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Henning Beck-Nielsen

1.1 Introduction

The metabolic syndrome is a common syndrome affecting about 20 % of the adult
population without known diabetes and cardiovascular disease (CVD) in Europe,
and probably the prevalence is of the same magnitude in other industrialised
countries worldwide. This syndrome, which is linked to leisure lifestyle and
overeating/obesity, can develop into type 2 diabetes, CVD, cancer, gout, non-
alcoholic fatty liver disease (NAFLD), polycystic ovary syndrome (PCOS), sleep
apnoea and dementia and may result in increased mortality.

The metabolic syndrome is mainly caused by western lifestyle resulting in
abdominal obesity but also a genetic predisposition plays a role. Abdominal obesity
leads to insulin resistance and hyperinsulinaemia, further resulting in glucose
intolerance and dyslipidaemia (high plasma triglyceride and low high-density
lipoprotein (HDL) cholesterol values) and arterial hypertension. These are all risk
factors for the diseases mentioned above. Around 50 % of subjects suffering from
the metabolic syndrome develop type 2 diabetes, including the problems and
complications connected with this disease. Figure 1.1 describes our model for the
pathophysiology of the metabolic syndrome and its consequences.

As clinicians, we need to be aware of the syndrome and be able to treat the
individual components in order to avoid the complications.

The treatment should of course be based on the pathophysiology in order to
change the lifestyle by reducing calorie intake (especially saturated fat and sugar)
by an increase in physical activity (interval training seems to be effective) and by
reduction of mental stress and tobacco use. However, pharmacological treatment

H. Beck-Nielsen (D<)
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Fig. 1.1 The pathophysiology of the metabolic syndrome

may be necessary in most subjects in order to avoid the consequences of the
syndrome and therefore treatment of these components seems obligatory.

Insulin resistance can be treated by metformin, which also seems to reduce the
risk for CVD and cancer development. This drug seems to be a logic basis for
treating the metabolic syndrome since it affects specifically insulin resistance. Also,
thiazolidinediones (TZDs) seem to be specifically effective in subjects with meta-
bolic syndrome since they improve peripheral insulin sensitivity, specifically in
skeletal muscle, and reduce ectopic fat disposition e.g. in liver and muscle cells,
which seems to play an important role for the development of insulin resistance. Fat
liver itself is a variable for subjects with metabolic syndrome. Despite therapeutic
preference of TZDs based on their mechanisms, the drugs on the market have
serious side effects, which should be taken into account.

Statins have proven to be effective in specifically patients with metabolic
syndrome suffering from type 2 diabetes and CVD and therefore they are the first
drug of choice in most subjects in order to treat dyslipidaemia. Fibrates may
specifically be an option in patients with increased triglyceride levels.

In time, the metabolic syndrome results in “exhaustion” of beta-cells further
resulting in reduced insulin secretion, which causes hyperglycaemia—therefore,
beta-cell stimulation may be recommended. Glucagon-like peptide 1 (GLP-1)
agonists, which also reduce body weight and blood pressure, therefore, seem to
be an obvious choice in many subjects with metabolic syndrome—perhaps also in
the prediabetic state in order to reduce body weight.

Recently, gastric bypass surgery has been shown to be an alternative to pharma-
cological treatment in specifically very obese subjects.
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Finally, about 80 % of subjects with metabolic syndrome suffer from arterial
hypertension, which is an important factor for the development of CVD and stroke.
Therefore, a proper treatment of blood pressure is necessary and inhibition of the
angiotensin system seems obligatory.

All these aspects will be covered in this book, and based on that an algorithm
will be proposed for proper treatment of the metabolic syndrome in clinical
practice.

1.2  History

The relationship between obesity, specifically abdominal obesity and metabolic
abnormalities, such as increased lipid, glucose and urate values together with
arterial hypertension, has been known and described for decades. It has also been
described that patients suffering from this dysmetabolism have a higher risk for
developing type 2 diabetes and CVD. Professor Vague was in 1952 the first to
describe the syndrome linking masculine fat disposition (abdominal obesity) to
metabolic disturbances, CVD and gout [1]. Short after, Professor Crepaldi
described the “plurimetabolic syndrome”, which is close to what we today consider
to be the metabolic syndrome [2]. In 1981, Professor Hanefeld further evaluated the
hypothesis and presented the first tentative definition of the syndrome [3]. However,
the interest for the syndrome really grew in 1988 when Professor Reaven in his
Banting lecture defined the syndrome X, which was later named ‘“the insulin
resistance syndrome” and today is called “the metabolic syndrome” [named by
the World Health Organization (WHO)] [4]. The syndrome also has a WHO
diagnostic code: ICD9. However, the term metabolic syndrome is in a way
misleading since metabolism is a phenomenon taking place in normal subjects.
What, however, characterises these patients is dysmetabolism and therefore “the
dysmetabolic syndrome” would be a more correct and meaningful name.

1.3  Dysmetabolism

Subjects with metabolic syndrome are characterised by dysmetabolism showing
increased levels of plasma glucose, free fatty acids, triglyceride, alpha
hydroxybutyrate, branched chain amino acids and urate in the fasting state.
Plasma-free fatty acids would normally be suppressed by a meal, but not in these
subjects, while both free fatty acids and triglycerides are severely increased during
the entire 24-h period in patients with metabolic syndrome. Intracellularly insulin-
mediated glycogen storage in both liver and muscles is reduced together with a
reduction in glucose oxidation, whereas lipid oxidation is relatively increased (due
to increased substrate supply), as is glycolysis. The last may result in an increase in
plasma lactate and consequently an increase in gluconeogenesis. The increase in
lipid intake results in abdominal obesity and consequently ectopic lipid disposition
in both liver, skeletal muscles and beta-cells. Thus, subjects with metabolic syn-
drome seem to have a defect in glycogen storage, whereas lipid storage is increased
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Table 1.1 Newest criteria defined by the International Diabetes Federation (IDF) for clinical
diagnosis of the metabolic syndrome

Measure Categorical cut-points

Elevated waist circumference® Population- and country-specific definitions
Elevated triglycerides (drug treatment for >150 mg/dL (1.7 mmol/L)

elevated triglycerides is an alternate indicator®)

Reduced HDL cholesterol (drug treatment for <40 mg/dL (1.0 mmol/L) in males
reduced HDL cholesterol is an alternate <50 mg/dL (1.3 mmol/L) in females
indicatorh)

Elevated blood pressure (antihypertensive drug Systolic >130 and/or diastolic >85 mmHg

treatment in a patient with a history of

hypertension is an alternate indicator)

Elevated fasting glucose® (drug treatment of >100 mg/dL (5.6 mmol/L)
elevated glucose is an alternate indicator)

Three components must be fulfilled to make the diagnosis

HDL indicates high-density lipoprotein

Tt is reccommended that the IDF cut-points are used for non-Europeans and either the IDF or the
American Heart Association/National Heart, Lung, and Blood Institute cut-points are used for
people of European origin until more data are available

"The most commonly used drugs for elevated triglycerides and reduced HDL cholesterol are
fibrates and nicotinic acid. A patient taking one of these drugs can be presumed to have high
triglycerides and low HDL cholesterol. High-dose w-3 fatty acids presumes high triglycerides
“Most patients with type 2 diabetes mellitus will have the metabolic syndrome by the proposed
criteria

Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, Fruchart JC, James WP,
Loria CM, Smith SC Jr; International Diabetes Fedration Task Force on Epidemiology and
Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World
Heart Federation; International Atherosclerosis Society; International Association for the Study
of Obesity. Harmonizing the metabolic syndrome: a joint interim statement of the International
Diabetes Federation Task Force on Epidemiology and Prevention; National Heart, Lung and Blood
Institute; American Heart Association; World Heart Federation; International Atherosclerosis
Society; and International Association for the Study of Obesity. Circulation 2009; 120: 1640

both abdominally and intracellularly in liver and muscles [5—7]. Protein oxidation
seems normal, but branched chain amino acids seem to accumulate [8].

It is difficult to tell what the primary and secondary factors of these events are,
but environmental factors such as leisure lifestyle and overeating seem to play a
central role, and also a genetic susceptibility seems to be important.

To understand the metabolic syndrome is to understand the dysmetabolism, and
this understanding is also important for the diagnosis of the syndrome as used in
clinical practice.

1.4  Definition and Diagnosis

The International Diabetes Federation (IDF) has recently formulated a new opera-
tional definition of the metabolic syndrome to be used in clinical practice world-
wide (Tables 1.1 and 1.2) [9]. The definition is based on visceral obesity as the
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Table 1.2 Current recommended waist circumference thresholds for abdominal obesity by

organisation

Recommended waist circumference thresholds for abdominal obesity

Population Organisation (Ref) Men (cm) Women (cm)
Europid IDF >94 >80
Caucasian WHO >94 (Increased risk) >80 (Increased risk)

United States

AHA/NHLBI ATP
r*

>102 (Still higher risk)
>102

>88 (Still higher risk)
>88

Canada Health Canada >102 >88
European European >102 >88
Cardiovascular
Societies
Asian (including IDF >90 >80
Japanese)
Asian WHO >90 >80
Japanese Japanese Obesity >85 >90
Society
China Cooperative Task >85 >88
Force
Middle East, IDF >94 >88
Mediterranean
Sub-Saharan Africa IDF >94 >88
Ethnic Central and IDF >90 >88

South America

“Recent AHA/NHLBI guidelines for the metabolic syndrome recognise an increased risk for
cardiovascular disease and diabetes at waist circumference thresholds of >94 c¢cm in men and
>80 cm in women and identify these as optional cut-points for individuals or populations with
increased insulin resistance

IDF International Diabetes Federation, WHO World Health Organization, AHA American Heart
Association, NHLBI National Heart, Lung, and Blood Institute

primary factor of the syndrome. The most optimal measurement of visceral obesity
is obtained by a magnetic resonance (MR) scan, which is able to accurately measure
visceral fat without including subcutaneous fat. For several reasons, MR scans are,
however, not always usable in clinical practice, whereas waist circumference has
shown to be a useful surrogate measurement and is therefore recommended in all
patients showing signs of the metabolic syndrome. Waist circumference is defined
as the circumference of abdomen measured in the middle of the rib curvature and
the crista iliaca when the patient is standing up. Waist-to-hip ratio has previously
been suggested as a preferable measurement, but this measurement is a poorer
measurement for visceral fat than waist circumference. The limit values for waist
circumference are different depending on ethnicity and gender. In Europe, the
normal limit of waist circumference is lower than 94 cm for men and lower than
80 cm for women. Higher values than these are associated with increased morbidity
and mortality. In addition to waist circumference, IDF recommends measuring
blood pressure, which must be done when the patient is sitting down after 10 min
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resting, as well as measuring fasting plasma triglyceride, HDL cholesterol and
fasting plasma glucose. If the patient’s waist circumference is too high and if the
pathological values for two of the four additional factors are present, the patient
suffers from the metabolic syndrome, as defined by IDF. The weakness of this and
other syndrome definitions is that the definitions do not always include the same
factors, and different phenotypes with the same diagnosis may therefore be
presented. This, however, does not change the fact that the diagnosis is operational.

As mentioned, the metabolic syndrome has been linked to CVD and the degrees
of the syndrome have been used as a risk engine for development of CVD.
However, only about 20-30 % of patients with metabolic syndrome develop
CVD, and better risk engines than the metabolic syndrome exist. Therefore, the
metabolic syndrome should today be diagnosed in order to draw the attention
to the clustering of the metabolic abnormalities (dysmetabolism). If one of the
components in the syndrome is diagnosed, the other components must be measured.
Thereby, diagnosing of the metabolic syndrome may lead to a reduced risk of
developing the clinical consequences: type 2 diabetes, CVD, cancer, NAFLD,
PCOS, sleep apnoea and dementia.

Based on these arguments, diagnosis of the metabolic syndrome makes sense
mainly in premorbid state (before development of the diseases) in order to charac-
terise the risk factors.
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Knut Borch-Johnsen

2.1 Introduction

Insulin resistance—an essential component of the metabolic syndrome—has been
known for nearly 70 years. Himsworth [1] suggested the existence of two different
types of diabetes: one characterised by high levels of insulin sensitivity (what we
now know as type 1 diabetes, characterised by beta-cell destruction) and another
characterised by insulin insensitivity (what we now know as type 2 diabetes,
characterised by insulin resistance). Detailed, explanatory studies in this field
were impossible until the introduction of the radioimmunoassay for insulin in
1960 [2]. This technology opened the door for larger studies of the role of insulin
resistance in relation to diabetes as well as to cardiovascular disease (CVD).
Throughout the following 25 years the association between hypertension,
dyslipidaemia, glucose intolerance and hyperinsulinaemia was established through
first smaller case—control studies and subsequently through large, population-based
studies [3-6].

In 1988 Reaven reviewed the existing knowledge around the association
between insulin resistance and a variety of metabolic risk factors for diabetes and
CVD in his paper “Role of insulin resistance in human disease” [7]. Reaven had a
background in physiology, and he concludes his review by elegantly proposing a
hypothesis offering the suggestion that insulin resistance could be the common
denominator underlying a syndromic clustering of metabolic risk factors explaining
the clustering of CVD risk factors in selected groups. By doing so, he offered a
pathophysiological model that could be tested, confirmed or rejected. The scientific
community rather uncritically accepted his suggestion of a new “syndrome”, and
rather than designing studies that could test his hypothesis, a plethora of studies
confirming the basic associations or proposing new markers that were also
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associated with insulin resistance were published. Through this process, epidemi-
ology contributed more to confusion than to clarity and understanding. The obser-
vational evidence of association was all too often taken as evidence of causality.
The literature proliferation popularised the concept of the “metabolic syndrome”,
and from being hypothesised in 1988 it became fully established by the World
Health Organization (WHO) in 1999 [8]. The underlying rationale was reviewed by
the American Diabetes Association (ADA) and the European Association for the
Study of Diabetes (EASD) in 2005 [9], and they concluded that: “the criteria are
ambiguous and incomplete; the rationale for thresholds are ill defined; the value of
including diabetes in the definition is questionable; the role of insulin resistance as
the unifying aetiological factor is uncertain; there is no clear basis for including or
excluding other CVD risk factors; the CVD risk value is variable and dependent on
the specific risk factors present; the CVD risk associated with the “syndrome”
appears to be no greater than the sum of its parts; the treatment of the syndrome as a
whole is no different from that of each of its components and the medical value of
diagnosing the syndrome is unclear”.

Despite this rather harsh criticism, the “metabolic syndrome” demonstrated its
capacity to survive even in a hostile scientific environment. Definitions of the
syndrome were disputed (Chap. 1), but the name survived. Most importantly the
rationale changed from being a hypothetical, explanatory physiological model into
being that the metabolic syndrome represents an easy risk prediction model
identifying individuals at risk of developing CVD (and diabetes) and as such we
have learned to live with the term. Many clinicians have found the risk tool easy to
use, despite the fact that other risk prediction programmes may be more sensitive
and specific in separating those at high risk from those at low risk.

The first section of this chapter will be devoted to classical epidemiological
characteristics of the syndrome including global variation in the prevalence of the
metabolic syndrome and will focus on the impact of age, gender and ethnicity. The
second section of the chapter will focus on the clinical, epidemiological aspects of
the syndrome focusing on the ability of the syndrome to predict the risk of
developing diabetes and CVD. The concluding section of the chapter will be
devoted to reflections on the future of the metabolic syndrome in relation to risk
prediction and public health.

2.2 Epidemiology of the Metabolic Syndrome

The rapid changes in the definition over time make it very difficult to compare
studies and therefore also to evaluate temporal trends and regional variations in the
prevalence of the metabolic syndrome. The most recent definitions have introduced
region-specific cut-points for the level of obesity (waist circumference) defining the
metabolic syndrome. The introduction of region-specific cut-points is rational from
the point of view that the association between obesity and glucose intolerance [10],
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Table 2.1 Prevalence of the metabolic syndrome in population-based surveys

Country Age (year) Number Prevalence (%) Diagnostic criteria ~ Study
Saudi 10-18 1,231 10 M) NCEP [15]
Arabia 8 (F)
Oman 20+ 1,419 20 (M) NCEP [16]
23 (F)
Turkey 49 + 13 2,398 27 (M) NCEP [17]
39 (F)
Finland 42-60 1,005 males 14 NCEP [18]
21 WHO
India 20+ 1,091 8 (M) NCEP [19]
18 (F)
United 12-17 2,014 7 M) IDF [20]
States 2 (F)
United 30-79 Framingham 15 (M) NCEP [21]
States offspring 3,224 14 (F)
San Antonio 9 (M)
Heart S. 13 (F)
1,081 (white) 14 (M)
1,656 (Mexican 21 (F)
Hispanic)
China 15+ 1,206 26 (M) NCEP [22]
(urban) 28 (F)
China 18-74 13,505 females 22 IDF [23]
(rural) 17 NCEP
23 ATP-III modified

blood pressure [11] and dyslipidaemia [12] varies between ethnic groups. On the
other hand, the use of the region-specific cut-points may also mask some of the true
regional differences in the prevalence of the syndrome.

2.2.1 Regional Variation in the Metabolic Syndrome

Most epidemiological studies have used definitions that did not include region-
specific cut-points for obesity like the National Cholesterol Education Program
Adult Treatment Panel III (NCEP ATP-III) [13], European Group for the Study of
Insulin Resistance (EGIR) [14] or WHO [8]. Using these definitions, population-
based studies have demonstrated marked regional differences in the prevalence of
the metabolic syndrome. The highest prevalence is found in the Middle East region
(Table 2.1), where more than every third person above the age of 20 fulfils the
criteria for having the metabolic syndrome.

Within countries, the prevalence also varies by ethnicity. In the National Health
and Nutrition Examination Survey III (NHANES III) [24], the age-adjusted preva-
lence was 30—40 % higher in people of Mexican—American origin than in persons of
White and African—American origin.
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Fig. 2.1 Prevalence of the metabolic syndrome in a population-based sample of 6,667 non-
diabetic Danes aged 30-60 years (Inter-99 study). The prevalence increases by age with the
diagnostic criteria from the World Health Organization (WHO) [8], the National Cholesterol
Education Program Adult Treatment Panel III (NCEP-ATP-III) [13] and the European Group
for the Study of Insulin Resistance (EGIR) [14] although the EGIR criteria are less age dependent

2.2.2 Ageing and the Metabolic Syndrome

The prevalence of obesity, hypertension, dyslipidaemia and hyperglycaemia all
increase with age (Fig. 2.1), and thus it is not surprising that the prevalence of the
metabolic syndrome also increases by age. In a large, collaborative European study
[25-27] including 11 population-based cohorts, the prevalence increased markedly
from the age of 30, and similar observations have been made in the United States
and China [24, 28]. The prevalence peaks around the age of 60-75 years, whereafter
it decreases. This decrease is likely to be explained by differential survival of those
with and without the metabolic syndrome.

2.2.3 Gender and the Metabolic Syndrome

Data regarding gender effect are conflicting with the majority of the studies finding
the highest prevalence in women compared to men [28, 29] while the collaborative
European analysis found no gender difference [26, 27]. The conflicting results with
respect to gender effect may partly be explained by the application of different
definitions for the metabolic syndrome. When applying the NCEP ATP III and the
International Diabetes Federation (IDF) criteria respectively to an Asian Indian
population, the gender difference was higher using the NCEP-ATP III definition
than when applying the IDF criteria [30].

2.3  Consequences of the Metabolic Syndrome

One important argument for maintaining the concept of the metabolic syndrome has
been the assumption that presence or absence of the syndrome predicts the future
risk of developing diabetes and CVD, respectively. This assumption is natural as
the definition of the metabolic syndrome includes important risk factors for both
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diabetes and CVD. Consequently, the rational question is not whether the presence
of the metabolic syndrome predicts development of diabetes or CVD, but rather
whether the presence of the syndrome predicts these diseases over and above the
predictive value of the individual components of the syndrome.

2.3.1 Prediction of Diabetes by the Metabolic Syndrome

Several epidemiological studies have shown that presence of the metabolic
syndrome increases the probability of developing type 2 diabetes three to fourfold,
and that the risk increases with the number of elements of the syndrome present.
This has been shown using several different definitions of the metabolic syndrome
[51, 18, 52-54, 31]. Some very strong risk factors for development of type 2 diabe-
tes are not included in the definition, the most important being age and family
history. These factors are among the strongest predictors of diabetes in diabetes risk
scores like the FINDRISK [32] and the Danish diabetes risk score [33].

In 2004 Stern et al. [34] published an analysis where they compared the NCEP
ATP-IIT definition of the metabolic syndrome [13] with the San Antonio Heart
Study risk score for diabetes [35] with respect to ability to predict future develop-
ment of diabetes. Their analysis was based on two population-based cohorts: the
San Antonio Heart Study [36], including 3,301 Mexican Americans and 1,857 non-
Hispanic whites, aged 25-64 years at baseline and followed for a median of 7 years
and the Mexico City Diabetes Study [55], including 2,282 persons aged 35-64
years followed for a median of 6.3 years. As shown in Table 2.2, both the metabolic
syndrome and the diabetes risk score predicted incident diabetes (as expected), but
if the effect of the metabolic syndrome was adjusted for the effect of the diabetes
risk score, then the odds ratio was reduced from 6.3 to 1.9. In contrast, when the
effect of the diabetes risk score was adjusted for the effect of the components of the
metabolic syndrome, then this only markedly reduced the odds ratio from 6.5 to 5.2.
Consequently, diabetes risk scores appear to be of greater value in identifying those
at risk of developing diabetes and therefore at need of lifestyle intervention
[38—40].

2.3.2 Prediction of CVD by the Metabolic Syndrome

Numerous studies have confirmed that presence of the metabolic syndrome
increases the risk of subsequent development of CVD [18, 26, 27, 41-43]. Unfor-
tunately, some of the definitions of the metabolic syndrome have included
individuals with diabetes, and consequently some studies of the association of the
syndrome with incident CVD may have been confounded by the strong association
between diabetes and CVD.

As was the case for the prediction of diabetes, several important and very strong
risk factors for CVD are not included in the metabolic syndrome. The two most
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Table 2.2 Odds ratio (95 % confidence interval (CI)) for prediction of diabetes and cardiovascu-
lar disease using the metabolic syndrome (NCEP ATP-III), the San Antonio Diabetes Risk Score
[35] and the Framingham Risk Score [37]

Univariate Multivariate
Prediction of diabetes in the San Antonio
heart study
Metabolic syndrome 6.32 (4.61-8.65) 1.94 (1.34-2.82)
Diabetes risk score 6.46 (4.97-8.40) 5.18 (3.89-6.91)
Prediction of diabetes in the Mexico City
diabetes study
Metabolic syndrome 2.63 (1.80-3.85) 1.15 (0.74-1.77)
Diabetes risk score 4.22 (3.11-5.72) 4.03 (2.87-5.65)
Prediction of CVD in the San Antonio
heart study
Metabolic syndrome 4.28 (3.08-5.94) 1.50 (1.03-2.18)
Framingham risk score 9.41 (6.53-13.6) 7.87 (5.29-11.7)

The multivariate model for prediction of diabetes combined the metabolic syndrome and the
diabetes risk score in a stepwise model. The multivariate model for prediction of cardiovascular
disease combined with the metabolic syndrome and the Framingham risk score (From [34])
NCEP ATP-III National Cholesterol Education Program Adult Treatment Panel III

important are not only age and smoking but also family history and physical activity
are generally included in CVD risk scores.

The previously mentioned study by Stern et al. [34] based on the San Antonio
Heart Study and the Mexico City Diabetes Study also analysed whether presence or
absence of the metabolic syndrome improved the identification of individuals at
risk of developing CVD when risk prediction was based on the Framingham Risk
Score for incident CVD [37]. In the analysis of prediction of CVD, only data from
the San Antonio Heart Study were included. As shown in Table 2.2, the odds ratio
for CVD based on the univariate analysis using the Framingham Risk Score was 9.4
compared with 4.3 for the metabolic syndrome. In the multivariate analysis, where
the effect of the metabolic syndrome was adjusted for the effect of the Framingham
Risk Score and vice versa, the results were even clearer. In the multivariate
analysis, the odds ratio using the metabolic syndrome decreased from 4.3 to 1.5,
while for the Framingham Risk Score decreased from 9.4 to 7.9. Similar
conclusions were drawn by Eddy et al. [44] and Sattar et al. [31] based on other
CVD risk scores.

