available that suggest
that combination treatment results in better weight
losses than just using one drug.
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Introduction

Cardiovascular disease (CVD) remains the most
important cause of morbidity and mortality in people
with diabetes [1]. This high-risk population is more
likely to suffer a fatal event as the first manifestation
of myocardial infarction (MI) or stroke, making
primary prevention a priority. The pathogenesis of
atherosclerosis-related disease is multifactorial but
dyslipidaemia is a common and important risk
predictor and is open to therapeutic intervention.
Pharmacological intervention is supported by major
randomised, controlled clinical trials (RCTs) of pri-
mary and secondary CVD prevention. RCTs with
statin drugs have demonstrated unequivocal benefit
in reducing major coronary events and stroke.

Dyslipidaemia is strongly correlated to insulin
resistance and hyperinsulinaemia. It is present at the
time of diagnosis of diabetes as part of the insulin-
resistance syndrome and persists despite treatment
of glycaemia. It should be treated in its own right;
indeed, given the evidence of benefit from RCTs,
effective management of dyslipidaemia needs to
move centrestage in the prevention of CVD.

In this chapter, the pathophysiology of diabetic
dyslipidaemia and its relation to CVD are described.
RCTs, which provide the basis for clinical practice,
are discussed together with new information pointing
to benefits from more intensive therapy. As a result of
this evidence more stringent goals of therapy have
been advocated by national and international bodies.

It will become clear that the major goal of
therapy is to reduce low-density lipoprotein (LDL)
cholesterol with the statin class of drugs. Sadly,
audit data point to the fact that many patients are
not yet receiving optimal management.

Most trial data relate to patients with type 2 diabetes
but the increased lifetime risk in type 1 diabetes should
not be overlooked and, although not strictly evidence-
based, strategies for lipid-lowering management of
this important group have been proposed.

Diabetic Dyslipidaemia

Diabetic dyslipidaemia is a complex phenotype of
both quantitative and qualitative lipid and lipopro-
tein abnormalities [2]. It is present at the time of
diagnosis and in the pre-diabetic period. Its expres-
sion in an individual patient will be influenced by
both genetic and lifestyle factors such as gender,
obesity, (particularly central obesity), level of phys-
ical activity, cigarette smoking, alcohol intake, diet,
and poor glycaemic control; concomitant drug
therapies and medical conditions such as primary
dyslipidaemias (e.g. familial combined hyperlipi-
daemia and homozygosity for apoprotein E2, which
predisposes to type III hyperlipidaemia) and other
secondary causes of dyslipidaemia particularly renal
and hepatic dysfunction and hypothyroidism.

It is characterised by moderately raised triglyc-
erides, low high-density lipoprotein (HDL)-chole-
sterol, and the accumulation of cholesterol-enriched
remnant lipoprotein particles. Total and LDL-
cholesterol concentrations mainly reflect those of the
background population but there are important
qualitative changes in LDL particle distribution,
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which is shifted to smaller, denser particles, so-called
small, dense LDL [3].

Depending on the cut points taken, raised triglyc-
erides will be present in up to 60% of patients. In
the Prospective Cardiovascular Munster (PROCAM)
study in Germany, triglyceride concentrations >2.3
mmol/L were present in 39% of diabetic subjects
compared with 21% in the general population and
low HDL-cholesterol (<0.9 mmol/L) in 27% com-
pared with 6% [4]. In the Botnia study, involving
4,483 men and women aged 35-70 years, patients
with diabetes (n = 1,697) were three-fold more
likely to have elevated triglycerides (>1.7 mmol/L)
and low HDL-cholesterol (<0.9 mmol/L in men
and <1 mmol/L in women). In individuals with
impaired glucose tolerance (n = 798), dyslipidaemia
was increased two-fold compared with those with
normal glucose tolerance [5].

Factors leading to characteristic dyslipidaemia
are complex and not fully understood. Insulin
resistance is associated with the failure of normal
suppression of hormone-sensitive lipase in adipose
tissue and increased lipolysis leading to increased
flux of non-esterified fatty acids (NEFAs) to the
liver; this is partly responsible for increased
hepatic output of very low-density lipoprotein
(VLDL) [6]. Central obesity is common in insulin
resistance and type 2 diabetes and visceral fat is
increasingly recognised as an important paracrine
and endocrine organ [7]. Adiponectin, an impor-
tant adipose-specific adipokine, is reduced in
insulin resistance and type 2 diabetes [8]. This
would favour increased lipolysis as the action of a
further important cytokine, TNF-alpha in stimulat-
ing lipolysis is unopposed.

Insulin normally suppresses hepatic VLDL
assembly and secretion by increasing the degrada-
tion of apoprotein B-100, the major apoprotein of
VLDL and inhibiting the expression of microsomal
transfer protein, important in VLDL assembly [9,10].
In insulin resistance, increased flux of NEFAs
together with lack of inhibition of VLDL assembly
leads to overproduction of VLDL, mainly large
VLDL. VLDL is overproduced in the postprandial
state and as chylomicrons are absorbed from the
gut, activity of the enzyme, lipoprotein lipase
(LPL), is saturated leading to increased and pro-
longed postprandial lipaemia [11]. Clearance of
triglyceride-rich lipoproteins is further affected as
the activity of LPL is reduced in the presence of
excess NEFAs and apoprotein C-III, a major
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inhibitor of LPL activity, is increased but this may
not be independent of triglyceride levels [11].