24  The Future of the Metabolic Syndrome in Epidemiology,
Risk Prediction and Clinical Practice

While the definition of the syndrome has been disputed, and while its relevance as
risk predictor for diabetes and CVD is still controversial, there is still no doubt that
the term has been established and is likely to stay. Unless the definition of the
syndrome continues to change, it may also be a simple tool for monitoring the
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future societal risk diabetes and CVD based on risk factors that can easily be
monitored. This type of monitoring at regional or country level may guide health
authorities in prioritising and targeting their preventive efforts.

At the individual level, presence or absence of the metabolic syndrome appears
to create a tool for guiding the clinician and the patient with respect to the risk of
developing diabetes. For diabetes, other risk assessment tools are available. Most of
these can be self-administered and most do not require blood sampling or
measurements by health professionals [32, 33, 45-48]. The challenge when using
risk scores, however, seems to be sure they are implemented rather than choosing
the right test [49].

For prediction of CVD, the problem is even greater. Although the metabolic
syndrome predicts the development of CVD, it is still by far outperformed by other,
very well-validated CVD risk scores like the Framingham Risk Score and by the
European correspondent, the Systematic Coronary Risk Evaluation (SCORE) [50].

The real importance of the syndrome may well be reverting to the hypothesis
formulated by Reaven in [7]. Although nearly 25 years have passed since his
Banting lecture, many of his questions regarding the role of insulin resistance in
human disease remain unanswered. If these are answered, they may guide us in our
efforts to prevent the development of diabetes and CVD.
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3.1 Introduction

The metabolic syndrome is an increasingly prevalent clinical syndrome, closely
related to the risk of progression to type 2 diabetes, to cardiovascular disease (CVD)
and to several cancers [1-4]. Despite its prevalence (at about 20 % of many western
populations and much higher in several high risk populations), it has been a contro-
versial topic since it was first described, largely because of lack of agreement about
criteria for definition and diagnosis [5—7]. This has been further compounded by lack
of clarity about how the syndrome should be treated. In this chapter, we focus on the
pathophysiology of the metabolic syndrome. At the core of this pathophysiology is a
gradual and progressive distortion of normal metabolic homeostasis, affecting all of
the major metabolically active organs and tissues. Here we will describe these
abnormalities in physiology, with the aim of providing a basis on which the treatment
of this syndrome can be addressed in a scientifically and medically rational manner.

3.2  Clinical Phenotype and Pathophysiology
3.2.1 Obesity and Disorders of Adipose Tissue
Failure of weight regulation and the onset of obesity, particularly abdominal

obesity, is central to the pathophysiology of the metabolic syndrome [8]. This is
clear from the various iterations in recent years of the definition of the syndrome, all
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Fig. 3.1 An overview of the aetiology of the metabolic syndrome (Nature Medicine: http://www.
nature.com/nm/poster/eposter_full.html)

of which have included some measure of central obesity. The modern pandemic of
obesity has been the driving force behind the increasing prevalence of the metabolic
syndrome and its later progression to both type 2 diabetes and CVD [8-12].
Weight gain, whether due to increased caloric intake or reduced expenditure in
physical activity, can lead to an alteration of normal visceral adipose tissue function
(see Fig. 3.1). This is the key element in the pathogenesis of the metabolic
syndrome. Weight gain is not always associated with this progressive syndrome.
Healthy individuals may experience fluctuations in weight without the associated
metabolic perturbations. In the metabolic syndrome, visceral adipose tissue metab-
olism is altered, with decreased glucose uptake (due to insulin resistance), increased
lipid uptake and increased storage of fat as well as increased lipolysis (also due to
tissue insulin resistance), and, crucially, increased release of non-esterified (“free”)
fatty acids (FFA) into the circulation. Hypertrophied intra-abdominal adipocytes
are resistant to the antilipolytic effects of insulin [13]. This leads to an increased
flux of FFA from the visceral adipose tissue compartment to the liver, resulting in
increased liver fat, increased hepatic glucose output and decreased overall liver
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function. Consistent with these abnormalities, the obesity pandemic has been
associated with a dramatic and rapid increase in the prevalence of non-alcoholic
hepatic steatosis, a serious chronic liver disease in its own right, with risk of
progression to end stage liver disease and death [14]. Insulin resistance in the
liver is associated with decreased apolipoprotein B degradation and increased
production of triglyceride-rich lipoproteins. In obesity, adipose tissue is infiltrated
by macrophages, contributing to an increased state of chronic inflammation. Many
of the cytokine products of adipose tissue are altered in character and concentration
in viscerally obese subjects. Typically C-reactive protein (CRP), Interleukin (IL)-6
and tumour necrosis factor o (TNFa) are increased, while adiponectin is decreased.
The overall effect of the increase in visceral adipose tissue is an alteration of FFA
metabolism coupled with a proinflammatory profile, both of which are associated
with insulin resistance and altered glucose homeostasis typical of pre-diabetes and
progression to type 2 diabetes [15]. Thus, the impact of changes in visceral adipose
tissue can be described as a state of systemic lipotoxicity associated with low-grade
systemic inflammation, mediated through changes in liver metabolism of both
carbohydrate and fat.

3.2.2 Insulin Resistance

The metabolic syndrome since its first description has been intimately associated
with insulin resistance. However, unlike previous definitions, the current definition
of the syndrome does not include a specific reference to insulin resistance. A very
practical fact underlies this issue: insulin resistance is difficult to measure in clinical
practice and still remains a clinical research measurement. The gold standard
measurement technique using the hyperinsulinaemic glucose clamp is time-
consuming (several hours minimum), expensive and completely unrealistic in
clinical practice. A wide range of surrogate measurements are possible, many of
which are validated against the clamp, all of which involve some expense and
investigation beyond what is available in routine clinical practice. Without specifi-
cally requiring a measurement of insulin resistance, the current definition of the
metabolic syndrome comprises the most common clinical features of insulin resis-
tance: central obesity, a characteristic classic dyslipidaemia, hypertension and
elevation in fasting glucose. The importance of insulin resistance as the underlying
metabolic milieu is that insulin resistance is a major risk factor for the development
of diabetes, and thus for the later complications of diabetes especially CVD, chronic
kidney disease, retinopathy and neuropathy. As already described above, insulin
resistance is the best unifying hypothesis for the pathophysiology of the metabolic
syndrome. A major contributor to the development of insulin resistance is the
alteration in fat metabolism, with an excess of circulating FFA originating either
from adipose tissue triglyceride stores (released by hormone sensitive lipase) or
from triglyceride-rich lipoproteins [by the action of lipoprotein lipase (LPL)]
[16, 17]. Insulin plays a key role in the suppression of lipolysis by both these
routes, and a very early sign of impaired insulin action is the failure of this
mechanism. Increased circulating FFA further impairs the anti-lipolytic effect of
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insulin, exacerbating this effect. Excess FFA contribute to insulin resistance in
insulin target tissues such as skeletal muscle and liver, through several cellular
mechanisms [18]. In addition to these effects, it has also been shown that insulin-
resistant subjects display abnormalities of mitochondrial oxidative phosphorylation
that correlate with the accumulation of triglycerides and other related fat molecules
in muscle tissue [19], [20]. More recently, the field of metabolomics has begun to
demonstrate a completely new profile of the metabolic “signature” of insulin
resistance at a more fundamental level. Characteristic of this signature is a prepon-
derance of branched chain amino acids (BCAA), along with the expected higher
circulating concentrations of total and various species of FFA [21, 22]. What is
important about these new insights from metabolomics is that amino acid data have
been shown to provide information on the future risk of diabetes beyond what could
be known from standard risk factors (such as body mass index (BMI), diet pattern
and fasting glucose). Thus, metabolomic patterns can be correlated with standard
measures of insulin resistance and beta-cell function, but amino acid concentrations
have been shown also to be accurately predictive of diabetes progression even
among individuals with similar fasting insulin and glucose concentrations. The
more that can be understood concerning the underlying metabolic basis of insulin
resistance, the better will be the capacity to use specific metabolic or metabolomic
measurements to assess risk (of later diabetes and complications). One of the
ongoing clinical challenges is that not all obese individuals are insulin resistant
nor do all obese subjects progress to develop diabetes. Some lean individuals are
insulin resistant and develop type 2 diabetes, in spite of an apparently low risk
phenotype.

3.2.3 Metabolic Flexibility

Another approach to understand the biological basis of the metabolic syndrome is
the concept of metabolic flexibility, which is the capacity of the organism to adapt
fuel oxidation to fuel availability. For example, the inability to modify fuel oxida-
tion in response to changes in nutrient availability has been implicated in the
accumulation of intramyocellular lipid and insulin resistance in skeletal muscle
[23]. The epidemiology of the metabolic syndrome could be explained by the
change in the dietary habits of modern populations to an energy-dense diet high
in fats. Following on from these sustained (if even minor) changes in nutrient
intake, an impaired capacity to up-regulate muscle lipid oxidation in the face of
high lipid supply in some subjects may lead to increased muscle fat accumulation
and insulin resistance. As outlined previously, the chronic accumulation of lipids as
triglycerides and other molecular species including ceramides and diglycerides
(lipotoxicity) can impair insulin action through a variety of mechanisms [18].
Conversely, the ability to adjust and increase lipid oxidation in response to
increased availability (or metabolic flexibility) reduces the formation of harmful
lipid products such as ceramides and diglycerides, and thus protects against changes
in insulin sensitivity. The term “metabolic flexibility” was first termed by Kelley
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and Mandarino as “the capacity to switch from predominantly lipid oxidation and
high rates of fatty acid uptake during fasting conditions to the suppression of lipid
oxidation and increased glucose uptake, oxidation, and storage under insulin-
stimulated conditions” [24]. Consistent with this description, the switch from
carbohydrate to lipid oxidation during an overnight fast or in response to high-fat
diets [measurable by a reduction in respiratory quotient (RQ)] are examples of
normal metabolic flexibility. An underlying component of the metabolic syndrome
is the maladaptation of modern man to increased fat availability in typical western
diets. Individuals who are metabolically inflexible are prone under these conditions
to the accumulation of harmful lipid species in metabolically active tissues such as
muscle, adipose tissue and liver, where these compounds may contribute to reduced
insulin sensitivity. An important corollary to this is that lifestyle changes (reduction
in dietary fat intake coupled with physical activity and weight loss) can restore or
improve metabolic flexibility in skeletal muscle, thereby contributing to improved
insulin action and prevention of diabetes.

3.2.4 Blood Pressure

The relationship between elevated blood pressure and insulin resistance has been
extensively studied. High blood pressure is a classical feature of the metabolic
syndrome. It has been reported that up to one-third of hypertensive subjects have a
clinical phenotype of the metabolic syndrome. A number of potential physiological
mechanisms for this association have been documented [25]. Insulin has
vasodilatory effects in healthy subjects and also contributes to sodium retention
in the kidney [26]. There are important differences between white people, Africans
and Asians in these mechanisms. In insulin-resistant subjects, the vasodilatory
effect of insulin is lost [27], while the sodium retention is maintained, which may
contribute to elevation of blood pressure. Another potential mechanism of blood
pressure elevation is the effect of insulin to stimulate the sympathetic nervous
system. Further possible mechanisms include oxidative stress, endothelial dysfunc-
tion and an activated renin—angiotensin system, all pro-hypertensive effects and all
of which have been shown to be more common in subjects with the metabolic
syndrome. However, large scale studies suggest that the overall contribution of
insulin resistance per se to elevated blood pressure is modest [28]. The mechanistic
relationship between hypertension and the metabolic syndrome has been outlined in
a recent review by Yanai and colleagues [29].

3.2.5 Lipids

As already outlined, the metabolic syndrome is fundamentally a disorder of
lipid metabolism. In clinical practice, the metabolic syndrome is associated
with a “classic” dyslipidaemia phenotype of elevated triglycerides (and FFA),
together with reduced high-density lipoprotein (HDL)-cholesterol and changes in



22 JJ. Nolan and D.J. O'Gorman

the low-density lipoprotein (LDL) particle to a smaller, denser and more athero-
genic variant. This classical plasma lipoprotein phenotype results from increased
FFA flux to the liver, leading to increased production of apo B-containing
triglyceride-rich very low-density lipoproteins (VLDL). Under conditions of nor-
mal physiology, insulin inhibits the secretion of VLDL into the circulation. In the
setting of insulin resistance, this homeostasis is lost, and hypertriglyceridaemia
results, becoming a central component of the criteria for diagnosis of the metabolic
syndrome. In the presence of hypertriglyceridaemia, a decrease in the cholesterol
content of HDL results from decreases in the cholesteryl ester content of the
lipoprotein core, with variable increases in triglyceride making the particle small
and dense [30]. This alteration of the composition of the lipoprotein leads to
increased clearance of HDL from the circulation. LDL is also changed in composi-
tion in the setting of insulin resistance and the metabolic syndrome. Subjects in
whom triglycerides (in the fasting state) exceed 2.0 mmol/l usually have a predom-
inance of small dense LDL circulating [31, 32]. In this modified LDL particle,
unesterified cholesterol, esterified cholesterol and phospholipid are depleted, while
LDL triglyceride is either unchanged or increased. Small dense LDL is considered
to be more atherogenic than buoyant LDL, for a number of possible reasons,
including: it is more toxic to the endothelium, it has a greater ability to transit
through the endothelial basement membrane, it adheres to glycosaminoglycans, it is
more susceptible to oxidation, it is more selectively bound to scavenger receptors
on monocyte-derived macrophages [33, 34]. Taken together, the combined altered
lipid phenotype, which is typical for the metabolic syndrome, constitutes an
increased risk phenotype for CVD and is a key clinical characteristic of the
syndrome.

3.3 Genetic and Environmental Contributors

The development of the metabolic syndrome is associated with positive energy
balance that results in lipid accumulation and weight gain. The outcomes of energy
imbalance are quantified by changes in waist circumference and BMI. However, the
underlying physiology is more complex and represents a multi-system change in
metabolic regulation that results in insulin resistance, increased sympathetic nervous
system activity, endothelial dysfunction, hypertension and an increase in circulating
triglycerides. The environmental and genetic contributors to the aetiology of the
metabolic syndrome are presented below.

3.3.1 Environment
3.3.1.1 Physical Inactivity

Energy expenditure is not only required to sustain life by supporting the function of
body tissues but is also necessary to conduct voluntary movements of daily living.
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Man has evolved to support physical activity as a necessary means of hunting and
gathering food based primarily on the production of energy by aerobic means
[35, 36]. Modern living is associated with lower levels of occupational and recrea-
tional physical activity due to technological advances. When energy expenditure is
decreased and energy intake stays the same, or increases, the excess energy is stored
in adipose and other body tissues. Physical inactivity is associated with more than
30 chronic diseases and despite the known benefits of living an active life, a
significant proportion of the population still do not meet the recommended targets.

Daily energy expenditure can be broadly classified into exercise or non-exercise
activity thermogenesis (NEAT). Those who exercise, or perform structured physi-
cal activity, have a lower risk of cardiovascular and all-cause mortality as well as
the metabolic syndrome and type 2 diabetes [35, 36]. The impact of NEAT accounts
for all other activities and has great potential as a contributor to daily energy
expenditure as we are awake for approximately 16 h per day. The impact of modern
lifestyle and technology has been to reduce NEAT to the point where adults in the
United States are sedentary for approximately 55 %, or 7.7 h, of their non-sleep
time [37].

Sedentary time, defined as sitting or lying while awake, is associated with an
increased risk of type 2 diabetes, CVD as well as all-cause and cardiovascular
mortality [38]. Sitting time confers a twofold increased risk of the metabolic
syndrome and is related to other risk factors including weight and adipose tissue
gain. Television viewing, often used as a surrogate marker of sedentary time, is
associated with a dose-dependent increase in the prevalence of the metabolic
syndrome as well as increased risk of obesity, type 2 diabetes, hypertension, high
triglycerides and low HDL cholesterol [39-41]. Therefore, physical inactivity is
likely to be an important contributor to the development of the metabolic syndrome
and may offset the benefits of recommended levels of physical activity.

It is reasonable to question whether a 30 min bout of exercise, 5 days per week, is
enough to offset the impact of 7-8 h of daily sedentary time. The Ist Stock
Conference on obesity reported that daily energy expenditure should be approxi-
mately 500 kcal/day more than energy expenditure in sedentary activities [42]. The
Institute of Medicine report also found that those who remained lean throughout
their life had daily energy expenditure approximately 70 % greater than their basal
metabolic rate. Both of these reports suggest that a sedentary individual would
require 45—-60 min of physical activity to attain this target [42, 43]. Sedentary time
predicts the development of the metabolic syndrome independent of exercise, BMI
or other indices of adiposity [39]. This suggests that metabolic risk factors cannot
be offset by current physical activity recommendations and reducing sedentary time
has to become a key element of future strategies. Sedentary time has a strong
inverse relationship with light physical activity, but not with moderate to vigorous
activity associated with exercise training [38]. Therefore, the replacement of light
physical activity accrued from daily occupational and recreational activities by
sedentary activities such as TV viewing could be the major factor contributing to
increase the risk of metabolic syndrome.
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While most of these findings are based on association studies, the more con-
trolled and extreme model of bed rest has provided direct evidence of metabolic
alterations due to physical inactivity [44, 45]. With as little as 3-5 days of
reduced activity, there are marked changes in glucose tolerance and insulin sensi-
tivity [46]. Skeletal muscle accounts for approximately 80 % of insulin-mediated
glucose disposal and a decrease in glucose uptake and glycogen synthesis has been
reported from 7 days of bed rest [47, 48]. Many of the original bed rest studies
provided a nutrient intake to maintain body mass. However, the inactivity
associated loss of muscle mass meant fat mass increased during these studies to
maintain body mass. Subsequent studies that have controlled fat mass during bed
rest have shown that inactivity per se leads to a greater postabsorptive and post-
prandial insulin response, without a change in plasma glucose concentrations. In
addition to, or as a consequence of insulin resistance, bed rest studies have shown
an increase in postprandial lipids due to a decrease in plasma clearance. This has
been confirmed by a decrease in lipid oxidation and an increase in ectopic fat
accumulation [44].

In conclusion, physical inactivity is a major contributor to the development of
the metabolic syndrome due to the decrease in daily energy expenditure and the
reduction in the physiological stimuli required to maintain normal metabolic
function. The strategy of promoting daily physical activity of at least 30 min,
while based on evidence of decreased cardiovascular risk, is unlikely to offset the
time spent engaged in sedentary activities. The dramatic increase in sedentary time
in recent years, at the expense of light daily activities, has removed a significant
portion of daily energy expenditure. These studies have demonstrated strong links
between inactivity and risk factors of the metabolic syndrome, while bed rest
studies have shown that the physiology of inactivity promotes insulin resistance,
hyperlipidaemia and ectopic lipid accumulation.

3.3.1.2 Nutrition
The relationship between energy intake, body mass and the metabolic syndrome is
well established. In the past few decades, daily energy intake has increased and this
change is positively associated with metabolic syndrome risk factors [49, 50].
Excessive nutrient intake, in itself, confers greater risk, but recent data suggest
that specific nutrients can accelerate the development of the metabolic syndrome.
Dietary carbohydrate: Most common carbohydrates, once ingested, are
metabolised to glucose. Glucose stimulates insulin secretion from the pancreatic
beta-cells to facilitate glucose transport into cells and tissues of the body. The
industrialisation of food production has resulted in greater processing and preser-
vation. One of the consequences of these steps has been a dramatic increase in
fructose consumption. Fructose is a naturally occurring monosaccharide, com-
monly found in fruit, but can be produced cheaply as a sweetener or preservative.
The most common form is sucrose, a disaccharide of glucose and fructose, that is
enzymatically produced from cornstarch and present in many foods linked to risk
factors of the metabolic syndrome including soft drinks [49, 51].
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There are a number of differences between fructose and glucose that increase the
risk of the metabolic syndrome when excessively consumed. Unlike glucose,
fructose does not stimulate insulin secretion and is almost completely metabolised
in the liver. While the metabolic pathways are distinct from glucose, the substrates
of fructose metabolism can be oxidised or stored as glycogen within the liver or else
converted to glucose and lactate and released into circulation [49, 51]. Glucose
metabolism is regulated by the cellular energy status and in particular by negative
feedback from enzymes such as adenosine monophosphate kinase (AMPK) as well
as metabolic substrates such as citrate and adenosine diphosphate (ADP). However,
fructose is not regulated in the same way and, to a certain extent, by-passes many of
the usual glucose regulatory processes, including possibly those related to appetite
control. Of greatest consequence is the fact that fructose is more lipogenic than
glucose and is associated with greater circulating triglycerides, total cholesterol and
LDLs [49, 51, 52].

The contribution of fructose ingestion to the metabolic syndrome is difficult, if
not impossible, to quantify given that it is ingested as part of a nutrient mix, often
including glucose. Association studies have found positive relationships between
fructose ingestion, excess energy intake, body weight and the increasing trends in
type 2 diabetes, CVD or renal disease [51]. While it is difficult to attribute the
metabolic syndrome to one particular nutrient, the physiological data suggests that
a high fructose diet can induce metabolic changes. The greater de novo lipogenesis
can contribute to intrahepatic, visceral and ectopic lipid accumulation, all of which
are associated with insulin resistance. So while fructose does not stimulate insulin
secretion, it can have an indirect impact on insulin action and circulating blood
glucose levels. A high fructose diet has been shown to increase blood pressure in
animals, possibly by increased sympathetic nervous system activity, and tissue
specific inflammation by a variety of proinflammatory cascades including uric
acid, cytokine production and oxidative stress [49]. Therefore, fructose can directly
or indirectly contribute to each of the risk factors for the metabolic syndrome.

Dietary fat: The digestion, absorption and metabolism of dietary fat increase the
concentration of circulating lipids that are broadly classified as (1) saturated fatty
acids, (2) unsaturated fatty acids and (3) trans-fatty acids. These lipids have
important physiological functions, including the structure and fluidity of cell
membranes, as substrates for energy production and for the retention of body
heat. When the supply of dietary fat exceeds physiological requirements, lipid
accumulates in plasma, subcutaneous and visceral adipose tissue as well as most
tissues that regulate metabolism. The accumulation of adipose and ectopic fat is
associated with most risk factors for the metabolic syndrome. A high fat diet, where
greater than 30 % of total energy intake comes from fat sources, will promote
excess fat storage when energy expenditure is not adequate. However, it is primar-
ily the content and action of saturated and frans-fatty acids that confer the risk of
metabolic syndrome [50].

It is recommended that saturated fat should comprise less than 10 % of daily
energy intake. Excessive saturated fat consumption increases circulating
triglycerides, total cholesterol and LDL cholesterol and may also contribute to
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hepatic de novo lipogenesis and ectopic fat accumulation [50]. Trans-fatty acids
have a different metabolic action, decreasing HDL cholesterol and increasing
insulin resistance possibly by indirectly increasing FFA. Both saturated and
trans-fatty acids trigger inflammatory processes in adipocytes by increasing the
production of pro-inflammatory cytokines that contribute to insulin resistance and
the metabolic syndrome [53, 54].

Unsaturated fatty acids are classified as either polyunsaturated or monounsatu-
rated. These fatty acids are generally viewed as having a positive impact on
metabolic regulation by decreasing hepatic VLDL production, HDL cholesterol
and lipogenesis while increasing hepatic lipid oxidation and plasma membrane
fluidity [50]. The impact of polyunsaturated fatty acids on insulin sensitivity is not
clear and requires further investigation. At this time it does not appear that these
fatty acids impact significantly on insulin sensitivity [55]. Total fat intake,
irrespective of lipid composition, will increase the risk of metabolic syndrome. In
conclusion, while total energy intake is an important factor in creating a positive
energy balance and promoting ectopic lipid accumulation, the composition of
individual nutrients also play an important role. These data suggest that a diet
high in saturated and trans-fatty acids coupled with high fructose ingestion confers
a very strong risk of developing the metabolic syndrome.

3.3.1.3 Diurnal Rhythms

The quantity and quality of nutrient ingestion and the amount of daily physical
activity are the most common aetiological factors, but it has become clear that many
physiological processes occur in rhythmical or cyclical patterns that also have a
profound impact on risk factors for the metabolic syndrome. Circadian rhythms
and sleep have been linked with the regulation of hunger, carbohydrate and lipid
metabolism, as well as hormonal signalling and their disruption are associated with
obesity, type 2 diabetes and CVD [56]. The central neural regulator of circadian
rhythm, or “clock”, is the suprachiasmatic nucleus of the hypothalamus [56, 57].
It receives input from environmental cues such as light and nutrients and
maintains biological rthythms in peripheral tissues by neuroendocrine modulation.
In most tissues the biological “clock” regulates up to 20 % of total gene expression
[56, 57] including nutrient sensors (sirtuin 1 (SIRT1) and AMPK), nuclear
receptors (peroxisome proliferator-activated receptor (PPAR)y, PPARa,
REV-ERBa), metabolites (nicotinamide adenine dinucleotide (NAD)", heme) and
rate limiting enzymes [nicotinamide phosphoribosyltransferase (Nampt),
3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr), aminolevunilate, delta-,
synthase 1 (Alasl)] [57, 58].

The key components of central and peripheral circadian rhythm are also
involved in the regulation of energy metabolism, including glucose/lipid metabo-
lism, thermogenesis, feeding behaviour and sleep—wake cycles [56, 57, 59]. When
the clock gene is disrupted in animal models, nutrient digestion and absorption are
affected, resulting in weight gain, hyperphagia, hyperlipidaemia and hypoinsu-
linaemic hyperglycaemia [56]. In adipose tissue the release of leptin and
adiponectin are altered and the disruption may also influence the distribution of
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adipose tissue in visceral and subcutaneous compartments. There is also an impact
on blood pressure, glucose tolerance, insulin action and hepatic lipid metabolism.

It is difficult to quantify the contribution of circadian disruption to the develop-
ment of metabolic abnormalities in humans. Sleep continuity has been identified as
a risk factor for CVD while short and long sleep duration increases the risk of
diabetes and the metabolic syndrome [60]. Studies examining the impact of shift
work on metabolic risk factors have found evidence of increased risk of obesity,
diabetes and CVD [60]. The increased risk may be associated with delayed or
altered sleep patterns, irregular meal times or nocturnal eating. However, there is a
lot of variation in the experimental design of published studies, including the type
of shift work as some, but not all, is nocturnal. In conclusion, while it is difficult to
demonstrate cause and effect relationships in humans, it is likely that a disruption of
circadian rhythm by altering the day—night cycle or weight gain is an important
interacting variable in the development of metabolic risk factors.

3.3.2 Genetics, Epigenetics and Early Developmental Biology

Metabolic processes are also regulated by genes, and the variation in their
sequences, as they are used to produce the proteins and enzymes necessary to
carry out biochemical reactions. However, genes alone do not fully explain the
variation in gene expression. Recently, it has been shown that methyl groups on
deoxyribonucleic acid (DNA) nucleotides and modification to histones that sur-
round DNA, collectively referred to as the epigenome, provide an important
contribution to the regulation of gene expression. While the epigenome can be
modified, many of the methylation patterns are inherited or influenced during early
development. The contribution of genetic and epigenetic factors to the metabolic
syndrome is not fully understood, but their regulation of gene expression and is
likely to play a very important role.

3.3.2.1 Genetics
Advances in technology have allowed the human genome to be comprehensively
analysed to quantify the genes and sequence variations that might account for the
onset and progression of human diseases. In some cases, these approaches have
identified monogenic determinants that result in extreme metabolic phenotypes
[61]. In other cases, candidate gene approaches have been used to associate clinical
phenotypes with variation in specific genes. For example, a polymorphism in the
FTO gene is associated with fat mass, obesity and more recently with the metabolic
syndrome [62]. These approaches have greatly assisted our understanding of the
genetic contribution to individual components of the metabolic syndrome, such as
insulin resistance and obesity, but are more limited when trying to determine if
there is a specific genetic contribution to accumulated risk factors.

It is now possible to associate multiple gene sequence variations, typically called
single nucleotide polymorphisms (SNPs), with a specific clinical outcome in case-
controlled studies. The genome-wide association studies (GWAS) have identified
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hundreds of potential genetic variants that may contribute to disease pathophysio-
logy. One of the major challenges is to conduct studies that are sufficiently powered
to overcome individual variation, but have well-characterised clinical outcome
measures to perform the association analysis. The metabolic syndrome has an
additional level of complexity as it comprises a constellation of risk factors that
each have their own genetic determinants.

At this point only a limited number of studies have addressed the genetic
contribution to the metabolic syndrome. Using a systems biology approach,
Sookoian and Pirola [63], identified 58 molecular pathways that were significantly
related to the metabolic syndrome. The 15 highest ranked pathways and 50 genes
(Table 3.1) included many of those expected to be associated with the metabolic
syndrome, such as reverse cholesterol transport, the leptin system, lipoprotein
metabolism, adipocytokine signalling, obesity and visceral fat. However, the anal-
ysis identified other pathways of interest including tryptophan metabolism and
nuclear receptors in lipid metabolism, strengthening the link with circadian rhythm.
As individual and small clustering of gene variants only account for a minor
proportion of phenotypic variance, it is more likely that genetic networks influence
physiological processes and the risk of developing the metabolic syndrome.

The likely contribution of common genetic variants to the metabolic syndrome
or combinations of metabolic syndrome traits was investigated using a bivariate
GWAS analysis on seven epidemiological data sets [64]. This study found 29
common variants associated with the metabolic syndrome or pairs of traits. Meta-
bolic syndrome was associated with genetic variance in BUD13 (BUD13 homolog),
ZNF259 (Zinc Finger Protein 259), APOAS (apolipoprotein A-V), LPL and CETP
(cholesterol ester transfer protein). A number of other genes including GCKR
(glucokinase receptor), MTNRIB (melatonin receptor 1B), LIPC (lipase hepatic)
and TFAP2B (transcription factor AP-2 ) were associated with pairs of traits. None
of the 29 unique SNPs were significantly associated with three or more metabolic
syndrome traits. A cluster of the top 16 SNPs accounted for 9 % of the variance in
triglycerides, 5.8 % for HDL cholesterol, 3.6 % for glucose, 2.3 % for waist
circumference and 1.4 % for systolic blood pressure. These results support a
polygenic involvement in the metabolic syndrome that is likely to result in numer-
ous interacting pathways contributing to phenotypic alterations.

This is supported by another recent study that used a bivariate (multivariate)
linear mixed-effects model to estimate narrow-sense heritability and heritability
explained by common SNPs to quantify the genetic information for single and
shared traits of the metabolic syndrome [65]. This study found that the narrow-
sense heritability accounted for by common SNPs explained approximately 39 % of
heritability across metabolic syndrome traits, 41 % for BMI, 46 % for waist-to-hip
ratio, 30 % for glucose, 39 % for insulin, 34 % for triglycerides, 25 % for HDL
cholesterol and 80 % for systolic blood pressure. The findings suggest that many
common genetic variants, with small effect, are likely to contribute to the pheno-
typic variation of the metabolic syndrome.

However, not all studies report evidence of common genetic variants linking
metabolic syndrome traits. Kristiansson et al. [66] conducted a GWAS study on
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Table 3.1 Genes influencing the risk of metabolic syndrome components

Gene Overall P-
symbol Approved gene name value
Nuclear receptors

NR1H4 Nuclear receptor subfamily 1, group H, member 4 8.14 x 107
RXRA Retinoid X receptor, alpha 141 x 1071
THRB Thyroid hormone receptor, beta 2.00 x 10713
THRA Thyroid hormone receptor, alpha 435 x 1071
RARA Retinoid acid receptor, alpha 122 x 1072
RXRB Retinoid X receptor, beta 3.27 x 10712
PGR Progesterone receptor 3.98 x 10712
ESRRA Estrogen-related receptor alpha 4,06 x 10712
RARG Retinoic acid receptor, gamma 121 x 107!
NR5A2 Nuclear receptor subfamily 5, group A, member 2 2.19 x 107"
NRI1H2 Nuclear receptor subfamily 1, group H, member 2—LXR-b 3.68 x 107"
HNFIB HNF1 homeobox B 1.77 x 107"
NR1I2 Nuclear receptor subfamily 1, group I, member 2-PXR 3.15 x 10710
Cytochrome P450 family

CYP11A1 Cytochrome P450, family 11, subfamily A, polypeptide 1 408 x 1071
CYP11B1 Cytochrome P450, family 11, subfamily B, polypeptide 1 1.38 x 107!
Immune response, inflammatory related genes, and chemokine receptors

CTLA4 Cytotoxic T-lymphocyte-associated protein 4 2.98 x 107
CD44 CD44 molecule (Indian blood group) 2.09 x 10710
CD40LG CD40 ligand 8.86 x 10712
NFKB1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 1.08 x 107!
TLR4 Toll-like receptor 4 1.04 x 10710
PTGS2 Prostaglandin-endoperoxide synthase 2-cyclooxygenase 2 1.14 x 107
STAT3 Signal transducer and activator of transcription 3 4.44 x 107"
CXCR4 Chemokine (C—X-C motif) receptor 4 446 x 107!
CCRS5 Chemokine (C—C motif) receptor 5 5.53 x 107!
C5AR1 Complement component Sa receptor 1 447 x 107"
Growth factors

TGFB2 Transforming growth factor, beta 2 333 x 1071
PDGFRA Platelet-derived growth factor receptor, alpha polypeptide 1.14 x 1071°
GHRHR Growth hormone releasing hormone receptor 1.18 x 107
PDGFRB Platelet-derived growth factor receptor, beta polypeptide 1.85 x 10710
EGFR Epidermal growth factor receptor 978 x 10712
Miscellanea

NOS1 Nitric oxide synthase 1 129 x 1071
ALB Albumin 1.66 x 107"
SLC2A4 Solute carrier family 2 (facilitated glucose transporter), member 4 1.01 x 1072
KNG1 Kininogen 1 1.78 x 107!
EDNRB Endothelin receptor type B 1.84 x 107!
PDX1 Pancreatic and duodenal homeobox 1 2.15 x 107"

(continued)
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Table 3.1 (continued)

Gene Overall P-
symbol Approved gene name value

THBS1 Thrombospondin 1 241 x 107"
LHCGR Luteinizing hormone/choriogonadotropin receptor 3.10 x 107"
JUN Jun oncogene 454 x 107!
PLAT Plasminogen activator, tissue 1.01 x 1071
APOF Apolipoprotein F 1.16 x 107'°
CHRM1 Cholinergic receptor, muscarinic 1 1.58 x 10°'°
BCL2 B-cell CLL/lymphoma 2 1.58 x 10717
ERBB2 v-erb-b2 erythroblastic leukaemia viral oncogene homolog 2 1.58 x 107'°
PIK3R1 Phosphoinositide-3-kinase, regulatory subunit 1 (alpha) 5.14 x 10712
HSPD1 Heat shock 60 kDa protein 1 (chaperonin) 240 x 10710
ADORA2A  Adenosine A2a receptor 1.14 x 107"
ITGB2 Integrin, beta 2 8.14 x 107"
LRP1 Low density lipoprotein receptor-related protein 1 1.15 x 107"
EP300 E1A-binding protein p300 3.85 x 10710

Adapted from Sookoian and Pirola [63]

four Finnish cohorts and found a strong lipid gene contribution to the metabolic
syndrome, but none of the susceptibility loci were associated with more than one
trait. In addition, a GWAS study of the metabolic syndrome in Indian Asian men
found similar genetic variants, as reported in other populations, including LPL and
CETP, but found little evidence of a common genetic basis for the metabolic
syndrome [67].

3.4 Epigenetics and Early Developmental Biology

It is now clear that gene expression has multiple cellular regulators that act co-
operatively or competitively to control protein content and cell function. Epigenetic
regulation refers to the changes that occur in gene transcription that are not
associated with changes in the DNA sequence. There are two main types of
epigenetic modification (1) the methylation of DNA nucleotides and (2) the cova-
lent modification of histone proteins surrounding the DNA double helix. DNA
methylation and histone modifications are important because they are both heritable
and under environmental regulation and can help explain inter-individual variation.
Epigenetic modifications can be passed from parent to offspring during cell divi-
sion, thereby retaining a “memory” of parental gene expression patterns. DNA
methylation patterns can change during ageing, with younger monozygotic twins
having indistinguishable epigenetic markings, but older twins have substantial
epigenetic variation and further differences in gene expression [68]. It is therefore
likely that the inherited epigenetic profile influences gene expression patterns and
the long-term risk of disease.
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The relationship between foetal development and metabolic disease in adult-
hood, hypothesised as the thrifty phenotype, has been espoused for some time.
According to this hypothesis, in utero stress caused by an inadequate nutrient
availability results in a lower birth weight and initiates an adaptive response that
predisposes energy storage and increased susceptibility to CVD [69-71]. Low birth
weight has also been associated with increased risk of hypertension, impaired
glucose tolerance and type 2 diabetes later in life [70]. However, low birth weight
caused by dietary restriction or inadequate placental nutrient supply is not the only
contributor to foetal stress. Maternal obesity and high fat feeding have also been
linked with changes in appetite, altered lipid metabolism and insulin resistance
[71]. The tissue-specific changes, including decreased skeletal muscle mass and
insulin sensitivity, increased fat storage, decreased insulin secretion, leptin resis-
tance and altered renin—angiotensin system, are consistent with the metabolic
syndrome.

In addition to heritable regulation of the epigenome, there is emerging evidence
of lifestyle-related modification of DNA methylation. An acute bout of exercise has
been shown to decrease metabolic gene promoter methylation in an intensity-
dependent manner with a corresponding increase in gene transcription [72].
In addition, a deficiency in dietary folate, methionine or choline can induce DNA
hypomethylation [73]. These data suggest that some forms of DNA methylation
can be transiently affected, are responsive to lifestyle choices and reinforce the
importance of appropriate dietary intake and physical activity to maintain normal
physiological function. It is premature to suggest that epigenetic modifications
account for the increased susceptibility to the metabolic syndrome, but, as a
key regulator of gene expression and a potential link between environment and
genes, there is considerable interest in furthering the understanding of the
epigenome.

3.5 Gut Microbiota and the Metagenome

A new and very important (both genetic and environmental contributor) to human
metabolism is the so-called intestinal microbiome. Bacteria that reside in the human
gut constitute a new organ system with more than three million genes. This is a
completely new area of metabolic and genetic research. There is good evidence
already that the gut microbiome can transfer metabolic disease from one animal to
another. There is growing interest in the potential mechanisms by which this might
occur, and several mechanisms have been mooted, some of which have been shown
to lead to low-grade inflammation, alteration in adipose tissue plasticity, hepatic
steatosis, insulin resistance and cardiovascular changes—all consistent with the
typical metabolic syndrome. This important new topic is a subject of very active
investigation now and is coming into the field of clinical investigation in human
subjects. A recent review by Burcelin and colleagues provides an up to date
perspective [74].
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3.6 Underlying Mechanisms

3.6.1 Intracellular Lipid Accumulation and Insulin Resistance
(Muscle, Liver, Pancreas, Brain)

Insulin resistance in skeletal muscle is associated with abnormalities in both
glucose and lipid metabolism [75]. In relation to lipid metabolism, there is
increased intramyocellular storage of triglycerides and other lipid intermediates
and dysregulation of the beta-oxidation of fatty acids [76]. A number of
mechanisms have been suggested that could explain the association between
cytosolic lipid accumulation and insulin resistance in skeletal muscle. The accu-
mulation of lipids in muscle tissue could result from increased fatty acid delivery,
reduced utilisation or the combination of both [77, 78]. The composition of dietary
lipids is also a factor in determining the contribution of ectopic lipid accumulation
to insulin resistance and metabolic dysfunction.

Palmitate, the most abundant dietary lipid, can lead to the formation of cellular
ceramide [79]. The accumulation of this lipid intermediate activates protein kinase
C zeta (PKC{) and protein phosphatase 2A leading to a decrease in Akt/PKB
activation and subsequent impairment of insulin action [79]. Insulin-resistant
obese subjects have twice the amount of intramuscular ceramide and a
corresponding decrease in Akt/PKB activation [80]. Muscle ceramide levels are
correlated with insulin resistance [81] and decrease in response to exercise training
that improves insulin sensitivity [82]. Saturated fatty acids can also lead to cer-
amide accumulation by the activation of inflammatory cascades following binding
with the toll-like receptor-4 [79]. A decrease in cellular ceramide can impact on
adipokine production and has been shown to decrease leptin and TNF-a. Another
adipokine, adiponectin, may play an important regulatory role in ceramide forma-
tion. Adiponectin has been shown to improve insulin sensitivity, and circulating
levels of this hormone are positively correlated with insulin sensitivity. There is
some evidence to suggest that adiponectin activates an intracellular cascade that
lowers ceramide formation and thus mediates an improvement in insulin action.
Ceramide accumulation also contributes to the development of mitochondrial
dysfunction, a factor that has been strongly associated with insulin resistance
[79]. When ceramide production is impaired in mice fed with a high fat diet,
there is an increase in oxygen consumption and the activity of citrate synthase, a
key enzyme in the mitochondria [83].

However, ceramide formation is not the only mediator of lipid-induced meta-
bolic dysfunction. The accumulation of diglycerol is the result of an increase in
intracellular triglycerides. Diglycerols activate protein kinase C epsilon and theta
(PKCe & PKCBO) that increase the serine phosphorylation of the insulin receptor and
insulin receptor substrate 1 (IRS-1). This effect appears to be independent of the
ceramide inhibition of Akt/PKB though both result in a decrease in insulin action.
The source of diglycerols is not clear with evidence to suggest that saturated and/or
polyunsaturated are the main sources of lipid in the diet [79]. The decreased
utilisation of intracellular triglycerides has been proposed as the main reason for
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diglycerol accumulation and this has increased the focus on mitochondrial function
as a regulator of insulin resistance and the metabolic syndrome.

3.6.2 Mitochondrial Function

Skeletal muscle mitochondria could contribute to the pathogenesis of type 2 diabe-
tes, according to one hypothesis, if a primary defect in mitochondrial functional
capacity could lead to intramyocellular accumulation of “toxic” lipid intermediates,
which would then disrupt insulin signalling leading to insulin resistance [19, 20].
However, it remains contentious whether altered mitochondrial biology itself
contributes to insulin resistance or merely reflects the consequence of other sys-
temic factors and is not a primary contributor to the pathophysiology of insulin
resistance. A number of studies using a variety of techniques have shown that
skeletal muscle of insulin-resistant, obese or type 2 diabetes subjects have reduced
mitochondrial oxidative capacity as compared with lean, healthy controls [84—90].
However, it has not been definitively established whether the reduced oxidative
capacity present in insulin-resistant states is a result of reduced mitochondrial mass,
deficiency in mitochondrial function or both. There is evidence that the mitochon-
drial dysfunction associated with insulin resistance actually precedes the develop-
ment of obesity and diabetes. It has been shown that lean but insulin-resistant
offspring of patients with type 2 diabetes have increased intramyocellular lipid
content, reduced baseline activity of mitochondrial oxidative phosphorylation, and
decreased skeletal muscle mitochondrial density and content [87, 88]. These
observations support the theory that skeletal muscle mitochondrial dysfunction is
heritable. Thus, mitochondrial dysfunction could contribute to the primary pathol-
ogy underlying insulin resistance and the progression to diabetes.

Taken together, a number of studies of skeletal muscle from obese and type
2 diabetes patients suggest a disruption in mitochondrial biology as evidenced by
reduced concentrations of oxidative enzymes [90-92], reduced mitochondrial size
and altered mitochondrial morphology [85, 93]. Studies of skeletal muscle mito-
chondrial respiration provide conflicting evidence. One study using high resolution
respirometry performed in isolated myofibrils suggests that the function of skeletal
muscle mitochondria in type 2 diabetes is normal, and that the reduced skeletal
muscle oxidative capacity of these patients is due to a reduction in mitochondrial
content [84]. Other studies provide evidence that at least some parts of electron
transport chain have decreased functional capacity, resulting in diminished mito-
chondrial respiration [94, 95].

Mitochondrial biogenesis requires the concordant activation of both the mito-
chondrial and the nuclear genomes to generate electron transport chain subunits and
other proteins that are necessary for mitochondrial function. Insulin resistance in
muscle of individuals with obesity or type 2 diabetes is associated with reduced
expression of nuclear genes responsible for oxidative metabolism such as peroxi-
some proliferator-activated receptor y coactivator-la (PGC-1 o) [96]. Remarkably,
insulin-resistant muscle has been shown to display a coordinated reduction in the
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expression of a cluster of genes encoding proteins of the mitochondrial inner
membranes, respiratory chain complexes, adenosine triphosphate (ATP) synthesis,
fatty acid oxidation, Krebs cycle and pyruvate kinase [91]. The expression of the
transcriptional co-activators PGC-la and PGC-1p has been shown to be
downregulated in non-diabetic individuals who have a positive family history of
diabetes [91]. Proteomic studies have also recently demonstrated a reduction in
mitochondrial proteins in insulin-resistant muscle [97]. In parallel, reduced expres-
sion of mitofusin-2, a key protein essential for mitochondrial fusion and the
regulation of inner membrane potential, has been described in patients with type
2 diabetes [98].

Lifestyle and behavioural interventions have the potential to affect both mito-
chondrial biogenesis and mitochondrial dysfunction. It has been long established
that the content of the mitochondria in skeletal muscle depends directly on the level
of physical activity and that skeletal muscles have metabolic plasticity and can
enhance oxidative phosphorylation in response to exercise. Therefore, some
researchers advocate that the reduced skeletal muscle oxidative phosphorylation
in states of insulin resistance is a reflection of sedentary lifestyle leading to obesity
and type 2 diabetes. Several studies have investigated the effect of weight loss and
exercise interventions on mitochondrial function in obesity and type 2 diabetes.
These have shown that both mitochondrial content and electron transport chain
activity improve in skeletal muscle in both obese and type 2 diabetes patients in
response to weight loss and exercise training [86, 99, 100]. This effect is paralleled
by improvements in insulin sensitivity. Interestingly, although both are insulin-
sensitising interventions, exercise training results paradoxically in increased
intramyocellular lipid content, in contrast to the effect of diet-induced weight loss
[86, 99]. The net effect of combined dietary and exercise interventions may
therefore be expected to result in unchanged intramyocellular lipid content pre-
and post-intervention. It has been shown that diet-induced weight loss has no effect
on mitochondrial capacity, despite reducing intramyocellular lipid content in
subjects with type 2 diabetes [86]. These observations suggest that interplay
between muscle cytosolic lipid content and muscle mitochondrial function contrib-
ute to insulin sensitivity. Very recently, new data have been published suggesting
that there are regional anatomical differences in skeletal muscle mitochondrial
respiration, and that locomotor muscles play an important metabolic role [101].

Thus the role of mitochondrial dysfunction in the pathogenesis of the metabolic
syndrome is not yet completely understood. Future studies will probably focus on
identifying specific sub-phenotypes of patients who have distinct mitochondrial
biology and who have accordingly lesser or greater potential to respond to lifestyle
intervention. In parallel with efforts to improve the drug treatment of diabetes, this
avenue of research supports the ultimate goal of personalised medicine and the
design of a tailored approach to lifestyle interventions. In addition to this, the output
from studying the molecular pathways leading to mitochondrial dysfunction may
also facilitate the development of new pharmacotherapeutic interventions for this
growing population of patients.
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3.6.3 Inflammation

Obesity and the metabolic syndrome are characterised by chronic low grade
inflammation, particularly in adipose tissue. The cause of the inflammatory
response is not fully known, but macrophage infiltration could be triggered by
hypoxia following adipocyte hypertrophy [102, 103]. The excess energy stored as
triglycerides in adipocytes causes them to get bigger and activate signalling
cascades that promote inflammatory processes. What begins as local tissue inflam-
mation can develop into low grade systemic inflammation and cause insulin
resistance and metabolic dysfunction. Inflammation is associated with increased
lipolysis in the muscle, liver and adipose tissue resulting in higher circulating lipid
levels. In the liver cholesterol and lipid biosynthesis are increased, there are greater
levels of ceramide formation and fatty acid oxidation is decreased [104].

The mechanisms responsible are not completely understood, but consist of an
increase in the production of pro-inflammatory cytokines and the recruitment and
infiltration of macrophages [102-104]. The production of pro-inflammatory
cytokines, such as TNF-a, IL-1 and IL-6, is driven by the nuclear factor kappa-
light-chain-enhancer of activated B cells (NFkB) and activator protein 1 (AP1)
gene expression pathways [102—-104]. These cytokines can act in a paracrine
manner or be released into circulation where they bind to receptors on other tissues
including skeletal muscle and liver. They can then activate intracellular stress
responsive signalling cascades such as c-Jun N-terminal kinases (JNK) and protein
kinase C phi (PKCe) that inhibit IRS-1 by increasing serine phosphorylation [104].
In addition to the action of pro-inflammatory cytokines, the inflammatory response
can also be initiated by saturated fatty acids, possibly by binding the toll-like
receptor-4, increasing NFkB-mediated gene expression and ceramide production.
Nutrient regulation of inflammation can also be inhibitory as polyunsaturated fatty
acids can activate anti-inflammatory cascades.