Enhanced postprandial lipaemia stimulates lipid
exchange between lipoproteins through the action of
cholesterol ester transfer protein (CETP) [12]. CETP
mediates the mole for mole transfer of cholesterol
ester from HDL to lipoproteins of lower density in
exchange for triglyceride. This contributes signifi-
cantly to the qualitative lipoprotein abnormalities.
Partially hydrolysed triglyceride-rich lipoproteins or
remnant particles become enriched in cholesterol.
These particles are thought to be highly atherogenic
contributing to foam cell formation, oxidative stress,
and endothelial dysfunction [13,14].

HDL becomes triglyceride-enriched through lipid
exchange and is a substrate for hepatic lipase, which
is increased in insulin resistance. As a result of
hydrolysis of HDL triglyceride, smaller, denser
HDL particles are formed; these are more rapidly
catabolised contributing to the decreased HDL
levels [15]. As previously discussed, adiponectin
concentrations are reduced and this may contribute
not only to decreased production of apo Al the
major protein of HDL, but also to decreased expres-
sion of the ATP cassette binding protein, ABC Al,
an important peripheral binding site for HDL in the
process of reverse cholesterol transport. These
effects of adiponectin are probably related to its ability
to stimulate peroxysome proliferator-activated
receptor gamma (PPAR gamma) activity [8,16]

Hypertriglyceridaemia is a major factor in deter-
mining LDL particle size [17,18]. It appears from
kinetic studies that it is a large VLDL, which is most
strongly related to the generation of small, dense
LDL [2]. CETP activity is again involved in lipid
exchange producing triglyceride-enriched LDL par-
ticles, which are substrates for hepatic lipase, the
resultant triglyceride hydrolysis resulting in smaller
denser particles. LDL particle size is decreased in
IGT with further reductions in frank diabetes, and
these effects seem to be more marked in women [19].

Rationale for Lipid-Lowering
from Epidemiology Studies

Total and LDL-cholesterol are similar or only
slightly elevated in type 2 diabetes compared with
the background population but are major determinants
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of CVD risk. In men, screened for the Multiple
Risk Factor Intervention Trial (MRFIT), total
cholesterol was an important determinant of CVD
mortality in those with diabetes as in those without
and, for a given cholesterol concentration, CVD
risk was two- to three-fold higher [20].

LDL-cholesterol was the best predictor of MI in
the United Kingdom Prospective Diabetes Study
(UKPDS) [21]. Based on the observational
epidemiology, a | mmol/L increase in LDL is asso-
ciated with a 57% increased risk. LDL-cholesterol
was also a strong predictor of CVD in diabetic indi-
viduals with insulin resistance and relatively low
LDL concentrations in the Strong Heart Study [22].

LDL particle size distribution is shifted to smaller,
denser particles in insulin resistance. These particles
have less polar lipid leading to increased surface
accessibility of apolipoprotein B (apo B), the major
apo protein of LDL, including segments with
increased binding affinity to glycosaminoglycans.
Small dense LDL is a less effective ligand for the
LDL receptor, a major determinant of the clearance
of LDL from the circulation. More prolonged
plasma residence time together with the smaller par-
ticle size facilitates penetration to the arterial subin-
timal space with subsequent increased retention due
to binding to glycosaminoglycans. Small dense LDL
is also more susceptible to oxidation and it is oxi-
dised LDL that is central to many of the processes of
atherogenesis [23,24].

When LDL particles are small and dense, there
will be an increased particle number for a given
LDL-cholesterol concentration. As there is one
molecule of apo B per LDL particle, measurement of
plasma apo B helps to identify the presence of small,
dense LDL as the level will be higher than expected
for the LDL-cholesterol concentration [25].

A further qualitative change in LDL, which may
affect its atherogenic potential, is glycation of apo B.
Glycated LDL is a less effective ligand for the LDL
receptor, which will tend to prolong its plasma
residence time and also increase susceptibility to
oxidation [26].

HDL-cholesterol concentrations are inversely
related to CVD risk in diabetes as in the general
population [27]. There are several potential mech-
anisms by which HDL may protect but the most
widely accepted is its roll in reverse cholesterol
transport whereby free cholesterol is removed from
the periphery, including the arterial wall, to the
liver for excretion. This process is becoming
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increasingly understood at the cellular level with
the identification of important receptors on liver
and peripheral cells [28,29]. HDL may also protect
against atherogenesis in other ways in that it has
anti-inflammatory, anti-oxidant, and anti-thrombotic
activity. In UKPDS a strong inverse correlation
was demonstrated between HDL-cholesterol and
risk; a 0.1 mmol increase being associated with a
15% decrease in CVD events [21].

Wh