3.6.4 Amino Acid Metabolism

Fatty acids and lipid-derived metabolites have for many years been regarded as
central players in the pathogenesis of insulin resistance and type 2 diabetes, as has
already been outlined in this chapter. Recent advances in the field of mass spec-
trometry and metabolomic analysis have led to the description of several new
associations between small molecules and insulin resistance as well as type 2 dia-
betes. Surprisingly, BCAA and related metabolites are more strongly associated
with insulin resistance than are many common lipid species. Among the new
associations that have recently been described are those between branched chain
and aromatic amino acids (leucine, isoleucine, valine, tyrosine, phenylalanine)
and type 2 diabetes [105, 106], between branched chain amino acids and obesity
[21, 22], between neutral amino acids and insulin resistance [107, 108] and
between alpha-hydroxybutyrate, glycine, and urate and insulin sensitivity
[107, 109]. A recent analysis of the Relationship between Insulin Sensitivity and
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Fig. 3.2 Schematic working model of the potential interaction between lipids and BCAA in the
pathogenesis of obesity-related insulin resistance (from Newgard [21])

Cardiovascular Disease (RISC) study [110] identified novel associations between
insulin sensitivity and small molecules including amino acids glycine, cysteine,
isoleucine and creatine, and the organic acids alpha-hydroxybutyrate and alpha-
ketobutyrate [107]. Alpha-hydroxybutyrate was identified as the small molecule
most strongly associated with decreased insulin sensitivity (measured by the
hyperinsulinaemic euglycaemic clamp). Glycine was the amino acid most strongly
associated with increased insulin sensitivity. While some of these metabolites may
represent important biomarkers of early diabetes processes, including insulin resis-
tance and the metabolic syndrome, the question remains whether these molecules
play a causative role in disease progression or whether they represent a secondary
phenomenon due to other elements of the underlying pathology of the disease.
The field of metabolomics remains in its early stages of development and will
require a longer period of translational studies to secure the foundations of how
intermediary metabolites contribute to disease processes. Important progress has
been made with respect to insulin resistance, and this has been reviewed in recent
years by Chris Newgard [21, 22]. Newgard has proposed a hypothesis of BCAA
overload, which can result from overnutrition and a relative deficiency of insulin-
like growth factor-1 (IGF-1), in which circumstances the metabolic milieu is
distorted towards excess of BCAA and downstream metabolites including C5 and
C3 acyl-CoA and acylcarnitines (Fig. 3.2). This milieu leads to further alterations in
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insulin signalling eventually resulting in insulin resistance. Based on this type of
observation, another experimental approach to this same question has been to study
common genetic variants that are associated with metabolites in the glutathione and
glycine biosynthesis pathways. A recent analysis conducted in the RISC study, and
later replicated in the Botnia study, used a genome-wide association investigation
of insulin sensitivity-related metabolites including those involved in the synthesis
of glutathione and glycine (Xie et al. unpublished data). A number of associations
were confirmed by this analysis, between genetic variants linked to various
combinations of amino acid metabolites and insulin resistance.

In addition to the above associational evidence (for correlation between BCAA
and metabolic disease), there is recent evidence that these metabolites can be
predictive of both disease progression and the response to intervention. For exam-
ple, in an analysis of the responses to a weight loss diet in the weight loss
maintenance trial (WLM), the improvement in insulin sensitivity over 6 months
was strongly predicted by a BCAA-related principal component factor score, and
not at all by lipid-related factors [111]. Similarly, a metabolomic profile including
Leu, Ile, Val, Phe and Tyr has been shown to be the best predictor of incident
diabetes in a sample of 189 subjects from the Framingham cohort (followed over an
interval up to 12 years), in comparison with a matched cohort of 189 subjects
(matched for weight, lipid profile and other clinical variables), who did not progress
[106]. Furthermore, it has been shown that changes in BCAA levels may track with
response to interventions aiming at improving metabolic control. Newgard and
colleagues have shown that obese subjects undergoing gastric bypass surgery have
a much more pronounced decline in circulating BCAA, C3 and C5 acylcarnitines,
Phe and Tyr than observed in those treated by dietary intervention, despite similar
weight loss [112]. This is an important observation, as there is increasing evidence
that bariatric surgery (such as gastric bypass surgery in this case) leads to greater
improvement in glucose homeostasis than dietary intervention.

Conclusion

The metabolic syndrome is increasingly prevalent, driven by the progressive
changes in physical activity and diet that have come with modern living and
driven by the pandemic of obesity. Notwithstanding controversies about how to
define the metabolic syndrome, the syndrome is very much in focus at the centre
of a growing urgency to design effective preventive measures to halt progression
to type 2 diabetes, CVD and cancer. The clinical pathophysiology of this
syndrome arises from a gradual distortion of metabolic homeostasis, with an
increase in central adiposity and sustained increase in lipolysis. Insulin resis-
tance is at the centre of the clinical phenotype, in skeletal muscle, liver and
adipose tissue. A characteristic dyslipidaemia and elevation of blood pressure
accompany these metabolic alterations and provide the high risk milieu for
progression to diabetes, CVD and certain cancers.
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It has proved difficult to identify any single and distinct cause for the
metabolic syndrome. An insidious and progressive change in environmental
factors associated with modern living is currently the best available explanation.
Both diet and physical activity habits have changed markedly in the past decades
and have clearly contributed to the modern obesity pandemic and to the expres-
sion of the insulin-resistant phenotype in those who are at risk because of yet
unknown combinations of genetic or epigenetic risk factors. This field of
research is developing rapidly and has led to a much better understanding of
underlying cellular and biological mechanisms. Metabolomics has opened a new
vista of biochemical abnormalities underlying insulin resistance, particularly in
the area of amino acid and fatty acid metabolism as well as mitochondrial
function. Inflammation and altered coagulation add to this milieu, providing a
complex combination of disease risk factors, none of which are simple to treat in
isolation, outside of a concerted effort at smart prevention of this modern threat
to public health.
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4.1 Association Between Metabolic Syndrome and CVD
in the Population

The global prevalence of the metabolic syndrome in the adult population varies
between 15 and 50 %. The prevalence is affected by multiple factors such as age,
sex, nutrition habits, lifestyle factors, socio-economic conditions and ethnicity as
major determinants and not at least definitions and arbitrary cut-off limits of single
components [1, 2].

Environmental factors, however, interact not only with the traits of the metabolic
syndrome but also with traditional risk factors such as cholesterol and smoking.
Thus, we are confronted with a very complex network of coronary risk factors,
which makes it more difficult to evaluate metabolic syndrome as cardiovascular risk
factor in its own right. Therefore, it is not surprising that metabolic syndrome as a
cardiovascular risk factor is a matter of controversy. In two large prospective studies,
Sattar et al. [3] found that the metabolic syndrome has only weak or no association
with cardiovascular risk in elderly population representative for the United King-
dom. In these prospective trials, the metabolic syndrome was, however, a major risk
factor for type 2 diabetes. Therefore, the authors concluded that there is no common
soil for diabetes and CVD. The metabolic syndrome by NCEP III criteria could,
however, be confirmed to be associated with CVD in Asian populations [4, 5].
Nevertheless, in all related studies we found a approximately twofold higher preva-
lence of the metabolic syndrome in comparable cohorts with major CVD (coronary
heart disease, cerebrovascular disease, stroke) [6, 7]. Interestingly, in the United
States, obesity, diabetes and coronary heart disease develop in parallel with some
lag time for development of coronary heart disease (Table 4.1) [9]. The same
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Table 4.1 Prevalence of the metabolic syndrome by NCEP 1998 and WHO criteria 1999

1998 WHO 1999 WHO NCEP 1II DM CHD
(N = 35.8M) (N = 41.3M) (N=484M) (N =140M) (N =12.2)
Age (%) (%) (%) (%) (%)
20-29 years 4.9 4.9 6.0 0.5 1.9
(36M)
30-39 years 11.0 11.1 14.2 2.0 34
(42M)
40-49 years 19.3 21.2 24.6 5.0 4.5
(42M)
50-59 years 28.5 324 36.5 12.9 7.5
(30M)
60—69 years 35.3 42.0 48.1 17.7 11.9
(20M)
70-79 years 35.0 443 48.4 184 16.1
(16M)
80+ years 22.4 27.7 433 15.5 17.9
M)

Diabetes and CHD by age group among US population >20 years [9]
CHD coronary heart disease, NCEP National Cholesterol Education Program, WHO World Health
Organization

phenomenon can be observed in the process of globalisation and westernisation in
all other countries [10].

In a meta-analysis for patients with quantitative coronary angiography using
intravascular ultrasound including a total population of 3,459 patients, 57.8 % met
the criteria of the metabolic syndrome by NCEPIII definition [11]. Metabolic
syndrome was associated greater likely of undergoing progression in plaque ather-
oma volume. Significant progression in plaque atheroma volume was defined as an
increase of 5 % or greater. The main predicting factors for progression were
hypertriglyceridaemia (odds ratio 1.26) and a body mass index >30 kg/m?* (odds
ratio 1.18). However, after adjusting of these two components metabolic syndrome
itself disappeared as an independent predictor for plaque atheroma progression.
This is in line with some studies from Wilson et al. [12] and Sundstrom et al. [13],
who reported that metabolic syndrome did not predict cardiovascular mortality
independently of its individual components. This illustrates that the components of
the metabolic syndrome have partially overlapping mechanisms of pathogenic
actions mediated through common effects. Therefore, their total combined effect
could be less than the sum of individual effects.

In the Acute Coronary Syndrome (ACS) Israeli Survey, 1,060 consecutive
patients with non-clinically diagnosed diabetes were admitted due to ACS.
Three hundred and fifty nine patients with metabolic syndrome (modified NCEP
IIT criteria) were compared with 701 subjects without metabolic syndrome.
Patients with metabolic syndrome had higher 30-day mortality rates compared
with patients with hyperglycaemia without metabolic syndrome (8.3 % vs. 2.5 %,
p <0.05). Multivariate analysis identified the metabolic syndrome as a strong
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independent predictor of 30-day and 1-year mortality with hazard ratios of
2.54 (95 % confidence interval (CI) 1.22-5.31) and 1.96 (95 % CI 1.18-3.24),
respectively [14].

In a total of 633 unselected, consecutive patients hospitalised with acute
myocardial infarction patients with (n = 290) and without (n = 343) metabolic
syndrome were compared. Acute myocardial infarction characteristics and left
ventricular (LV) ejection fraction at admission were similar for both groups. In-
hospital case fatality was higher in patients with metabolic syndrome compared
with those without, as was the incidence of severe heart failure (Killip class >II). In
a multivariate analysis, metabolic syndrome was a strong and independent predictor
of severe heart failure, but not in-hospital death. Analysis of the predictive value of
each of the five metabolic syndrome components for severe heart failure showed
that hyperglycaemia was the major determinant (odds ratio, 3.31; 95 % CI,
1.86-5.87) [15].

In the Strong Heart Study with American Indians, participants with metabolic
syndrome had a greater LV dimension, mass, and relative wall thickness, and left
atrial diameter (all p < 0.01), and a higher prevalence of LV hypertrophy
(p < 0.001), with lower ejection fraction (p < 0.05), midwall shortening
(p < 0.001) and mitral E/A ratio (p < 0.05) than participants without metabolic
syndrome [16].

A further study examined the association between left ventricular diastolic
dysfunction (LVDD) and metabolic syndrome. The prevalence of LVDD was
68 % in subjects with metabolic syndrome vs. 19 % in patients without metabolic
syndrome (p < 0.001). A severe form of LVDD was observed in 34 % and 15 % of
patients with and without metabolic syndrome, respectively (p = 0.001). The
prevalence of mild and severe diastolic dysfunction increased with the number of
metabolic syndrome traits (p = 0.001). In the metabolic syndrome group, early
diastolic tissue relaxation velocity (E) was significantly reduced (6.9 4 1.8 cm/s vs.
7.7 £ 2.1 cm/s; p = 0.009) and the E/E’ ratio was significantly higher (10.5 + 3.9
vs. 9.1 £ 3.0 cm/s, P = 0.015) as compared with the group without metabolic
syndrome (n = 69). In conclusion, metabolic syndrome was associated with a
higher prevalence and severity of LVDD [17].

Recently published data from three large meta-analyses are in line with the 1999
statement of the AHA with metabolic syndrome to be associated with increased risk
of cardiovascular events [9]. The largest of them included more than 900,000
patients. In this large population-based meta-analysis, the metabolic syndrome
was associated with a twofold increase in cardiovascular events and a 1.5-fold
increase in all-cause mortality rates. The cardiovascular risk was still high in
patients with metabolic syndrome but without diabetes. The relative risk for
coronary heart disease was higher in women than in men with metabolic syndrome
[18]. These new data on the cardiovascular burden in association with the metabolic
syndrome fits well into the overall estimation of the AHA published in 1999 using
the NCEP III criteria [9].

There are less data available concerning metabolic syndrome and cerebrovascu-
lar disease.
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In the Nijmegen Biomedical Study, several non-invasive measurements of
atherosclerosis (NIMA) were carried out in 1,517 participants aged 50-70 years
with and without metabolic syndrome [19]. Participants with metabolic syndrome
by NCEP III criteria were characterised by increased subclinical atherosclerosis
compared with participants without any trait of the metabolic syndrome, as
reflected by lower ankle-brachial index at rest [percent change (95 % CI), men:
—52 % (—9; —1), women: —3.1 % (—6; —1)] and after exercise [men: —7.7 %
(—17; 42), F: —6.6 % (—11; —2)], higher augmentation index [men: +4.8 % (+3;
+7), women: +1.9 % (+4; +18)], increased pulse wave velocity [men: +22.8 % (+15;
+32), women: +20.5 % (+14; +28)], increased intima-media thickness (IMT) [men:
49.3 % (+5; +13), women: +6.9 % (+3; +11)], and thicker plaques [men: +17.6 %
(—2; +41), women: +26.6 % (+5; +53)]. The number of traits was strongly
associated with the severity of subclinical atherosclerosis. Interestingly, NIMA
were already deteriorated when one or two traits were present and further
deteriorated when four or five traits of the metabolic syndrome were diagnosed.

The carotid IMT and the plaque volume were examined by ultrasound in a total
of 166 individuals (73 with metabolic syndrome vs. 93 without metabolic syn-
drome) [20]. Increased IMT was measured in patient with metabolic syndrome
(0.818 mm) vs. (0.746 mm) in subjects without metabolic syndrome as well as total
plaque volume (125 & 26 vs. 77.3 + 17.0 mm’) (p = 0.039). The higher the
number of risk factors that characterises the metabolic syndrome, the higher the
increase in IMT.

In a cross-sectional study, metabolic syndrome (n = 95) resulted in an increased
thickness of >16 % (p = 0.002) and increased stiffness of >32 % (p = 0.012) of
the IMT of common carotid arteries compared with patients without metabolic
syndrome (n = 376) [21].

A 14-year follow-up study in 1,131 men (114 with [only 9 %!] and 1,017 without
metabolic syndrome) showed that metabolic syndrome was associated with all
types of stroke (odds ratio 2.05)—635 strokes occurred during the monitoring, 47
of them were ischaemic [22].

After a 14-year follow-up in 2,097 individuals with initially high prevalence of
the metabolic syndrome (men 30.3 %, women 24.7 %), 75 men and 55 women
suffered the first stroke. The relative risk of stroke in individuals with diabetes and
metabolic syndrome was high (odds ratio 3.28), higher than that of any other
metabolic syndrome phenotype. In this study with high prevalence of metabolic
syndrome, the metabolic syndrome was an independent risk factor for stroke also in
individuals without diabetes [23].

4.2 CVD and Metabolic Syndrome in Patients
with Abnormal Glucose Tolerance

It is a consistent finding that type 2 diabetes is associated in >70 % of subjects with
metabolic syndrome [24, 25]. In the Diabetes in Germany (DIG) Study, a
population-based observational study with more than 4,000 patients >74 % had
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Table 4.2 Prevalence of metabolic syndrome (NCEPIII) and its traits in patients with type
2 diabetes: the Diabetes-In-Germany Study (DIG) [8]

Prevalence (%)

Traits Total Men Women
Obesity” 49.8 44.4 55.9
Hypertension 91.3 91.3 91.4
HTG 554 56.5 54.1
Low HDL-C 9.3 10.0 8.4
Only diabetes 2.4 2.6 2.2
+1 trait 20.5 21.5 19.3
+2 traits 353 36.4 34.1
+3 traits 27.2 25.1 29.5
+4 traits 4.0 4.2 3.8
Overall metabolic syndrome 74.4 73.2 75.8

“Difference by gender p < 0.001 y*-test; obesity: body mass index >30 kg/m>
NCEPIII National Cholesterol Education Program, HTG hypertriglyceridaemia, HDL-C high-
density lipoprotein cholesterol

metabolic syndrome by NCEP III criteria [8]. In the majority, we observed triple
traits and quartets (Table 4.2). Among individual phenotypes, triplets of hyperten-
sion plus obesity/hypertriglyceridaemia dominate.

Therefore, the WHO expert panel recommended excluding clinical type 2 diabe-
tes as component of the metabolic syndrome [26]. This is in striking contrast to the
first descriptions of the metabolic syndrome in the past century, which were based
on the coincidence of diabetes with hypertension and hyperuricaemia [27, 28].

Already patients with impaired glucose tolerance (IGT) exhibit an increase in
the prevalence of the metabolic syndrome compared with subjects with normal
glucose tolerance in the same age range. About every second subject with IGT is
diagnosed with metabolic syndrome [29-31].

Dysglycaemia as cardiovascular risk factor develops along a continuum up to the
upper normal range for fasting and postprandial plasma glucose levels [32, 33].
Overwhelming evidence exists that cardiovascular events and progression of vas-
cular lesions in diabetes strongly depend on the presence of comorbidities such as
hypertension and dyslipidaemia, two major traits of the metabolic syndrome. As
shown in Table 4.2, hypertension and hypertriglyceridaemia are the most frequent
single traits in the DIG database [8].

With the dominance of hypertension and lipids as single risk factors it is not
surprising that different phenotypes or combinations of the metabolic syndrome
bear a different cardiovascular risk. In the DIG study the highest risk for all 11
combinations was for those with hypertension and its triplets with all other traits
(Table 4.3). In all combinations with hypertension, women had a higher cardiovas-
cular risk than men. However, quartets and quintets had no higher risk than triplets.
This may be biased by small numbers of quartets and quintets. Overall, metabolic
syndrome was associated with an odds ratio of 1.38 (CI 1.04-1.82) for men and 1.67
(CI 1.08-2.59) for women.
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Table 4.3 Odds ratios (95 % confidence interval) for cardiovascular disease of different
phenotypes of the metabolic syndrome in the Diabetes in Germany study (DIG) population by

sex (NCEP III criteria) [8]

Phenotype
Triads
DM + HBP + LHDL

DM + HBP + HTG
DM + HBP + Obes

DM + LHDL + HTG

DM + LHDL + Obes

DM + HTG + Obes

Quartets

DM + HBP + LHDL + HTG
DM + HBP + LHDL + Obes
DM + HBP + HTG + Obes
DM + LHDL + HTG + Obes
Quintet

DM + HBP + LHDL + HTG + Obes

Overall MetS

Total population

5.67 (2.84-11.31)
5.64 (2.29-13.87)
6.17 (2.51-15.16)

1.14 (0.82-1.58)
0.90 (0.59-1.37)
0.96 (0.79-1.17)

1.21 (0.87-1.69)
0.95 (0.62-1.46)
1.01 (0.82-1.23)
0.86 (0.54-1.38)

0.92 (0.57-1.47)
1.41 (1.12-1.78)

Men

4.25 (1.92-9.41)
4.96 (1.80-13.71)
6.11 (2.22-16.85)

0.85 (0.55-1.31)
0.54 (0.29-1.01)
0.91 (0.71-1.17)

0.90 (0.58-1.39)
0.56 (0.30-1.04)
0.93 (0.72-1.21)
0.47 (0.23-0.95)

0.49 (0.24-1.00)
1.38 (1.04-1.82)

Women

10.90
(2.51-47.46)

8.78
(1.21-63.91)

9.19
(1.26-66.82)

1.78 (1.07-2.96)
1.76 (0.97-3.19)
1.20 (0.86-1.68)

1.90 (1.13-3.20)
1.92 (1.05-3.50)
1.29 (0.92-1.79)
1.85 (0.97-3.52)

2.03 (1.06-3.87)
1.67 (1.08-2.59)

DM diabetes mellitus, HBP high blood pressure, HTG hypertriglyceridaemia, Obes obesity, LHDL
low high density cholesterol, NCEP National Cholesterol Education Program

As demonstrated in Fig. 4.1, hypertension in the DIG study is the most important
risk factor for CVD in type 2 diabetes with an odds ratio twice of that for overall
metabolic syndrome. This is, however, not an argument against the concept of the
metabolic syndrome in type 2 diabetes. In the DIG study, stepwise regression
analysis to determine the significance of the metabolic syndrome together with
major established risk factors confirms overall metabolic syndrome, age, men, sex,
LDL-Cholesterol and smoking as independent risk factors [8]. The lesson from this
and other studies is that a careful consideration of all traits of the metabolic
syndrome in patients with type 2 diabetes is highly clinical relevant and can be
used as guide for patient-centred treatment. For example triple combinations with
obesity and hypertension will need weight neutral or weight-reducing antidiabetic
drugs and should avoid B-blockers to control hypertension in younger ages in
patients with abnormal glucose tolerance if they are free of CVD.

4.3 Metabolic Syndrome and Related Cardiovascular
Risk Factors

Metabolic syndrome is closely linked to insulin resistance together with visceral
obesity. Thus, it includes other cardiovascular risk factors such as albuminuria [34,
35], non-alcoholic fatty liver [36, 37] and sleep apnoea [38, 39].
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Fig. 4.1 Odds ratios for major cardiovascular diseases in patients with type 2 diabetes
(DIG-study) in different traits of and overall metabolic syndrome [8]

Table 4.4 Diseases and
emerging risk factors
related to the metabolic
syndrome

Non-alcoholic fatty liver

Sleep apnoea

Albuminuria

Minor sexual, nerval and psychological abnormalities
Social depression

Increased subclinical inflammation

Endothelial dysfunction

Increased intima-media thickness

Thrombophilia

Table 4.4 summarises typical clinical findings which may be associated with
increased cardiovascular risk in patients with metabolic syndrome. Making the
diagnosis of these diseases, therefore, indicates to look for all traits of the metabolic
syndrome. Vice versa it should be good clinical practice in subjects with metabolic
syndrome to look for these related diseases. We, however, find no specific
complications related to the ‘diagnosis’ metabolic syndrome. All these diseases
can be found in connection with single traits, particularly in visceral obesity, but
this provides further support to the concept of this syndrome since lifestyle inter-
vention with weight reduction and increased physical activity is the common basis
of treatment for all diseases related to the metabolic syndrome.

4.4 Common Soil for the Metabolic Syndrome and CVD?

Metabolic syndrome became a mass phenomenon together with the worldwide
epidemic of obesity and diabetes. When the statins allowed an effective and safe
control of hypercholesterolaemia, traits of the metabolic syndrome such as
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hypertension and pathological glucose tolerance as major modifiable risk factors
came into the focus of cardiovascular prevention.

There is increasing evidence that global trends in lifestyle, rapid decrease in
physical activity, eating behaviour and socio-cultural maladaptation together with
depression strongly contribute to a tsunami of diseases of the metabolic syndrome
and CVD.

Insulin resistance is often found in individuals with single traits or overall
metabolic syndrome. In the nineties of the past century, G.M. Reaven therefore
considered insulin resistance as the central pathophysiology of syndrome X.
He proposed that: “it is likely that the defect in insulin action and/or the associated
hyperinsulinemia will lead to an increase in plasma triglycerides and a decrease in
high density lipoprotein-cholesterol concentration, and high blood pressure ...
associated with resistance to insulin-mediated glucose uptake comprise a
syndrome. ..” [40]. Later on, visceral obesity and adipose tissue pathology were
worked out as keys to the development of core traits of the metabolic syndrome and
related diseases based on the worldwide epidemic in obesity and the parallel
increase in the global prevalence of the metabolic syndrome. Eventually traits of
the metabolic syndrome entered the top league of cardiovascular risk factors
[41-43]. Regional or visceral obesity is closely connected with another link of
the metabolic syndrome to CVD: Low-grade inflammation. Adipocyte hypertrophy
and visceral obesity are associated with an increase in secretion of biomarkers of
low-grade inflammation such as interleukin (IL)-6, tumour necrosis factor o
(TNFa) and resistin and a decrease in anti-inflammatory adipokine adiponectin
[44, 45]. At the same time, we observe a massive immigration of activated
macrophages into the adipose tissue [46, 47]. Furthermore, together with the fatty
liver level of the C-reactive protein [44] and fetuin A [48, 49] is increased—both
emerging new cardiovascular risk factors. By extrapolation, we see a very complex
pathophysiology as soil for the metabolic syndrome and associated diseases, which
are also relevant for cardiovascular risk. This overlapping of risk factors with a
strong impact on lifestyle and environment applies for both the metabolic syndrome
and CVD.

Therefore, if we consider a possible common soil for the metabolic syndrome
and CVD, we have to focus not on a one-dimensional genetic or pathophysiology
axis, but on lifestyle changes, rapid behavioural and cultural transitions and socio-
economic stress in the process of globalisation and westernisation [10, 50]. As a
prominent example, a close correlation between job stress and the metabolic
syndrome was shown in the prospective Whitehall II study [51]. The age-adjusted
odds ratio for metabolic syndrome, after adjustment for age, for the grade of stress
exposure in the highest grade was >2 versus low and moderate exposure.
Korenblum et al. [52] compared prevalence of type 2 diabetes and the metabolic
syndrome between native Germans and different groups of immigrants in North
Rhine Westphalia. Those with high social stress had about twice as high prevalence
compared with well-integrated immigrants and with native Germans. A high social
gradient for the metabolic syndrome, which could not be explained by behavioural
factors, was reported from the Copenhagen City Heart study [53, 54]. In general,
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lower class people have higher risk of developing metabolic syndrome and CVD, as
demonstrated for the transition time in Eastern bloc countries [55].

Thus, we find the common soil for the metabolic syndrome and CVD in times of
globalisation in an unhealthy lifestyle and in changes of socio-economic conditions
and environmental factors.

4.5 Metabolic Syndrome as Guide for Patient-Centred
Treatment

As pointed out the metabolic syndrome is a simple term for a heterogenic cluster of
interrelated diseases with complex interaction with CVD. However, there are core
elements of a common soil such as nutrition, physical activity, social behaviour and
stress as a basis for lifestyle intervention.

In the next step with individualised drug treatment or interventional measures
such as bariatric surgery, the traits of metabolic disease and presence or absence of
cardiovascular complications can be used as a guide for a patient-centred but
integrated approach.

As we learned from the Steno 2 study [56], an integrated approach of major risk
factors results in significant benefit compared with treatment only directed to
control blood glucose. In the Study to Prevent Non-Insulin-Dependent Diabetes
Mellitus (STOP-NIDDM) in patients with IGT, the number needed to treat to
prevent one case of newly diagnosed diabetes in patients with metabolic syndrome
was 5.8 vs. 16.5 in those without metabolic syndrome [31].

In the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attach
Trial (ALLHAT), a study to control hypertension with different blood pressure-
lowering drugs to prevent cardiovascular complications treatment with $3-blockers
and diuretics was associated with significantly higher risk of developing type
2 diabetes in the presence of the metabolic syndrome[57]. Thus, individual use of
antidiabetic drugs or B-blockers should be guided by presence or absence of traits
of the metabolic syndrome and CVD. Pleiotropic effects of drugs for treatment of
hypertension and dysglycaemia can be used for an integrated approach of this
cluster of interrelated diseases.

The Steno 2 study, provides clear evidence, that an integrated approach to
control major risk factors is most effective to prevent CVD and reduce all-cause
mortality [56].

In conclusion, currently available data strongly support the evolving concept of
the metabolic syndrome as an important cluster of cardiovascular risk factors and
metabolic vascular diseases. The concept provides an integrated approach of
diagnostics, prevention and treatment of diseases of the metabolic syndrome as
major cardiovascular risk factors. Well-designed randomised controlled trials are
needed to develop and evaluate patient-centred strategies. With a common soil of
lifestyle factors and unhealthy environment, public health strategies are essential to
stop the metabolic syndrome tsunami.
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5.1 Epidemiology

Epidemiological studies have clearly demonstrated an association of many types
of cancer with several traits of the metabolic syndrome [1-3]. The strongest
associations were found between central obesity and cancers of the breast (in
postmenopausal women), colorectum, endometrium, pancreas, liver, gallbladder,
kidney and oesophagus [4] whereas type 2 diabetes was mainly associated with
cancers of the pancreas, liver and endometrium [2]. The Women’s Health Initiative
Observational Study (WHI-OS) reported that patients with insulin resistance had a
higher risk of developing postmenopausal breast cancer [5]. Data from case—control
and cohort studies have determined hazard ratios between 1.1 and 2.3 for cancer
incidence in obesity and type 2 diabetes. However, a coincidence of these two
conditions or of other traits of the metabolic syndrome may further increase the risk
[1, 2]. The metabolic syndrome is not only associated with an increased risk of
cancer incidence but also mortality. About 10 % of the excess mortality in patients
with type 2 diabetes may be attributable to death from cancer [6]. Comparable
data have been reported from obese individuals [7]. After adjustment for age, sex,
smoking status and body mass index, the hazard ratio for death from cancer among
patients with type 2 diabetes was 1.25 (95 % confidence interval (CI), 1.19-1.31)
compared with persons without diabetes. An increased risk of death from cancer
was detectable even in persons with impaired glucose tolerance (hazard ratio 1.13;
95 % CI 1.06-1.20) [6].

F. Pistrosch « M. Hanefeld (D<)
Study Centre Professor Hanefeld, GWT-TUD GmbH, Fiedlerstrasse 34, 01307 Dresden, Germany
e-mail: Hanefeld@gwtonline-zks.de

H. Beck-Nielsen (ed.), The Metabolic Syndrome, 55
DOI 10.1007/978-3-7091-1331-8_5, © Springer-Verlag Wien 2013


mailto:Hanefeld@gwtonline-zks.de

56 F. Pistrosch and M. Hanefeld

5.2  Pathophysiology

Although the amount of epidemiological data supporting the association between
traits of the metabolic syndrome and cancer is substantial, these data did not allow
deriving a causal relationship. Therefore in vitro and in vivo studies were
performed to identify common biological factors and to understand the connection
between the two conditions.

The primary reason for the implementation of the term “metabolic syndrome”
was to indicate a cluster of metabolic diseases and hypertension which occurred
more frequently than by chance [8]. Later on, a common pathophysiological
pathway for the development of the different traits of the syndrome has been
suggested, which eventually contributes to the development of arteriosclerosis
[9], and today the term metabolic syndrome describes not only a cluster of meta-
bolic diseases but also a cluster of pathophysiologically linked cardiovascular risk
factors.

Inflammation—the common soil for the development of different traits of the
metabolic syndrome—was the most promising candidate for a causal relationship
between cancer and metabolic syndrome, too. Carcinogenesis describes a process
of malignant transformation, which involves initiation, promotion and progression
of cancer. Whereas multiple genetic damages are a prerequisite for a complete
neoplastic transformation of a cell, every step of carcinogenesis can be influenced
by environmental factors.

Adipose tissue is the largest endocrine organ of the human body producing free
fatty acids, different cytokines (interleukin 6, monocyte chemoattractant proteinl,
tumour necrosis factor-a) and hormones (leptin, aromatase, adiponectin, plasmino-
gen activator inhibitor 1), which may be involved in cancer genesis and progression
[10]. Interleukin 6 has been shown to enhance cancer cell growth and invasion via
activation of signal transducer and activator of transcription protein pathway [11],
whereas free fatty acids or cytokines like tumour necrosis factor-a cause insulin
resistance and subsequently hyperinsulinaemia [12, 13]. The role of insulin resis-
tance and hyperinsulinaemia in cancer development and progression has been
extensively studied [14]. Insulin and insulin-like growth factor (IGF) receptors
are expressed on most cancer cells, and its activation by insulin can stimulate
cancer cell proliferation [15]. Furthermore, hyperinsulinaemia increases circulating
IGF-1 levels by suppression of hepatic IGF-binding protein production [16]. Ani-
mal studies demonstrated a direct involvement of IGF-1 in cancer cell growth [17],
and higher circulating IGF-1 levels in humans were associated with increased risk
of cancer mortality [18]. Indirect effects of hyperinsulinaemia are mediated by the
reduction of hepatic synthesis of sex hormone binding globulin, which resulted in
increased levels of bioavailable sex hormones [1]. A stimulated aromatase activity
of adipose tissue with an increased production of estradiol may additionally aggra-
vate the risk of breast and endometrial cancer in postmenopausal women [4].
A direct pathophysiological role of hyperglycaemia in cancer cell proliferation
remains to be proven and human studies assessing the effect of hyperglycaemia
on cancer progression were inconclusive due to confounding effects of
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hyperinsulinaemia and comorbidities [1, 19]. In conclusion, there are convincing
pathophysiological links between the metabolic syndrome and cancer development
or progression which support the hypothesis of a causal association between these
conditions.

5.3 Cancer Risk and Medical Treatment of the Metabolic
Syndrome

The metabolic syndrome as a cluster of cardiovascular risk factors often requires
pharmacological therapy. For most of its single traits therapeutic goals exist which
cannot be achieved by lifestyle intervention alone in most cases. It has been
demonstrated that the combination of improved glucose control, lipid-lowering
therapy and blood pressure therapy can reduce death from any cause and from
cardiovascular causes [20]. However, the extended use of meta-analyses and
analyses of prescription databases have raised concerns about possible associations
between the risk of cancer and often prescribed drugs in patients with metabolic
syndrome. In 2010, a meta-analysis of nine randomised trials described an
increased relative risk of cancer incidence in patients randomised to angiotensin
receptor blocker compared with placebo (relative risk (RR) 1.07, 95 % CI
0.97-1.18) [21]. A second meta-analysis, which included 23 trials, did not confirm
these results and reported an identical risk of cancer incidence between angiotensin
receptor blocker and placebo (odds ratio 1.01, 95 % CI 0.93-1.09) [22]. These two
examples illustrate the problem of pooled analyses of different prospective studies:
Authors of meta-analyses did not have access to individual data, confirmation of
cancer diagnosis was not uniformly regulated and trial duration was too short for
evaluation of cancer outcomes since trials were primarily designed for other
outcomes. Therefore, results of meta-analyses should be interpreted with caution
since selection bias and poor quality of data may lead to erroneous conclusions [23].
To date there are no concerns that the benefits of angiotensin receptor use outweigh
its possible risk and that an increased risk of cancer cannot be derived from
currently available data.

Statins as most commonly prescribed lipid-lowering drugs in patients with
metabolic syndrome did not affect the risk of cancer incidence or mortality [24,
25]. Data about ezetimibe, which inhibits dietary and biliary cholesterol absorption
into enterocytes, demonstrated to increase cancer mortality in one prospective
randomised trial (hazard ratio 1.67, 95 % CI 1.00-2.79) [26], but this finding has
not been confirmed by other trials [27]. Since the number of patients in the above
trials was rather small and the follow-up time too short for a reliable evaluation of
cancer incidence or mortality, this issue remains to be clarified by further
investigations.

Pharmacologic therapies for glucose control has undergone a critical evaluation
during the recent years due to conflicting results of large trials, which did not
demonstrate an improvement of cardiovascular outcomes by intensification of
glucose-lowering therapy [28, 29]. In this context an updated guideline for the
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management of hyperglycaemia recommended an individualised approach including
a risk benefit analysis of pharmacological therapy for each patient [30].

Since hyperinsulinaemia and stimulation of IGF-1 may be involved in the
pathophysiology of cancer progression, recent studies focused on a possible risk
of cancer from insulin secretagogues, incretin-based therapies and insulin/insulin
analogues [1]. Few observational studies have described a possible increased risk of
cancer mortality in patients treated with sulfonylurea [31]. However, the number of
cancer cases was small and the study power limited [1].

A recent analysis of the United States Food and Drug Administration’s database
of reported adverse events for those associated with the dipeptidyl peptidase-4
(DPP-4) inhibitor sitagliptin and the glucagon-like peptide-1 mimetic exenatide
revealed an increased risk of pancreatic cancer [32], whereas a recent meta-analysis
of trials with DPP-4 inhibitors could not confirm this association [33]. However,
due to the limited use of this new class of drugs, the possible risk of cancer cannot
be finally evaluated.

Insulin, which is required for most patients with type 2 diabetes during the
course of the disease, has been suspected to be associated with cancer in recent
epidemiologic studies, especially if patients were treated with the long-acting
insulin glargine [1, 34, 35]. In addition to insulin receptor-mediated effects, insulin
glargine has a substantial affinity to the IGF-1 receptor and a higher mitogenic
potency in vitro compared with human insulin [36]. This higher mitogenic potency
has been suspected to result in a higher risk of cancer development in insulin
glargine-treated patients. The poor quality of data from prescription registries,
which were used in one of the epidemiologic analyses [35], may be the consequence
of a selection bias. Insulin is usually prescribed late in the course of the disease after
the failure of oral antidiabetic therapies, and patients using insulin have more
comorbid conditions or traits of the metabolic syndrome, which may increase the
risk of cancer. A large prospective open-label study with a 7-year follow-up with
insulin glargine versus standard care—the Outcome Reduction with an Initial
Glargine Intervention (ORIGIN) study—did not find an increased risk of cancer
in insulin glargine-treated patients compared with the control group [37].

In conclusion, to date there is no convincing evidence that any specific treatment
for single traits of the metabolic syndrome increases the risk of cancer morbidity or
mortality. However, this lack of evidence for an increased cancer risk does not
mean an exclusion of an increased risk. Further studies are necessary for a final
statement.

5.4 Treatment of the Metabolic Syndrome and Cancer Risk
Reduction

If the metabolic syndrome is associated with an increased cancer risk, one would
expect a significant risk reduction by treatment of its traits. Lifestyle intervention
is the most causal treatment of the metabolic syndrome. It has been demonstrated
that physical activity is inversely associated with cancer incidence [38, 39].
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The association of weight loss in central obesity and cancer risk in observational
studies is less consistent and may be biased by accidentally weight loss due to
undiagnosed cancer. However, there are clear evidence from animal studies that
caloric restriction can reduce tumour growth [40]. In addition meta-analyses of
patients who have undergone bariatric surgery demonstrated a decrease of cancer
incidence together with weight loss and improved insulin sensitivity [41]. The
cancer protective role of metabolic surgery was strongest for female obesity-related
tumours, which may underline the contribution of both weight dependent and
independent effects such as improvement of insulin resistance and beneficial
modulation of sex hormones.

Metformin as recommended first-line treatment of type 2 diabetes may have
advantages compared with other antidiabetic therapies regarding the risk of
cancer. Several epidemiological studies demonstrated an association between
metformin use and reduced cancer incidence [42, 43]. Metformin-induced activa-
tion of AMP activated protein kinase may play a crucial role in the inhibition of
cancer cell proliferation [19, 44]. Additional observational studies suggest that
metformin may improve cancer prognosis. Results of prospective trials, which are
currently performed, might further clarify these possible drug-specific effects
against cancer [19].
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6.1 The Metabolic Syndrome and the Risk of Type 2
Diabetes and Cardiovascular Disease

The metabolic syndrome is clinically important because of its association with the
subsequent development of type 2 diabetes [1-7] and increased risk of cardiovas-
cular disease (CVD) ([8—18]). In a systematic review and meta-analysis of longitu-
dinal studies, Gami et al. [19] found 37 eligible studies including 43 cohorts with
172,573 individuals showing that individuals with the metabolic syndrome had a
risk ratio of cardiovascular events of 1.78.

In recent years some controversy has emerged surrounding the clinical signifi-
cance of the metabolic syndrome compared to other tools that identify individuals
at elevated risk of cardiovascular diseases (CVD) [20, 21]. A review of prospective
studies by Ford [22] concluded that the predictive value of the metabolic syndrome
for all-cause mortality was unremarkable with an estimated summary relative risk
of ~1.2 to ~1.4, and that the metabolic syndrome has a modest predictive value for
CVD with an estimated summary relative risk of ~1.7 to ~1.9, depending on the
definition of the metabolic syndrome [22].

A position statement of the American Association for Clinical Endocrinology
pointed out that the metabolic syndrome should not be used as a disease unto
itself [23]. A recent World Health Organization (WHO) report by Simmons et al.
[24] came to a conclusion that the metabolic syndrome has a limited use as
diagnostic or management tool. The metabolic syndrome is rather a concept
that focuses attention on complex multifactorial health problems and should be
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considered a pre-morbid condition excluding individuals with diagnosed diabetes
or CVD [24].

In general, the metabolic syndrome has been most widely promoted for the
identification of individuals at risk of CVD. The traditional risk scores may be more
accurate for the prediction of future risk of CVD. However, the metabolic syndrome
is an understandable and useful tool in clinical work. After recognition of a person
at risk, awareness and lifestyle counselling and/or specific treatment for different
features of the metabolic syndrome can be offered.

6.2 Management of the Metabolic Syndrome

Clinical management of the metabolic syndrome involves the modification of risk
factors to prevent or delay the onset of CVD and delay of the onset of type
2 diabetes. The prevention and treatment of the metabolic syndrome is based on
the management of its individual components. This by definition requires multiple
targets and several management strategies to be applied simultaneously. Each of the
components of the metabolic syndrome (Fig. 1.1, Chap. 1) can be improved by
healthy lifestyle. Lifestyle modification should always be the primary intervention
in people with the metabolic syndrome, but the residual risk of CVD that often
remains usually requires pharmacotherapy [25]. Weight control, weight reduction
and/or prevention of further weight gain, deserves first priority in individuals with
abdominal obesity and the metabolic syndrome [26]. However, it must be kept in
mind that weight reduction/control is only possible by the modification of diet and/
or increased physical activity.

6.3  Dietary Considerations in the Prevention and
Treatment of the Metabolic Syndrome

The optimal fat, protein, and carbohydrate composition for weight loss and for
prevention and treatment of the metabolic syndrome and type 2 diabetes has been
debated [27-30]. Excessive energy intake is the major driving force, but the quality
of fats and carbohydrates also have important and independent effects. High
glycaemic load is associated with increased diabetes risk, whereas high consump-
tion of dietary fibre and poly/monounsaturated (PUFA/MUFA) fats is associated
with decreased risk [31].

6.3.1 Dietary Fat Intake

In a review article on studies addressing the association between dietary fat intake
and obesity, metabolic syndrome and diabetes, Melanson et al. [32] concluded that
the data on the association between total fat intake and/or saturated fat intake and
body weight remains inconclusive. However, the study further concluded that there
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are a sufficient number of studies suggesting that total fat and saturated fat intake
increases the risk of having the components of metabolic syndrome, and that higher
intake of MUFA and PUFA has a beneficial effect in reducing the risk [32].

On the role of reducing intake of saturated fat in the prevention of CVD, a panel
of dietary experts [33] reached the following conclusions: “The evidence from
epidemiological, clinical, and mechanistic studies is consistent in finding that the
risk of coronary heart disease is reduced when saturated fatty acids (SAFA) are
replaced with PUFA. No clear benefit of substituting carbohydrates for SAFA has
been shown, although there might be a benefit if the carbohydrate is unrefined and
has a low glycemic index”.

6.3.2 Carbohydrate Intake

In obese individuals, low-carbohydrate diets result in greater initial weight loss and
improvements in CVD risk factors for up to 1 year, as compared with conventional
low-fat diets [34]. There have been only a few long-term trials, and none of them is
primarily intended to treat the metabolic syndrome or prevent type 2 diabetes. After
either 1 year (Foster et al. 2003) or 2 years [35] of treatment, no significant
differences in weight loss were found between low carbohydrate and conventional
low fat diets. However, Shai et al. [36] found that a dietary regimen lower in
carbohydrates (~40 energy %) resulted in greater weight loss (4.7 kg) than a
Mediterranean diet (4.4 kg) or calorie-restricted low-fat diet (2.9 kg), after a
2-year period.

The effects of low-carbohydrate diet on CVD risk factors and the metabolic
syndrome have been inconclusive. There are studies showing more improvements
with a low-carbohydrate diet (Foster et al. 2003; [36, 37]), while others do not show
any significant associations [30, 38], especially when weight loss was taken into
account. Sacks et al. [30] reported similar reduction in the prevalence of the
metabolic syndrome in all dietary groups, from 32 % to 18-22 % among 811
overweight adults randomised to four different diet modalities.

Dietary glycaemic load is estimated from glycaemic index by multiplying it by
the amount of carbohydrates. A high glycaemic load diet, which increases insulin
demand and may lead to pancreatic beta-cell exhaustion in the long run, has been
implicated in increased risk of type 2 diabetes and CVD [39]. In a meta-analysis of
37 prospective studies, Barclay et al. [40] found that diets with high glycaemic
index and/or glycaemic load increased the risk of type 2 diabetes and heart disease.

6.3.3 Dietary Patterns

The role of a single nutrient, food item or lifestyle factor does not seem to be as
important as dietary patterns or the combined effects of lifestyle change and dietary
factors in the prevention and treatment of the metabolic syndrome and type
2 diabetes. Hu et al. [41] followed 84,941 women from 1980 to 1996 in the Nurses
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Health Study. They defined a low-risk group for type 2 diabetes according to five
variables: (1) body mass index (BMI) <25 kg/mz; (2) a diet high in cereal fibre and
PUFA and low in trans fat; (3) moderate-to-vigorous physical activity for at least
half an hour/day; (4) no current smoking; and (5) an average intake of a half-serving
of an alcoholic beverage/day.

With regard to CVD risk factors, several epidemiological and intervention
studies support the benefits of Mediterranean diet low in SAFA and high in
MUFA [33, 42]. A meta-analysis by Kastorini et al. [43] of prospective epidemio-
logical studies and clinical trials assessing the effect of Mediterranean diet on the
metabolic syndrome and its components showed that adherence to diet was
associated with a reduced risk of the metabolic syndrome, and the results from
clinical studies revealed a protective effect against the components of the metabolic
syndrome.

Several diet-quality scores have been developed [44] to provide healthy dietary
guidelines targeting major chronic diseases [45]. De Koning et al. [44] compared
associations of different scores with incidence of type 2 diabetes among men from
the Health Professionals Follow-up study. They concluded that several diet-quality
scores, especially Alternative Healthy Eating Index (AHEI) and Dietary
Approaches to Stop Hypertension (DASH), were associated with a lower risk of
type 2 diabetes. These scores reflect a dietary pattern characterised by high intakes
of plant-based foods such as whole grains; moderate alcohol; low intakes of red and
processed meat, sodium, sugar-sweetened beverages and trans fat [44]. High scores
of AHEI have earlier been shown to associate with decreased risk of CVD
[46] and type 2 diabetes [45] and higher odds of the metabolic syndrome resolution
[47]. A recent population-based cross-sectional study among elderly Finns
showed that a healthy diet (vegetables > 400 g/day, fish > 2 servings/week, fibre
> 14 g/1,000 kcal, saturated fat < 10 energy %/day) is associated with a reduced
risk of having the metabolic syndrome [48].

6.3.4 Dietary Recommendations for the Treatment
of the Metabolic Syndrome

For an overall healthy diet, the 2010 USA dietary guidelines emphasise three major
goals: (1) balance calories with physical activity to manage weight; (2) consume
more fruits, vegetables, whole grains, fat-free and low-fat dairy products and
seafood; and (3) consume fewer foods with sodium, saturated fats, trans fats,
cholesterol, added sugars and refined grains [49]. New dietary recommendations
for the Nordic countries are under revision.

Current care guidelines for adult obesity in Finland emphasise individualised
approach, but support regular meals with avoidance of “empty” calories. Energy
deficit of ~600 kcal/day can be achieved by reducing (saturated) fats, sugar, sweets,
pastry, white cereal and alcohol as well as portion sizes of pasta, rice and potatoes
and increasing consumption of vegetables, berries and fruits [50].
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6.4  Physical Activity and the Metabolic Syndrome

Increased time spent engaging in sedentary behaviours and decreased time spent
engaging in moderate-to-vigorous physical activity have been reported to indepen-
dently correlate with the risk of the metabolic syndrome and its components in
cross-sectional studies [22, 51-56].

In a meta-analysis of ten prospective cohort studies, Jeon et al. [57] found a
substantial inverse correlation between physical activity of moderate intensity and
risk of type 2 diabetes. Those who were regularly engaged in physical activity of
moderate intensity had ~30 % lower risk of type 2 diabetes as compared with
sedentary individuals. A similar decrease in diabetes risk was observed when they
specifically examined regular walking. After adjustment for BMI, the reduction in
diabetes risk remained substantial for both regular moderately intense activity and
walking.

6.4.1 Leisure Time Physical Activity

Data on the role of leisure time physical activity (LTPA) in the treatment of the
metabolic syndrome is limited. More is known about the effect of exercise on
insulin resistance and the metabolic syndrome components, especially obesity, in
cross-sectional and prospective cohorts.

Borodulin et al. [58] found in the FINRISK 2002 cross-sectional survey that
higher levels of LTPA were associated with lower 2-h plasma glucose and fasting
insulin levels and reduced risk of having impaired glucose tolerance (IGT) and type
2 diabetes, independent of the level of abdominal obesity. A 16-year follow-up of
18,414 women in the Nurses Health Study II showed that bicycling, when of an
intensity similar to that of brisk walking, was associated with less weight gain with
an inverse dose—response relationship, especially among overweight and obese
women [59]. Ekelund et al. [60] followed 84,511 men and 203,097 women in a
prospective cohort study for 5 years and found that a higher level of physical activity
reduced abdominal adiposity, independent of body weight and weight changes.
Ekelund et al. [61] also found that an increase in physical activity energy expendi-
ture lowered plasma triglycerides, fasting insulin, and 2-h glucose even in the
absence of improved aerobic fitness and weight loss among 393 individuals followed
for 5.6 years. On the other hand, cardiorespiratory fitness, even without weight loss,
has been shown to prevent the metabolic syndrome [62]. Hassinen et al. [63] found
that higher cardiorespiratory fitness at baseline, measured by maximum VO, uptake,
was associated with a reduced metabolic syndrome development and a higher
metabolic syndrome resolution rate in a 2-year follow-up.

There are some intervention trials that examine the role of LTPA on insulin
resistance, abdominal obesity and the metabolic syndrome. Boule et al. [64] studied
the effect of a 20-week endurance training programme in 596 healthy but sedentary
individuals. They found that insulin sensitivity, measured by an intravenous
glucose tolerance test, increased by 10 % following the intervention, although the
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variability was high. In this study, improvements in fasting insulin were transitory
and disappeared within 72 h after the last bout of exercise. They concluded that in
the absence of substantial weight loss, regular exercise is required for sustained
improvement in glucose homeostasis. Lee et al. [65] found that regular exercise for
60 min five times per week was associated with reduction in total and visceral fat
and muscle lipids among 24 men participating in 13 weeks of supervised aerobic
exercise. Johnson et al. [66] used a metabolic syndrome score and found that,
compared with the inactive controls, moderate intensity exercise—at an amount
calorically equivalent to walking approximately 17 km over an average of 170 min
per week—resulted in a significant improvement in calculated metabolic syndrome
scores.

6.4.2 Resistance Training

Physical inactivity and ageing reduce muscle mass and contribute to obesity, insulin
resistance, type 2 diabetes, dyslipidaemia and hypertension [67]. Increase in muscle
mass may reduce multiple CVD risk factors [68]. Cross-sectional studies have
demonstrated that muscular strength is inversely associated with the prevalence
of the metabolic syndrome [69], and resistance training improves the components
of the metabolic syndrome [70].

6.4.3 Sedentary Lifestyle

In the Nurses Health Study, independent of exercise levels, sedentary behaviours
were found to be correlated with elevated risk of obesity and type 2 diabetes,
whereas even light to moderate activity was associated with substantially lower
risk [71]. In a cross-sectional cohort of 4,864 subjects in the Australian Diabetes
Obesity and Lifestyle (AusDiab) study, sitting time, independent of central
adiposity, and TV viewing time were deleteriously associated with CVD risk
markers [72].

Healy et al. [73] examined the associations of objectively measured sedentary
time, light-intensity physical activity and moderate-to-vigorous intensity activity
with fasting and 2-h plasma glucose in a cross-sectional cohort. Physical activity was
measured by accelerometers worn by participants during waking hours for seven
consecutive days. Light-intensity physical activity was shown to be beneficially
associated and sedentary time unfavourably associated with plasma glucose levels.
They also found that independent of time spent in moderate-to-vigorous physical
activity, there were significant associations of sedentary time, light-intensity time
and mean activity intensity with waist circumference and clustered metabolic risk.
Independent of waist circumference, moderate-to-vigorous physical activity time
was significantly associated with triglycerides [74]. In a cross-sectional analysis with
4,757 participants from the National Health and Nutrition Examination Survey
(NHANES), Healy et al. [75] found associations between prolonged sedentary
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time and CVD and inflammatory biomarkers such as waist circumference,
high-density lipoprotein (HDL) cholesterol, C-reactive protein, triglycerides and
insulin.

6.4.4 Exercise Recommendation for the Prevention
of Type 2 Diabetes and for the Treatment
of the Metabolic Syndrome

The American College of Sport Medicine and the American Diabetes Association
published a joint statement on exercise and type 2 diabetes in 2010 [76]. It
recommends at least 2.5 h/week of moderate-to-vigorous physical activity as part
of lifestyle changes to prevent the onset of type 2 diabetes in high-risk adults. The
current care guidelines for health-related physical activity recommend at least
30 min of any moderate-intensity physical activity, consisting of one or several
shorter bouts at least 5 days a week, or vigorous exercise for 1 h 15 min once per
week for the treatment of the metabolic syndrome. Additionally, muscle-
strengthening activity like push-ups, sit-ups and lifting weight at least twice
weekly, and a personal exercise programme is recommended.

6.5 Lifestyle Trials in Type 2 Diabetes Prevention

The best evidence for the benefit of lifestyle intervention to reduce weight and
insulin resistance comes from intervention studies that were designed to investigate
the possibility of preventing or delaying type 2 diabetes in high-risk groups via
intensive lifestyle intervention. These studies have recruited overweight or obese
individuals with abnormal glucose tolerance, mainly IGT. They have mostly aimed
at achieving weight loss through a combination of dietary changes and physical
activity. The DPP has reported the prevalence of the metabolic syndrome among
the participants or the effects of the intervention on metabolic syndrome develop-
ment or resolution [77]. It is, however, not clear how the results of these trials apply
to a non-IGT population with the metabolic syndrome.

6.5.1 Finnish Diabetes Prevention Study

The DPS in Finland is a multicentre, randomised, prospective and controlled
lifestyle intervention trial with the main aim of assessing prevention of type
2 diabetes in subjects with IGT [78, 79]. Overweight (BMI > 25 kg/mz) and
middle-aged (40-64 years) individuals without previous diagnosis of diabetes
other than gestational diabetes were eligible for DPS. Persons who were already
participating in regular vigorous exercise programmes or had a chronic disease that
would make a 6-year survival unlikely were excluded from the study. After the first
screening oral glucose tolerance test (OGTT), a repeated OGTT was done in those
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within the IGT range, i.e. 2-h plasma glucose 7.8—11.0 mmol/l and fasting plasma
glucose less than 7.8 mmol/l at the first visit. The mean of the 2-h glucose
concentrations was used as the criterion for inclusion. The primary endpoint of
DPS was the diagnosis of type 2 diabetes by WHO 1985 criteria [80] with a
repeated plasma glucose value in the diabetes range, i.e. a fasting plasma glucose
> 7.8 mmol/l or 2-h value > 11.1 mmol/l during OGTT (75 g).

The participants were randomised to an intensive and individually tailored diet
and exercise counselling group and to a usual care control group. In addition, the
effects of the intervention on insulin sensitivity and CVD risk factors were assessed
[81, 82]. The main goals of the intensive intervention in DPS were: (1) weight
reduction of >5 %; (2) <30 % of the daily energy intake from fat; (3) <10 % of the
daily energy intake from saturated fat; (4) fibre intake >15 g per 1,000 kcal; and (5)
moderately intense physical activity >30 min per day. The study participants were
categorised according to their success in achieving these five predefined interven-
tion goals (0 = not achieved, 1 = achieved) by the third year visit (mean LTPA
and nutrient intake during the years 1, 2 and 3). A success score from 0 to 5 was
calculated as the sum of the achieved goals.

The primary results of DPS showed that lifestyle changes can prevent the
progression from IGT to type 2 diabetes with a relative risk reduction of 58 %
[78]. Significantly greater improvements were seen at year 3 in waist circumfer-
ence, serum total cholesterol to HDL cholesterol ratio and serum triglycerides in the
intervention group compared with the control group [82].

6.5.2 Diabetes Prevention Program in the USA

Men and women with BMI > 24 kg/m®, age > 25 years and both IGT and elevated
fasting plasma glucose that participated in the DPP in the United States. During the
average intervention and follow-up of 2.8 years, lifestyle intervention reduced the
incidence of diabetes by 58 % and metformin by 31 %, as compared with placebo
[83]. The DPP researchers also reported that the intensive lifestyle intervention
improved CVD risk factor status [including hypertension, high triglyceride levels,
low HDL levels and small dense low-density lipoprotein (LDL)] compared with
placebo and metformin therapy [84].

The DPP researchers conducted post hoc analyses to evaluate changes in the
resolution and incidence of the metabolic syndrome. By the third year the preva-
lence of the metabolic syndrome increased from 55 to 61 % in the placebo group,
from 54 to 55 % in the metformin group, and decreased from 51 to 43 % in the
lifestyle group [77]. Of those having the metabolic syndrome at baseline, 18 % of
the placebo group, 23 % of the metformin group and 38 % of the lifestyle group, had
recovered from the metabolic syndrome by the third study year. Among those
without the metabolic syndrome at baseline, 53 % of the placebo group, 47 % of
the metformin group and 38 % of the lifestyle group, had developed metabolic
syndrome by the third year. The incidence of the metabolic syndrome was reduced
by 41 % in the lifestyle group and by 17 % in the metformin group compared with
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placebo. Lifestyle intervention reduced the incidence of all components of
the metabolic syndrome except HDL-cholesterol level, while metformin was effec-
tive only in reducing the incidence of elevated waist circumference and fasting
glucose.

The study participants were categorised according to their success in
achieving these five predefined intervention goals (0 = not achieved, 1 =
achieved) by the third year visit (mean LTPA and nutrient intake during the years
1, 2 and 3). A success score from 0 to 5 was calculated as the sum of the achieved
goals.

6.5.3 Intensive Lifestyle Counselling in the Intervention
and Control Group

The methods used for the implementation of the programme have been published
and described in detail elsewhere [82, 85]. The participants were advised to increase
their overall level of physical activity, and endurance exercise was recommended in
order to increase aerobic capacity and cardiorespiratory fitness. This was promoted
by the study nurses and the nutritionist during the counselling sessions and
highlighted by the study physicians. Sessions for supervised, individually tailored
and progressive circuit-type resistance training with moderate intensity were
recommended twice a week. Sessions were offered free of charge in three of the
study centres with the aim to improve functional capacity and strength of large
muscle groups of the upper and lower body.

The participants in the standard care control group were given general verbal and
written health behaviour information about food choices, physical activity and
weight loss at baseline, but no individualised counselling was offered. Control
group participants filled out the same annual questionnaires and food diaries.
The participants visited the study centre once a year for measurements and met
the study nurse, nutritionist and physician.

6.5.4 Blood pressure and lipid management in the DPS

Drug treatment of hypertension blood pressure and/or dyslipidaemia was initiated
according to guidelines if necessary. The use of blood pressure-lowering
medications increased during the study in both groups: 34.5 % vs. 354 %
(p = 0.822 between the groups) used antihypertensive medication at baseline and
40.7 % vs. 42.9 % (p = 0.521 between the groups) used antihypertensive medica-
tion at the end of the study in the intervention group and in the control group,
respectively. The same trend was seen for the lipid-lowering medication: 4.6 % vs.
5.8 % (p = 0.623 between the groups) used lipid-lowering medication at baseline,
whereas the corresponding figures were 14.4 % vs. 13.8 % (p = 0.382 between the
groups) for the intervention and control groups at the end of the study.
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Table 6.1 Prevalence of the metabolic syndrome and its components in the DPS at baseline by
gender

Men Women P
MetS 78.4 72.2 0.082
Obesity 96.5 86.3 <0.001
BMI > 30 kg/m? 453 59.1 0.004
Waist-to-hip ratio >0.90 men, >0.85 women 96.5 75.3 <0.001
Hypertension 62.9 60.9 0.647
Systolic blood pressure >140 mmHg 382 44.0 0.181
Diastolic blood pressure >90 mmHg 39.4 33.1 0.161
Use of blood pressure medication 29.1 29.2 0.745
Dyslipidaemia 51.2 48.6 0.599
Triglycerides >1.7 mmol/l 44.8 39.0 0.205
HDL-cholesterol <0.9 in men and <1.0 mmol/l 22.7 17.8 0.183
in women
Use of lipid medication 5.8 54 0.857

Data are percentages. Obesity: BMI > 30 kg/m? or waist-to-hip ratio >0.90 in men and >0.85 in
women. Hypertension: Systolic blood pressure >140 mmHg or diastolic blood pressure
>90 mmHg or use of oral antihypertensive medication. Dyslipidaemia: HDL-cholesterol
<0.9 mmol/l in men and <1.0 mmol/l in women or triglycerides >1.7 mmol/l or use of lipid
lowering medication.

MetS metabolic syndrome, BMI body mass index, HDL high-density lipoprotein

6.5.5 Effects of the Lifestyle Intervention on the Metabolic
Syndrome in the DPS

Altogether 78.4 % of the men and 72.2 % of the women in the DPS fulfilled the
modified WHO 1998 criteria for the metabolic syndrome [86]. The prevalence of
obesity, hypertension and dyslipidaemia in men and women is shown in Table 6.1.

The metabolic syndrome status of the DPS participants was reassessed by the
National Cholesterol Education Program (NCEP) 2005 definition [87]. There were
no significant differences in these variables between the intervention group and
control group, except for slightly lower saturated fat intake in the intervention
group. Reported dietary intakes did not differ between those with the metabolic
syndrome and those without at baseline. On the other hand, those with the meta-
bolic syndrome exercised significantly less than those without the metabolic syn-
drome at baseline.

Body weight, dietary intakes and physical activity of the participants at baseline,
year 1 and year 3 are shown in Table 6.2. Weight and intake of total fat and
saturated fat were lower, while intake of carbohydrates and fibres and the propor-
tion of physical activity were higher in the intervention group than in the control
group during the intervention.



6 Lifestyle Intervention: Prevention of Complications to the Metabolic Syndrome 73

Table 6.2 Mean weight, mean dietary intakes and proportion (%) of physical active at baseline,
at year 1 and at year 3 in the DPS intervention and control group

Control group Control group P

Weight

Baseline 86.7 + 14.0 85.5 + 144 0.327

Year 1 82.2 + 13.6 84.8 + 14.6 <0.001

Year 3° 83.4 + 14.1 85.1 £ 15.5 <0.001
Fat (E%)

Baseline 36.0 £ 6.7 37.1 £ 6.5 0.067

Year 1 32.6 £ 6.7 35.0 £ 6.2 <0.001

Year 3% 31.6 +£ 6.2 344 + 6.1 <0.001
Saturated fat (E%)

Baseline 16.2 £ 4.0 17.0 £ 4.3 0.019

Year 1 13.5 £ 3.8 15.8 £ 4.1 <0.001

Year 3° 13.0 £ 3.8 154 £ 4.1 <0.001
Carbohydrate (E%)

Baseline 436 £7.5 432 £ 6.7 0.506

Year 1 470 £ 7.5 449 £ 170 0.002

Year 3* 472+ 74 450 £ 7.1 0.001
Fiber (g/1 000 kcal)

Baseline 11.7 £ 4.0 11.7 £ 39 0.943

Year 1 142 +£ 4.6 12.5 +£ 3.7 <0.001

Year 3% 14.0 £ 4.7 12.6 + 4.1 <0.001
Proportion of physically active (%)

Baseline 64 67 0.519

Year 1 86 69 <0.001

Year 3° 82 71 <0.001

“Last observation carried forward for individuals who dropped out or developed diabetes during
the study

®p for test of equality between groups adjusted for baseline level. N varied between 252 and 265 in
the intervention group and between 245 and 257 in the control group

All five of the predefined goals were met by year 3 more often in the intervention
group than in the control group. Three or more goals were fulfilled by 30.3 % of the
participants in the intervention group and by 13.1 % in control group. The percent-
age of those with dietary fat intake <30 energy % was 38.2 % vs. 23.6 %
(p < 0.001), the percentage of those with saturated fat intake <10 energy %
was 21.3 % vs. 10.6 % (p = 0.001) and the percentage of those with fibre intake
>15 g/1,000 kcal was 32.6 % vs. 26.0 % (p = 0.014) in the intervention group and
in the control group, respectively. Weight reduction of >5 % was achieved by
39.1 % in the intervention group and in 18.7 % in the control group (p < 0.001),
and 51.0 % in the intervention group exercised at least 2.5 h per week with
moderate-to-vigorous intensity compared with 41.3 % in the control group
(»p = 0.030). In a logistic regression analysis adjusted for age, sex and baseline
metabolic syndrome, lower BMI and BMI change were shown to be associated with
the metabolic syndrome prevalence. No goals other than achieving weight loss of
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>5 % were associated alone with metabolic syndrome prevalence. However, the
number of the predefined goals (0-5) that were met at year 3, analysed as a
continuous variable, was associated with the metabolic syndrome prevalence
(p = 0.047 adjusted for sex, age and baseline metabolic syndrome).

6.5.6 Changes in the Prevalence of the Metabolic Syndrome

The prevalence of the metabolic syndrome decreased during the first year with the
most intensive dietary intervention—from 74.0 to 58.0 % and from 73.9 to 67.7 %
(p = 0.018) in the intervention group and control group, respectively. At the end of
the study, with a mean intervention time of 3.9 years, 62.6 % of the subjects in the
intervention group and 71.2 % of the subjects in the control group (p = 0.025) had
the metabolic syndrome (Fig. 6.1), which corresponds to 38 % relative risk reduc-
tion (odds ratio 0.62 with 95 % confidence interval (CI) 0.40-95; adjusted for age,
sex and baseline value) in the intervention group.

The prevalence of the different components of the metabolic syndrome at year 1
and at the end of the DPS intervention is shown in Fig. 6.1. During the study, there
were significant improvements in all of the components except fasting glucose in
the intervention group, but there were only improvements in HDL cholesterol in the
control group. Significant differences between the groups were seen in abdominal
obesity and fasting glucose after the first year. By the end of the study only
abdominal obesity and the overall prevalence of the metabolic syndrome were
significantly different between the groups. The risk reduction for abdominal obesity
was 52 % (odds ratio 0.48; 95 % CI 0.2-0.81 adjusted for age, sex and baseline
value) in the intervention group from baseline to the end of the study.

6.5.7 Effects of Lifestyle Changes in Those with the Metabolic
Syndrome at Baseline

Among those 386 participants with the metabolic syndrome at baseline the mean
weight loss was 4.8 &+ 5.1 kg vs. 0.9 &+ 3.4 kg (p < 0.001) after the first year and
24 £ 53kgvs. 04 £ 5.1kg (p < 0.001) at the end of the intervention period in
the intervention group and control group, respectively [88].

Comparisons within the groups showed that indicators for obesity or insulin
resistance, i.e. fasting and 2-h plasma insulin, homeostasis assessment model for
insulin resistance (HOMA-IR) index, dyslipidaemia and hypertension, improved
significantly in the intervention group during the study, whereas only HDL choles-
terol, triglycerides and diastolic blood pressure improved in the control group. Fasting
plasma glucose and 2-h plasma glucose were significantly lower within the interven-
tion group after the first year compared with baseline, but the glucose values increased
significantly within both of the groups during the study (Table 6.3).

Comparison between the groups at the first annual visit showed significantly more
improvements in all parameters studied in the intervention group. At the end of the
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Elevated fasting glucose: fasting plasma glucose 2 5.6 mmol/l; Elevated blood pressure: systolic blood
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Fig. 6.1 Prevalence of the metabolic syndrome and its components in the intervention group filled
bar and in the control group open bar at baseline, at year 1 and at the end of the DPS
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study, significant differences were still seen in the markers of insulin resistance,
except in glucose values and systolic and diastolic blood pressure. Fasting plasma
glucose and 2-h post challenge glucose increased in both of the groups during the
study, but 2-h values tended to be lower in the intervention group (9.5 + 2.8 mmol/l
vs. 9.9 £ 2.6 mmol/l; p = 0.064). Specifically, when men and women were analysed
separately, a significant difference between the groups at the end of the study was
observed. Mean 2-h glucose at the end of the study was 9.2 + 2.8 mmol/l vs.
10.4 £ 2.7 mmol/l (p = 0.032) in men and 9.6 £ 2.8 mmol/l vs. 9.8 £+ 2.6 mmol/
1 (p = 0.437) in women in the intervention group vs. control group, respectively.

6.5.8 Resolution of the Metabolic Syndrome

Resolution of the metabolic syndrome was seen in 76 out of 386 (19.7 %) subjects
during the course of the study, and more often among the participants in the
intervention group (25.5 % in the intervention group vs. 13.7 % in the control
group; p = 0.005) [88].

Resolution of the metabolic syndrome was most strongly associated with weight
loss (Table 6.4). In a logistic regression analysis where weight gain was given
reference value 1, a weight loss of 0-5 % resulted two times more often in
resolution, and a weight loss over 5 % resulted nearly five times more often in
resolution. Resolution of the metabolic syndrome was associated with participation
in the intervention group and also with the success score calculated by the third
annual visit. Participants in the intervention group recovered from the metabolic
syndrome over two times more often than the participants in the control group, and
further adjustments with baseline BMI and BMI change did not have a marked
effect on these results (odds ratio 1.81; 95 % CI 1.02—3.23).

The progress of achieving the predefined five intervention goals was assessed by
the third annual visit and a success score calculated. The effect of success score on
metabolic syndrome resolution, as well as on the indicators of insulin resistance and
glucose tolerance, were analysed in the combined cohort (Table 6.4). By year 3,
24.2 9% of the participants did not meet any goals (16.5 % in the intervention group
vs. 32.2 % in the control group), 52.7 % met one to two goals (50.0 % in the
intervention group vs. 55.6 % in the control group) and 23.1 % met three to five
goals (33.5 % in the intervention group vs. 12.2 % in the control group). Metabolic
syndrome resolution was seen in 30.7 % of the participants who met three to five
goals and in 12.0 % of those who did no meet any of the goals.

6.5.9 Weight Change and the Metabolic Syndrome

Weight loss is the most important target in the treatment of the metabolic syndrome.
Some weight regain occurred after the first year, but a difference between the
groups remained throughout the study. Mean BMI was 32.1 4 4.6 kg/m® vs.
32.1 + 4.5 kg/m® (p = 0.839, adjusted for age and sex) at baseline, 30.3 + 4.5
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Table 6.3 Biochemical parameters of those with metabolic syndrome at baseline, taken at
baseline, at year 1 and at the end of the DPS

Fasting plasma glucose (mmol/l)
Baseline
Year 1
End
pd for change within group
2-h plasma glucose (mmol/l)
Baseline
Year 1
End
p° for change within group
Fasting insulin (mU/1)
Baseline
Year 1
End
p* for change within group
2-h insulin (mU/I)
Baseline
Year 1
End
p* for change within group
HOMA-IR
Baseline
Year 1
End
p* for change within group
HDL-cholesterol (mmol/I)
Baseline
Year 1
End
p" for change within group
Triglycerides
Baseline
Year 1
End

pd for change within group

Intervention group

6.3 £ 0.7
6.0 +£ 0.7
6.5+ 1.0
0.001

9.0 £ 1.6
82+ 19
9.5+ 28
0.030

14 (11-19)
12 (9-15)
12 (9-17)
<0.001

90 (61-134)
58 (37-108)
61 (43-108)
<0.001

4.1 (29-5.4)
3223-4.1)
3.5(2.4-5.0)
0.001

1.14 £ 0.3
1.19 £+ 0.27
1.25 £ 0.33
<0.001

1.68 (1.29-2.26)
1.50 (1.10—1.95)
1.47 (1.13-2.02)
<0.001

Control group

6.3 £ 0.7
6.3 £ 0.8
6.6 £ 0.9
<0.001

9.0+ 14
89+ 2.1
99 +26
<0.001

15 (11-20)
14 (11-19)
15 (11-21)
0.488

88 (65-135)
78 (50-123)
90 (56-128)
0.370

4.0 (3.1-5.6)
4.0 (2.8-5.4)
4.4 (3.1-6.4)
0.268

1.16 &+ 0.26
1.17 £ 0.29
1.23 £ 0.33
<0.001

1.79 (1.40-2.35)
1.75 (1.33-2.39)
1.65 (1.21-2.30)
0.013

Data are mean + SD or median (with 0.2-0.75 interquartile range)

#Adjusted for age and sex

bAdjusted for age, sex and baseline value

“Adjusted for lipid lowering medication

dp for change within group from baseline to end

¢p for difference between groups; general linear model

0.739*
<0.001°
0.155°

0.706*
<0.001°
0.064°

0.185%
<0.001°
<0.001°

0.665"
<0.001°
<0.001°

0.264%
<0.001°
<0.001°

0.527%¢
0.015%¢
0.007%¢

0.108*¢
<0.001>¢
0.0755¢
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Table 6.4 Odds ratios for metabolic syndrome resolution by randomisation group, weight change
group and lifestyle success score by year 3 during the DPS

Variable n (%) QOdds ratio® 95 % CI
Group

Control group 1

Intervention group 2.11 (1.25-3.59)
Weight change by year 3

Weight gain 1

Weight loss 0-5 % 2.10 (1.02-4.37)

Weight loss >5 % 4.89 (2.44-9.79)
Success score by year 3

0 goal achieved 89 (24.2) 1

1 goal achieved 121 (32.9) 2.46 (1.09-5.55)

2 goals achieved 73 (19.8) 2.31 (0.95-5.63)

>3 goals achieved 85 (23.1) 3.10 (1.33-7.21)

#Adjusted for age and sex

kg/m?®vs. 31.8 & 4.7 kg/m* (p < 0.001 additionally adjusted for baseline value) at
year 1, and 30.7 + 4.7 kg/m® vs. 31.9 + 5.0 kg/m* (p < 0.001) at the end in the
intervention group vs. in the control group participants, respectively. Those in the
intervention group showed >5 % weight loss over three times more often than those
in the control group after the first year and nearly twice as often at the end of the
study. A weight loss of >5 % was seen in 47.9 % in the intervention group and in
14.0 % in the control group at year 1 and in 35.2 % in the intervention group and
18.4 % in the control group at the end. Weight gain was observed in 14.2 % in the
intervention group and 43.5 % in the control group at year 1 and in 31.6 % in the
intervention group and 49.5 % in the control group at the end of the study [88].
The effects of weight change on indicators of insulin resistance and glucose
tolerance were analysed in the combined cohort. Both fasting and 2-h plasma glucose,
as well as insulin and HOMA-IR index, improved significantly in those with a weight
loss. Significant improvements were also seen in blood pressure and lipid values.
Resolution of the metabolic syndrome was observed in 39.4 % of those with
weight loss of >5 % and in 7.1 % of those with weight gain. In a logistic regression
model for the resolution of the metabolic syndrome (age, sex, group, baseline
weight and percentage of weight change by the year 3 as explanatory variables),
the odds ratio for weight change was 0.89 (95 % CI 0.84—0.93), conferring to 10 %
relative odds for the metabolic syndrome resolution for one percentage of weight loss.

6.5.10 LTPA Changes and Metabolic Syndrome Resolution
and Development

The averaged total, low and moderate-to-vigorous intensity LTPA changes during
the study years were categorised into thirds and the association with the metabolic
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Fig. 6.2 Incidences (%) of the development open bar and the resolution filled bar of the
metabolic syndrome according to tertiles for total (left panel) and for moderate-to-vigorous
intensity leisure time physical activity (LTPA) (right panel) change. Model 1: Adjustments for
age, sex, group and DPS study years. The change in moderate-to-vigorous intensity LTPA was
also adjusted for change in low intensity LTPA. Model 2: Model 1 and adjustments for change in
dietary intakes of total fat, saturated fat, fibre and energy. Model 3: Model 2 and change in body
mass index (BMI)

syndrome status change (metabolic syndrome resolution, metabolic syndrome
development and unchanged status) during the study was examined. Change in
total LTPA was associated with change in the metabolic syndrome status after
adjustments for age, sex, intervention group, DPS study years (model 1) and dietary
intakes (model 2), but the association was no more significant after adjustments for
BMI change (model 3; Fig. 6.2, left panel). However, the association of moderate-
to-vigorous LTPA change with the metabolic syndrome status change was signifi-
cant even after adjustments for dietary intakes and weight change (Fig. 6.2, right
panel). The resolution of the metabolic syndrome was seen in 29.7 % vs. 19.1 %
(p = 0.004) of those with the metabolic syndrome at baseline and the development
of the metabolic syndrome was seen in 23.5 % vs. 44.7 % (p = 0.041) of those
without metabolic syndrome at baseline in the upper vs. lower third of change in
moderate-to-vigorous LTPA. The change in low-intensity LTPA did not associate
with the metabolic syndrome status change [89].

6.5.11 LTPA Changes and Components of the Metabolic Syndrome

There was a significant association between the total LTPA change (adjusted for
age, sex, intervention group and DPS study years; model 1) and elevated fasting
plasma glucose (p = 0.003), low HDL cholesterol (p = 0.018) and elevated
triglycerides (p = 0.002). However, the association remained significant only for
elevated triglycerides (p = 0.003) when the analysis was adjusted for dietary
changes (model 2) and further for BMI change (model 3).
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The change in moderate-to-vigorous intensity LTPA was correlated with change
in elevated fasting glucose (p = 0.003; model 1), and the correlation remained
significant (p = 0.011; model 2) with further adjustments for dietary intakes of
total fat, saturated fat, fibre and energy, as well as with adjustment for BMI change
(p = 0.018; model 3).

Regular participation in resistance training predicted favourable changes in
metabolic syndrome components by the end of the study. In shorter trials, resistance
training variably increased muscle mass, decreased fat mass and abdominal obesity
and improved insulin sensitivity [90-93]. Improvements in insulin sensitivity and
metabolic risk factors may be mediated in part by changes in body composition, as
well as steps in insulin signalling and glucose transport [94].

6.6 Future Directions

The increase in the number of people with the metabolic syndrome and type
2 diabetes will progress while urbanisation continues with more sedentary
lifestyles, “obesogenic” environments and the constant availability of energy-rich
foods. People also live longer and the number of senior citizens is set to increase,
while childhood mortality declines at the same time. In addition, the management
targeted to the individual components of the metabolic syndrome has become more
successful, and therefore the survival of people with metabolic syndrome, even in
those who have developed type 2 diabetes and/or CVD, is improving. Thus, this
will further increase the number of people (survivors) with the metabolic syndrome.
More community-based preventive actions especially targeted to young people are
clearly needed. However, this will only help the future situation. Meanwhile, we
must find out better solutions to the already existing epidemic of the metabolic
syndrome and assist the large number of people who suffer from one or several
components of the metabolic syndrome.

The most significant modifiable risk factors for the metabolic syndrome and
type 2 diabetes are overweight, abdominal obesity, physical inactivity and dietary
factors. Lifestyle changes are the first choice of therapy both in the primary and
secondary prevention of the metabolic syndrome. The potential to prevent type 2
diabetes in high-risk individuals, like those having the metabolic syndrome,
through reinforced lifestyle intervention has been established in several clinical
trials (Table 6.5), and the long-term follow-up in present studies shows that the
effect is maintained for many years after discontinuation of active intervention
[102].

In addition to high-risk approaches, population-based strategies and commu-
nity awareness are needed. Programmes approaching families and children are
important. Everyday living environments that have low barriers for commuting
and leisure time physical activities are of benefit. While socioeconomic
differences show associations with chronic diseases and the use of healthcare
services, more information about optimal and attainable implementation
programmes is needed.
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Table 6.5 Major lifestyle intervention studies to prevent type 2 diabetes
Authors(s), year Area Study population

Age Glucose Duration
Name of the study [reference] N (years) tolerance (years) RRR (%)
Eriksson and Lindgirde 1991 Sweden 181 47-49 IGT 6 63
Malmé Feasibility Study [94]
Pan et al. 1997 China 577 ~45 IGT 6 31/46/42%
DaQing Study [95]
Tuomilehto et al. 2001 Finland 522 40-64 IGT 32 58
DPS [77]
Knowler et al. 2002 USA 3234 >25 IGT+ 2.8 58
DPP [82] IFG
Kosaka et al. 2005 Japan 458 ~55 IGT 4 67
Toranomon Study [96]
Ramachandran et al. 2006 India 531 35-55 IGT 3 28
Indian DPP [97]
Roumen et al. 2008 Netherlands 147 >40 IGT 3 58
SLIM Study [98]
Penn et al. 2009 UK 102 >40 IGT 3.1 55
Newcastle Study [99]
Saito et al. Japan 641 30-60 IFG 3 44

Zensharen Study [100]

DPS diabetes prevention study, DPP diabetes prevention program, SLIM study on lifestyle
intervention and impaired glucose tolerance Maastricht, /GT impaired glucose tolerance, IFG
impaired fasting glucose, RR relative risk reduction
“DaQing had three intervention groups: diet/exercise/diet+exercise
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Marc-Andre Cornier and Boris Draznin

7.1 Introduction

Definitions, epidemiology, pathophysiology and various aspects of treatment of the
metabolic syndrome are described thoroughly elsewhere in this book. The goal of
this chapter is to outline the role of low-carbohydrate diets in the overall therapeutic
approach to this important entity.

The metabolic syndrome by definition is a constellation of medical disorders
related to excess adiposity, including dyslipidaemia, cardiovascular abnormalities,
insulin resistance and inadequate utilisation of glucose [1, 2]. It remains unresolved
whether all components of the metabolic syndrome are united by a single patho-
physiological mechanism or simply co-exist in the various symbiotic relations
based on genetic background and lifestyle choices [3].

Even though lifestyle modifications remain the keystone of therapy [4—6], other
aspects of therapeutic interventions are critical for normalisation of many individ-
ual components of the metabolic syndrome in these patients, such as blood pressure,
dyslipidaemia, glucose tolerance, etc. It is highly likely that treatment of the
metabolic syndrome will remain multifaceted requiring a combination of therapeu-
tic modalities.

In addition to physical activity, diet is a crucial component of lifestyle manage-
ment [4]; however, consensus as to which dietary approach is most efficacious
remains elusive [7]. Overall, energy restriction has been shown to consistently
result in weight loss and to benefit adiposity-associated comorbidities, such as,
dyslipidaemia, hypertension and insulin resistance. Most individuals are, however,
unable to sustain long-term weight loss induced by chronic energy restriction
because of hunger, dietary monotony, lack of variability of food items and
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adaptations in energy expenditure [8, 9]. Recently, nutritional intervention studies
have been focusing on decreasing hunger and promoting satiety in attempt to
improve adherence to dietary interventions, the strongest predictor of ultimate
weight loss success [10-12].

In experimental animals, metabolic syndrome can be induced by a combination
of high-fat and high-fructose (carbohydrate) diet [13]. Even though both of these
dietary interventions can induce certain cardiometabolic changes compatible with
the metabolic syndrome, the combination of the two appears to rapidly and consis-
tently induce a constellation of findings comparable to human metabolic syndrome
[14]. Because high-fat and high-carbohydrate diets have been implicated in the
pathogenesis of the metabolic syndrome [15], many investigators have used either
low-fat or low-carbohydrate diet in an attempt to reverse the metabolic syndrome
either in its entirety or at least some of its components.

7.2  Diets for the Metabolic Syndrome

It is well established that weight loss is beneficial for treating all of the components of
the metabolic syndrome, including improving excessive adiposity, dyslipidaemia,
hypertension, insulin resistance and hyperglycaemia [16]. The magnitude of weight
loss needs not be drastic. The Finnish Diabetes Prevention Study showed that lifestyle
intervention with modest weight loss significantly reduced the prevalence of the
metabolic syndrome (OR of 0.62; 95 % CI 0.40-0.95) as compared with the control
group [17]. A 41 % reduction in the incidence of the metabolic syndrome was also
seen with the intensive lifestyle intervention of the Diabetes Prevention Program
[18]. In addition, a weight loss of as small as 5—-10 % of body weight can significantly
reduce triglycerides and increase high-density lipoprotein (HDL) cholesterol [19].
Furthermore, both hypertensive individuals and individuals at risk of developing
hypertension can see a significant reduction in blood pressure with a modest weight
loss [20-22]. Fasting blood glucose, insulin and HbAlc can also be decreased with
modest weight loss [23]; interestingly, a 7-day negative energy balance without
measurable weight loss has also been shown to improve insulin sensitivity [24].
Notably, the Diabetes Prevention Program demonstrated that weight loss was the
number one predictor of reduction in the incidence of diabetes [25]. In fact, for every
kilogram of weight loss, the risk of diabetes development was decreased by 16 %.
A decrease in caloric intake is an avenue by which to promote a chronic negative
energy balance resulting in weight loss. Although the macronutrient classification of
the eliminated calories is of lesser importance when addressing overall energy
balance, the type of macronutrients habitually consumed can influence the health of
the individual with metabolic syndrome.

This remainder of this chapter will concentrate on the utility of low-
carbohydrate diets in treatment and management of the metabolic syndrome.
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7.3  Why a Low-Carbohydrate Diet?
7.3.1 Low-Carbohydrate Diets and Insulin Secretion

The concept of lowering carbohydrate intake in individuals who have insulin
resistance is not a new idea. Lower carbohydrate intake results in relatively less
insulin secretion to maintain normal glycaemia, which may be especially beneficial
in someone who is resistant to insulin and/or has some insulin secretion abnor-
malities as is seen in the metabolic syndrome [26]. This in theory would result in
reduced glucose variability, which may be favourable. Furthermore, as insulin is an
anabolic hormone, reduced insulin secretion may be beneficial from a fuel storage
and oxidation perspective.

7.3.2 Low-Carbohydrate Diets and Energy Intake

It has been proposed that hyperinsulinaemia promotes hunger and food cravings
and, therefore, a lower carbohydrate diet that lowers insulin levels would reduce
hunger, cravings and thus food intake. While this concept has not been supported by
research, carbohydrate restriction to the point of ketosis has been shown to be
associated with reduced energy intake and may be a primary mechanism for the
weight loss success of low-carbohydrate diets [27]. Any change in diet pattern,
however, has also been shown to result in at least short-term weight loss, and thus
simply changing one’s diet from a relatively high to a low-carbohydrate diet may
account for some of the short-term success of these diets. The macronutrient that is
replaced during carbohydrate restriction may also be important. Studies have
suggested that dietary protein may be the most important macronutrient regulating
satiety [12, 28]. For example, a diet with moderate protein increase (30 %) at the
expense of carbohydrates (40 %) has been shown to achieve a higher satiating effect
than conventional energy-restricted diets.

7.3.3 Low-Carbohydrate Diets and Weight Loss

While weight loss has been shown to be greater with lower carbohydrate diets in the
short term, up to 1 year [27, 29, 30], the effects on long-term weight loss have been
mixed [31-34]. A large randomised 2-year study of four diets of differing levels of
carbohydrate, fat and protein did not show significantly greater weight loss with
lower carbohydrate intake although prescribed macronutrient intakes did not reach
target levels [35]. Adherence, though, was the strongest predictor of weight loss as
has been shown in other studies. Both a low-carbohydrate diet and a “Mediterra-
nean Diet” were shown to be more effective at 2-year weight loss than a low-fat
diet. The Mediterranean Diet, while not necessarily a low-carbohydrate diet,
promotes mono- and poly-unsaturated fats and has also been associated with
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reduced mortality and cardiovascular disease (CVD) [36]. Higher protein diets can
improve weight loss without reductions in the lean body mass [12, 28].

Interestingly, there is some evidence that the baseline degree of insulin sensitiv-
ity predicts the weight loss response to diets of varying macronutrient content.
Specifically, it appears that insulin-resistant individuals may lose more weight on
lower carbohydrate diets than those who are more insulin sensitive [37].

7.3.4 Metabolic Effects of Low-Carbohydrate Diets

Due in part to the recent rise in the popularity of low-carbohydrate diets, there has
been interest in the effect of carbohydrate intake on metabolic factors.
Investigations into this question have consistently reported that carbohydrate intake
is positively associated with total cholesterol, low-density lipoprotein (LDL) cho-
lesterol and triglycerides and negatively associated with HDL cholesterol [38, 39],
and low-carbohydrate diets have been consistently associated with reductions in
triglycerides and higher HDL cholesterol levels. Grundy et al. [40], for example,
found that a diet high in monounsaturated fat reduced cholesterol and triglycerides
while maintaining HDL cholesterol levels as compared with diets low in fat or high
in saturated fats. Furthermore, lower carbohydrate diets have been associated with
improved carbohydrate metabolism especially in those with insulin resistance and/
or type 2 diabetes mellitus [41]. As with weight loss, individuals with greater
degrees of insulin resistance may have greater benefits on metabolic parameters
on lower carbohydrate diets than those who are more insulin sensitive [37, 42, 43].

7.4  Low-Carbohydrate Diets in the Metabolic Syndrome:
Outcomes

Unfortunately, there is a relative paucity of data examining the effects of diet
and macronutrient intake on clinical outcomes in individuals with metabolic
syndrome, per se. Muzio et al. [7] compared a low-carbohydrate, high-protein
and monosaturated fat diet with a high-carbohydrate diet in their ability to impact
cardiometabolic risk factors over 5 months in 100 obese individuals with metabolic
syndrome. Even though all components of the metabolic syndrome except HDL
cholesterol improved significantly in both groups, each of the diets impacted facets
of the metabolic syndrome uniquely. The low-carbohydrate diet resulted in better
reduction in systolic blood pressure and heart rate as well as triglycerides, whereas
the high-carbohydrate diet resulted in greater reduction in LDL cholesterol. Other
studies found similar results in abdominally obese [44] and insulin-resistant, obese
[26] persons. In contrast, McAuley et al. [45] found that both high-fat and high-
protein diets not only improved triglycerides but also resulted in greater reductions
in body weight and waist circumference than a high-carbohydrate diet in insulin-
resistant, obese women but only over 8 weeks. The data in patients with diabetes
are also not clear again primarily due to the paucity of studies. Small studies of
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relatively short duration suggest that diets lower in carbohydrate and higher in
monounsaturated fat are generally not associated with greater weight loss but are
associated with greater improvements in lipids and glycaemic control [46-52].

7.5 The “Type” of Macronutrient Is also Important
7.5.1 Carbohydrates

Currently, the United States Department of Agriculture (USDA) and the Institute of
Medicine (IOM) recommend a carbohydrate intake of 45-65 % of total caloric
intake [100]. This recommendation is appropriate for most populations, as total
carbohydrate consumption has not been shown to be associated with the develop-
ment of type 2 diabetes or the metabolic syndrome [53—55]. It must also be stressed,
though, that dietary carbohydrate can be placed into two categories: simple and
complex. It is the latter which should comprise the bulk of the carbohydrate intake,
while simple carbohydrates, especially in the form of added sugars, should be
limited [100]. Common sources of added sugars in the diet include soft drinks,
cakes, cookies, pies, fruit drinks, dairy desserts and candy [56]. Although added
sugars are chemically identical to naturally occurring simple sugars (e.g. sugars
found in fruit), concern is warranted regarding the lack of nutrients found in foods
laden with added sugars. It has been shown that individuals who consume a greater
percentage of calories as added sugars consume significantly less vitamins and
minerals [57].

Because various carbohydrates elicit distinct metabolic responses in terms of
insulin release and glucose utilisation, a concept of glycaemic index (GI) of food
items gained significant interest among researchers and clinicians [58-62]. GI is a
well-recognised marker of how a given carbohydrate is processed postprandially [58].
The reader is referred to excellent reviews written on this topic [62, 63]. Studies in
animal models have shown that diets based on high-GI food items promote weight
gain and visceral adiposity [64—66]. In contrast, diets based on low-GI food items
enhance weight loss, minimise postprandial insulin release and promote satiety
[67-69]. In humans, low-GI diets, containing high amounts of fruit, vegetables,
legumes and whole grains, have been shown to induce greater weight loss than
conventional diets [70, 71].

The GI has received considerable attention in terms of classifying which
carbohydrates are “good” or “bad” for disease risk. Low-GI foods (i.e. those that
are minimally processed) have been shown to improve components of the meta-
bolic syndrome including dyslipidaemia and hyperglycaemia [72], whereas a
higher GI has been shown to be positively associated with insulin resistance and
metabolic syndrome prevalence [55]. Therefore, a diet high in complex, unrefined
carbohydrates with an emphasis on fibre (14 g/1,000 cal consumed daily) and low in
added sugars (<25 % of caloric intake) has been recommended for individuals with
or at risk of metabolic syndrome. This type of diet was recommended for
participants in the lifestyle intervention group of the Diabetes Prevention Program
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(i.e. high carbohydrate, low fat); participants decreased their percent fat intake by
an average of 6.6 % over a 1-year period [25]. This dietary change contributed to
weight loss, which, as previously noted, was the primary predictor of the decrease
in diabetes incidence in the study. Moreover, a lower glycaemic load was associated
with a reduced risk of CVD in the Nurses’ Health Study [73]. Interestingly, though,
diet soda but not “regular” soda was found to be a predictor of the metabolic
syndrome in the Atherosclerosis Risk in Communities (ARIC) Study [74]. Overall,
controversy remains about the wide use of low-GI diets since evidence from some
interventional studies have produced inconsistent results in terms of weight loss,
especially in the long-term studies.

Even when one assumes that diets aimed at reductions in the postprandial
glucose responses are the best for individuals with metabolic syndrome, the debate
whether carbohydrate restriction vs. consumption of foods with low-GI values
would result in more favourable outcomes is not settled. Future studies comparing
head to head the effectiveness of a low-GI diet with a carbohydrate-restricted diet in
patients with metabolic syndrome must be conducted.

7.5.2 Fat

Since the National Health and Nutritional Examination Survey (NHANES) 1971,
the average % fat intake in the United States has decreased from 36.9 % to 32.8 % in
men and from 36.1 % to 32.8 % in women [75], thus bringing fat intake within the
recommended range of intake (i.e. 20-35 %; [100]). Despite these reductions, there
has been a marked increase in obesity and the metabolic syndrome over the same
time period [76]. Like carbohydrate, it may be the type of fats that are consumed,
rather than the total amount, which has a greater effect on components of the
metabolic syndrome. Several studies have shown no effect of increased fat intake
(2040 % of caloric intake) on insulin sensitivity [77-80], although some
conflicting results have been reported [81]. Interestingly, it has been shown that
obese insulin-resistant women lost more weight on a 16-week high-fat (40 %) low-
carbohydrate (40 %) diet, while obese insulin-sensitive women lost more weight on
a low-fat (20 %) high-carbohydrate diet (60 %) [37]. Therefore, the degree of
insulin resistance may determine what macronutrient composition is most appro-
priate to promote weight loss.

Evidence points toward the type of fat that is consumed having an effect on
insulin sensitivity. Saturated fat has consistently been shown to be positively
associated with fasting insulin levels [8§1-83]. The substitution of unsaturated fats
for saturated fats in the diet has been shown to either have no effect on [84—88] or
improve [89-92] insulin sensitivity. Given the observed association between
saturated fat intake and insulin levels, it is prudent to recommend a reduction in
saturated fat intake (<7 % of caloric intake) and an increase in the unsaturated fatty
acids, specifically linoleic (5-10 % of caloric intake) and a-linolenic (0.7-1.6 % of
caloric intake), as is promoted by the 2010 USDA Dietary Guidelines [100]. These
guidelines are also applicable in the case of CVD, as investigators have been



7 Low-Carbohydrate Diets in the Treatment of the Metabolic Syndrome 93

researching this relationship as early as the 1960s. Both serum cholesterol and
overall CVD risk have been shown to be improved by type of dietary fat, i.e. a
reduction in saturated fat and an increase in unsaturated fat, more so than total fat
intake [93-96]. The Nurses’ Health Study investigators reported that a 5 % increase
in saturated fat intake was associated with a 17 % increase in coronary risk, while
monounsaturated and polyunsaturated fat intakes were inversely related to coronary
disease [97].

7.6 Conclusions

Dietary intake clearly has an impact on all of the components of the metabolic
syndrome. Even though energy deficit is the most important element of weight loss
programmes, macronutrient composition of the diet may influence dietary effec-
tiveness and long-term compliance. Although each case should be treated individu-
ally, it is prudent to recommend a diet low in saturated fat, higher in unsaturated
fats, high in complex carbohydrates and low in sodium.

The treatment of the metabolic syndrome should correct and/or prevent meta-
bolic and cardiovascular abnormalities in the affected individuals. Weight reduc-
tion is a powerful tool to prevent and treat the metabolic syndrome. Because
hypocaloric low-carbohydrate diets combined with a reduction in saturated fat
can improve insulin sensitivity, glucose tolerance, reduce triglyceridaemia,
increase circulating HDL cholesterol and result in substantial weight loss, it should
be recommended as a part of lifestyle modifications in patients with metabolic
syndrome.

While definition of “an optimal diet” is still elusive, a lifestyle that includes a
reasonable restriction of carbohydrates or a consumption of low-GI food items can
improve metabolic risk profiles in men and women [98, 99]. Prospective studies
examining glycaemic load, GI and carbohydrate restriction on the outcomes of the
metabolic syndrome are urgently needed.
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8.1 General Overview

Metformin (dimethylbiguanide) is a biguanide agent now used widely in the
treatment of type 2 diabetes. As a guanidine derivative (Fig. 8.1), its history can
be traced from the use of Galega officinalis (goat’s rue or French lilac) in mediaeval
Europe as a treatment for symptoms of diabetes [1]. Galega officinalis is rich in
guanidine, and the glucose-lowering properties of guanidine were noted early in the
twentieth century, giving rise to the use of synthalin (decamethylene diguanidine)
and galegine (isoamylene guanidine) as diabetes therapies [2, 3]. Although the
synthesis and glucose-lowering effect of dimethylbiguanide was recorded in the
late 1920s [4], the use of guanidine derivatives all but disappeared with increasing
availability of insulin in the 1930s. It was not until the 1950s that Jean Sterne and
Denise Duval, unaware of the previous studies, noted that guanidine derivatives
used to treat malaria or influenza also lowered blood glucose. After extensive
animal research they identified dimethylbiguanide as a low toxicity antihyper-
glycaemic agent [5]. Other more potent biguanides, notably phenformin and
buformin, that were introduced as antidiabetic agents at or around this time were
initially more popular, but were subsequently withdrawn due to associated lactic
acidosis [3]. It was not until the introduction of metformin into the United States
(1995) and the results of the United Kingdom Prospective Diabetes Study (UKPDS)
(1998) that this agent became recognised as an important glucose-lowering therapy
for type 2 diabetes [6, 7].

Metformin does not have an approved indication for use to treat metabolic
syndrome, but it has been used “off-label” in many studies to determine its effect
on the emergence, progression and treatment of features of the metabolic syndrome.
We will first consider its approved indication for use in the treatment of type
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Fig. 8.1 Structures of guanidine, synthalin, biguanide, galegine and metformin

2 diabetes and then return to its “off-label” use against other features of the
metabolic syndrome. A substantial proportion of type 2 diabetes patients exhibit
sufficient of these other features of metabolic syndrome to qualify for a diagnosis of
metabolic syndrome by current criteria [8]. However, it is not possible from most of
the published literature on type 2 diabetes patients to tease out data that specifically
apply or refer to those patients with metabolic syndrome. Nevertheless, the studies
in type 2 diabetes patients provide the bulk of evidence for the effects of metformin
on individual components of the metabolic syndrome (Table 8.1).

8.2  Glucose-Lowering Effect of Metformin in Type 2 Diabetes

Lifestyle measures, especially diet and exercise, are key elements at all stages of the
management of type 2 diabetes. When these measures alone are unable to achieve
or maintain adequate glycaemic control, most guidelines suggest metformin as a
preferred first line pharmacological therapy, provided there are no contraindications
and the drug is well tolerated [9, 10].

Metformin acts mainly to counter insulin resistance and its blood glucose-
lowering effect in type 2 diabetes is attributed mainly to decreased hepatic glucose
production through insulin-dependent and insulin-independent mechanisms
elaborated in subsequent sections [11]. The extent of the glucose lowering is
considerably influenced by the baseline level of hyperglycaemia and the patient’s
pathophysiological status of beta-cell function and insulin resistance. Most patients
with mild to moderately severe fasting hyperglycaemia [e.g. 110-275 mg/dL
(6.1-15.5 mmol/L) or HbAIC 7-12 % (53-108 mmol/mol)] exhibit a glucose-
lowering effect. On average patients within this range of baseline, hyperglycaemia



8 Treatment with Metformin 101

Table 8.1 Effects of metformin that are relevant to “metabolic syndrome” and counter cardio-
metabolic risk

Clinical feature Effect of metformin

Insulin resistance ~ Counters insulin resistance leading to improved insulin sensitivity in liver,
muscle and possibly other (vascular) tissues

Hyperinsulinaemia Reduces fasting hyperinsulinaemia

Abdominal obesity Usually stabilises body weight; can facilitate reduction of excess adiposity

Hyperglycaemia  Improves glycaemic control in type 2 diabetes; reduces progression of
impaired glucose tolerance (IGT) to type 2 diabetes

Dyslipidaemia Modest improvements of lipid profile in some hypertriglyceridaemic and
hypercholesterolaemic individuals.

Raised blood No significant effect on blood pressure in most studies but may be improved

pressure in overweight individuals achieving weight loss.

Pro-inflammatory ~ Reduced C-reactive protein and some adipo-cytokines
state

Pro-coagulant Some anti-thrombotic activity e.g. decreases in plasminogen activator
state inhibitor 1, fibrinogen and platelet aggregation
Atherosclerosis Reduced myocardial infarctions and increased survival in type 2 diabetes:

reduced carotid intima-media thickness and reduced adhesion molecules;
other evidence for anti-atherogenic activity, mostly from animal studies

respond to metformin with a lowering of fasting plasma glucose by about
25-75 mg/dL. (1.5-4.2 mmol/L) and HbAIC by 1-2 % (11-22 mmol/mol)
[12—14]. The reduction in glycaemia is usually greater at higher baseline glycaemia
and earlier in the duration of the disease. Although the effect is mostly on fasting
hyperglycaemia, reductions in the prandial increment in plasma glucose are also
evident.

Glucose lowering with metformin in type 2 diabetes does not cause blood glucose
to drop into frank hypoglycaemia, and even high doses of metformin have little effect
on glycaemia in non-diabetic normoglycaemic subjects [3, 7, 11]. This is probably
due in part to the lack of stimulation of basal insulin concentrations and to the counter-
regulatory mechanisms remaining unimpeded by metformin [11, 15]. Many studies
have confirmed the improvement in whole body insulin sensitivity using hyper-
insulinaemic euglycaemic clamps and applying models based on glucose—insulin
ratios such as homeostasis model assessment for insulin resistance (HOMA-IR)
and the Matsuda index, suggesting that metformin enhances insulin-mediated effects
to suppress hepatic glucose production and promotes peripheral glucose utilisation
[3, 11, 16-18]. Basal insulin levels are typically slightly decreased as insulin sensi-
tivity improves in type 2 diabetes patients receiving metformin [6, 11-13]. However,
prandial insulin responses are often maintained relative to the glycaemic excursion,
possibly aided by slightly raised prandial concentrations of the glucose-dependent
incretin glucagon-like peptide-1, but consistent changes in glucagon concentrations
have not emerged [7, 11, 19].
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8.3  Non-Glycaemic Effects of Metformin in Type 2 Diabetes
8.3.1 Weight Control

In addition to its glucose-lowering effects, metformin exerts a variety of effects that
are independent of glycaemic control and potentially beneficial to cardiovascular
risk management [11, 13]. Most of these risk factors are components of the
metabolic syndrome (Table 8.1). Thus, metformin does not induce weight gain
and is generally regarded as weight neutral, although a small reduction in body
weight (mean loss of 0.5-2 kg) is often observed in overweight and obese patients
[20]. This has been ascribed to the reduction in basal insulinaemia, and possibly due
to initial nausea or other initial adverse gastrointestinal effects, or to a possibly mild
appetite suppression. However, animal studies suggest an increase in glucose
turnover, which may also contribute [21].

8.3.2 Lipid Profile

Depending on the extent of dyslipidaemia, metformin therapy is often accompanied
by a small decrease in plasma total cholesterol, low-density lipoprotein (LDL)
cholesterol and triglycerides (of ~5 %), although there is little or no effect when
these parameters are already within the normal range [3, 11, 22]. High-density
lipoprotein (HDL) cholesterol is usually unaffected or very marginally raised, and it
is generally considered that any improvement in the lipid profile would not be
sufficient to explain the beneficial vascular outcomes observed in large prospective
trials and retrospective database analyses [3, 7, 11, 22].

8.3.3 Vascular Effects

Several large studies have reported potentially anti-atherogenic and anti-thrombotic
effects of metformin in type 2 diabetes (Fig. 8.2) [23]. The UKPDS noted that early
and intensive anti-hyperglycaemic intervention with metformin in overweight and
obese type 2 diabetes was associated with a long-term (10—15 years) reduction in
the incidence of myocardial infarction and an increase in survival (Fig. 8.3) [6].
This was apparently independent of the glucose-lowering efficacy of metformin
because other glucose-lowering medications that achieved similar glycaemic con-
trol were not associated with this cardiovascular protection. A decrease in cardio-
vascular events with metformin therapy has been supported by subsequent large
retrospective analyses [24-28] and by observational studies [29, 30]. Additionally,
there is prospective evidence that metformin reduced restenosis after percutaneous
coronary angioplasty [31] and reduced carotid intima-media thickness [32, 33].
Anti-thrombotic effects attributed to metformin include increased fibrinolytic
activity associated with decreased production of plasminogen activator inhibitor-1,
decreased sensitivity to platelet-aggregating agents and possibly a reduced amount
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Vascular effects of metformin

<= .
K

Fig. 8.2 Reduced macrovascular and microvascular complications in type 2 diabetic patients
receiving metformin are mediated by direct effects on the vasculature as well as reduced insulin
resistance and improved metabolic control. T increase; | decrease. Redrawn from [23]

of fibrinogen [34-38]. Metformin may also reduce circulating concentrations of
coagulation factors VII and XIII, reducing the cross-linking of fibrin [39-41].

Most studies have failed to identify any consistent effect of metformin on blood
pressure, although small reductions in blood pressure may accompany weight loss
[23]. However, improved vascular reactivity consonant with improved endothelial
function has been noted in several studies. For example, metformin has improved
arterial flow during plethysmography studies in diabetic and non-diabetic individuals
independently of glycaemic control, including subjects with metabolic syndrome
[42—45]. Several studies indicate that metformin improves an endothelium-dependent
vasodilatatory mechanism, but it is possible that non-endothelium-dependent mech-
anisms may also be involved [46—49].

With regard to the endothelium and athero-thrombotic activity, there is evidence
that metformin can reduce monocyte adhesion to endothelial cells [50]. This
appears to be due to reduced production of several vascular cell adhesion
molecules, notably vascular cell adhesion module 1 (VCAM-1), intracellular cell
adhesion module 1 ICAM-1) and E-selectin, independently of glycaemic control
[50, 51]. Metformin has also been reported to reduce markers of low grade
inflammation such as C-reactive protein (CRP) and pro-inflammatory adipo-
cytokines in diabetic and non-diabetic subjects, but this has not been consistently
confirmed [51-56].
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Fig. 8.3 Kaplan—Meier graphs showing the proportion of diabetes-related end points in the
United Kingdom Prospective Diabetes Study (UKPDS) among overweight type 2 diabetes patients
initially assigned to diet only (conventional therapy) or to intensive therapy with metformin or a
sulphonylurea or insulin. Data for the sulphonylurea and insulin groups were similar, and these
data have been pooled for this figure. Re-drawn from data [6]

8.3.4 Glycation and Oxidative Stress

Metformin would be expected to reduce non-enzymatic glycation of proteins
through its anti-hyperglycaemic activity, and several studies have demonstrated
reductions in advanced glycation end products [57, 58]. Increased antioxidant
activity has been reported during metformin therapy [52, 53], and in vitro
experiments suggest reduced production of reactive oxygen species [59-61].

8.4 Clinical Use of Metformin

Metformin (proprietary name Glucophage) is available in two tablet formulations:
standard (immediate-release) and extended-release formulation. There are also now
liquid and chewable formulations. Pharmacokinetic aspects of metformin are
summarised in Table 8.2 and the clinical use in type 2 diabetes are summarised in
Table 8.3.

When lifestyle measures are inadequate to achieve or maintain glycaemic
control in type 2 diabetes, metformin is usually the preferred pharmacological
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Table 8.2 Pharmacokinetic features of metformin

Feature Comment
Bioavailability 50-60 %; absorbed mainly from the small intestine
Tnax 0.9-2.6 h for standard (IR) formulation
4-8 h for extended-release formulation
Crnax 1-2 pg/mL (Approximately 107> mol/L) 1-2 h after single oral

dose of 500-1,000 mg for standard (IR) formulation; maximal
concentration is ~20 % lower with extended-release formulation,
but similar area under the curve

Plasma protein binding Negligible

Plasma elimination half-life ~6 h

Metabolism Not measurably metabolised

Elimination About 90 % of absorbed drug is eliminated in urine in 24 h;

multi-exponential renal elimination involving glomerular
filtration and tubular secretion

Tissue distribution Distributed in most tissues at concentrations similar to peripheral
plasma; higher concentrations in liver and kidney; highest
concentration in salivary glands and intestinal wall

Tmax 1s time to maximum plasma concentration after single oral dose
Cnax 18 maximum plasma concentration

Table 8.3 Clinical use of metformin in the treatment of type 2 diabetes

Feature Comment

Indications Monotherapy or in combination with other oral antidiabetic agents or insulin
in type 2 diabetes patients inadequately controlled by diet, exercise and health
education

Dose 500-, 850- and 1,000-mg Standard (IR) tablets: taken with meals

500-, 750- and 1,000-mg XR tablet: take with evening meal
500 mg/5 mL Liquid formulation
Titration Increase dose slowly; monitor glycaemic control; maximal dose 2,550 or
3,000 mg/day depending on country (2,000 mg/day in children)
Contraindications Renal and hepatic disease; cardiac or respiratory insufficiency; any hypoxic
condition; severe infection; alcohol abuse; history of lactic acidosis;
temporarily discontinue during use of intravenous radiographic contrast
agents; pregnancy (although safe use demonstrated in several studies)

Side-effects Gastrointestinal symptoms and metallic taste, likely to improve with dose
reduction and re-titration; may impair absorption of vitamin B12 and folic acid

Adverse Risk of lactic acidosis in patients with a contraindication; hypoglycaemia can

reactions occur when taken in combination with another antidiabetic drug or during

alcohol abuse

Monitoring Check for contraindications; check plasma creatinine and haemoglobin
periodically; possible interaction with cimetidine therapy

therapy: its efficacy is as good as other oral therapies, it does not cause weight gain
or frank hypoglycaemia, and it offers various potentially cardio-protective actions
that are independent of its glucose-lowering effect [9, 10]. Before initiating
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metformin therapy an important precaution is to check that renal function is
adequate. This is usually based on a measure of serum creatinine (typically
<1.5 mg/dL in men or <1.4 mg/dL in women, but <1.7 mg/dL in some guidelines)
or creatinine clearance (>60 mL/min/1.73 m* or estimated glomerular filtration rate
by modification of diet in renal disease (MDRD) of >45 mL/min/1.73 m? in some
guidelines) [62]. Metformin taken with meals and the dose is titrated slowly to
minimise initial gastrointestinal side-effects, which may be reduced with the
extended-release formulation. About 5-10 % of patients do not tolerate a full
therapeutic dose of metformin (2,000 mg/day). The most serious recognised
adverse event associated with excess accumulation of metformin is lactic acidosis.
This is rare (incidence ~0.03 cases/1,000 patient-years of treatment), but with a
mortality of ~50 %. Since metformin is eliminated unchanged in the urine, periodic
monitoring of renal function is therefore obligatory. Long-term therapy with met-
formin may cause a small decrease in the absorption of vitamin B12 and occasion-
ally folate; however, development of anaemia from this cause is rare and is usually
reversed by improved diet or vitamin B12 supplementation [7, 11].

Beyond its approved indication for type 2 diabetes, metformin has been used
“off-label ”in the treatment of polycystic ovary syndrome (PCOS) where several
(but not all) studies have reported that, given in conjunction with clomiphene, it
yields a greater improvement in rates of ovulation and pregnancy and fewer
miscarriages [63]. Although not indicated for use in pregnancy, metformin has
been found to improve maternal and foetal outcomes in patients with gestational
diabetes [64]. Although thiazolidinedione insulin sensitizers have been reported to
improve hepatic function in non-alcoholic fatty liver disease, similar benefits have
not been confirmed with metformin [65]. In recent years evidence has emerged to
suggest that metformin may have anti-neoplastic properties, and trials are now
underway to assess the potential of metformin as a preventative or therapeutic agent
against several types of cancers [66].

8.5 Pharmacological Mechanism of Action of Metformin

Many experimental studies have reported on the cellular mode of action of
metformin. Many have failed to take account of the concentrations of the drug to
which different tissues are exposed [67]. For example, most peripheral tissues
see concentrations approximating circulating concentrations up to about
1-5 x 107> mol/L. Liver can be exposed to up to fivefold to tenfold higher
concentrations, and there are much higher concentrations still in the walls of the
intestinal tract. Consequently different cellular mechanisms may operate to differ-
ent extents in different tissues.

Metformin gains rapid entry into many cell types via the organic cation transporter- 1
(OCT1) [68] and its effects are typically evident too quickly for a genomic mode of
action alone [21]. At high concentrations, metformin will suppress the activity of the
respiratory chain at complex I and reduce the adenosine triphosphate (ATP):adenosine
monophosphate (AMP) ratio [69]. At low concentrations, metformin has been
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shown to modestly enhance insulin receptor tyrosine kinase activity, possibly by
reducing receptor dephosphorylation through reduced phosphotyrosine phosphatase
activity [70], providing a basis for improved insulin action. At intermediate
concentrations, metformin demonstrably activates AMP-activated protein kinase
(AMPK) with dependency on the presence of liver kinase B1 (LKB1) [71, 72].
Whether this is a direct effect of metformin or subsequent to a subtle change in
cellular energy status is unclear [73]. However, activation of AMPK has diverse
intracellular effects that could account for many of the low potency effects on
nutrient metabolism. These include a suppression of gluconeogenesis by down
regulation of phosphoenolpyruvate carboxykinase and glucose-6-phosphatase,
reduced lipogenesis and increased fatty acid oxidation via phosphorylation and
deactivation of acetyl-CoA carboxylase. Additionally, the AMPK route could
mediate increased mitochondrial biogenesis via peroxisome proliferator-activated
receptor-y co-activator-lae (PGC-1a), with possible mechanisms for increased
plasma membrane insertion and activation of the insulin-sensitive glucose trans-
porter Glut4 [74-76].

Although the antidiabetic efficacy of metformin requires the presence of at least
some circulating insulin, metformin does not appear to promote the genomically
mediated proliferative and cell differentiation effects of insulin. The insulin-
dependent and -independent AMPK-mediated effects of metformin contribute to
a re-balancing of the glucose-fatty acid (Randle) cycle to favour glucose utilisation.
Also, high concentrations of metformin in the walls of the intestine promote
anaerobic glucose metabolism in this tissue, increasing glucose lactate turnover,
which may enhance futile cycling and increased energy dissipation that help to
prevent weight gain [21]. Potential anti-cancer mechanisms for metformin include
AMPK-dependent and -independent decreases of mammalian target of rapamycin
(mTOR) signalling and protein synthesis, respiratory chain suppression and a
lowering of basal insulinaemia, possibly targeting cancer stem cells [77].

8.6  Metformin and Metabolic Syndrome in Non-Diabetic
Subjects

Many studies have now affirmed that intensive lifestyle management and pharma-
cological intervention with metformin, thiazolidinediones, acarbose or orlistat can
prevent or delay progression of impaired glucose tolerance (IGT) and impaired
fasting glucose (IFG) to new onset type 2 diabetes [78, 79]. Preceding sections have
examined the effects of metformin in type 2 diabetes: in this section we focus on the
effects of metformin on features of the metabolic syndrome in non-diabetic
subjects.

The idea that metformin might confer primary protection against a collective of
cardiovascular risk factors in non-diabetic individuals was tested in the Biguanides
and the Prevention of the Risk of Obesity (BIGPRO) 1 study started in 1991. This
multicentre double-blind trial recruited 324 non-diabetic, middle-aged (35-65
years) subjects without cardiovascular disease but with abdominal adiposity
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(waist-to-hip ratio >0.95 in men and <0.80 in women) as an indicator of insulin
resistance [80]. Participants were randomised to placebo or metformin (850 mg/day)
with standard lifestyle advice to all. At 1 year metformin was associated with
greater mean weight loss (by 1.2 kg), slightly lower fasting plasma glucose (by
0.2 mmol/L), slightly lower total cholesterol and LDL cholesterol (by 0.16 and
0.12 mmol/L, respectively) and lower fasting insulin (by 9 pmol/L). Blood pressure
was not affected and there were no significant cardiovascular events, but five
subjects in the placebo group and none in the metformin group were diagnosed
with type 2 diabetes during the study. BIGPRO2 recruited subjects with raised
triglyceride levels and raised blood pressure but revealed little more [81],
reaffirming the need for larger and longer trials to investigate the potential prophy-
lactic effect of metformin.

8.6.1 Diabetes Prevention Program

The Diabetes Prevention Program (DPP) was the first large prospective trial (started
1966) to assess whether metformin could reduce the progression of IGT (2 h
post—75 g oral glucose tolerance test (OGTT) 7.8—11.0 mmol/L) with or without
IFG (5.6-7.7 mmol/L) into type 2 diabetes [82]. The trial randomised 3,234
subjects to intensive lifestyle management or standard lifestyle advice with metfor-
min (2 x 850 mg/day) or placebo: the metformin or placebo was given in a double-
blinded manner. Most subjects were obese (mean weight 94 kg and body mass
index (BMI) 34 kg/m?) and hyperinsulinaemic (mean fasting insulin 185 pmol/L),
30 % were hypertensive (>140/90 mmHg or receiving antihypertensive medica-
tion), 29 % were hypertriglyceridaemic (>2.3 mmol/L) and 44 % had raised LDL
cholesterol values (>3.4 mmol/L) or were on lipid-lowering medications [83].
Participants had to be healthy enough to cope with the intensive exercise and
without a cardiovascular event for >6 months.

Over a mean study period of 2.8 years, with some patients followed for 5 years,
the incidence of new diabetes was reduced by metformin (by 31 % vs. placebo), but
not as much as intensive lifestyle (by 58 %) (Table 8.4 and Fig. 8.4). The incidence
per 100 person years was 7.8, 11.0 and 4.8 for the metformin, placebo and intensive
lifestyle, respectively [82]. Metformin was more effective in younger, more obese
subjects and in those with higher fasting plasma glucose values near to the diagnos-
tic threshold for diabetes [83]. Metformin was also associated with a reduction in
insulin and proinsulin concentrations, and there was greater weight loss with
metformin (—2.1 kg) than placebo (—0.1 kg), but not as much as intensive lifestyle
(—5.6 kg), which came close to achieving the target objective of the study to
achieve a weight loss of 7 %.

Metformin did not exert any clinically notable effects on the prevalence of
dyslipidaemia (by the National Cholesterol Education Program Adult Treatment
Panel (NCEP ATP) III criteria), which increased during the trial from 12 % at
randomisation to 21 % with metformin, 19 % with placebo and 16 % with intensive
lifestyle. A rise in the prevalence of hypertension during the trial (30 % at
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Table 8.4 Key prospective randomised trials investigating the effect of metformin on the
incidence of new diabetes in subjects with impaired glucose tolerance (IGT)

Change in Change in risk

Number Mean body of diabetes
of duration weight (kg versus placebo
Trial subjects (years)  Treatment arms or BMI)  or control
Diabetes 3,324 2.8 Standard lifestyle + placebo —0-1kg -
Prevention Standard lifestyle + metformin —2.1 kg —31%
Program Intensive lifestyle —5.6 kg —-58 %
(DPP)
Indian 531 2.5 Standard lifestyle (control) +0.8 kg -
Diabetes Standard lifestyle + metformin +0.4 kg —26.4 %
Prevention Intensive lifestyle +0.5 kg —28.5 %
Program Intensive lifestyle + metformin +0.5 kg —282 %
(IDPP)
Chinese 321 3 Standard lifestyle +0.2 BMI -
diabetes Standard lifestyle + metformin —0.3 BMI —77 %
prevention Standard lifestyle + acarbose =~ —0.7 BMI —88 %
study Intensive lifestyle —04BMI —-43 %

BMI Body mass index (kg/m>)

Fig. 8.4 Cumulative Cumulative incidence of diabetes%
incidence of new diabetes 40 -
during the Diabetes
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randomisation) was not affected by metformin (40 %) compared with placebo
(39 %), whereas intensive lifestyle (29 %) prevented this rise. The incidence of
cardiovascular events was numerically too small to derive any statistical variation
although metformin was associated with least cardiovascular deaths (1, 4, 2 with
metformin, placebo and intensive, respectively) and fewer non-fatal cardiovascular
events (5.2, 7.3 and 9.7 per 1,000 person years with metformin, placebo and
intensive, respectively) [84]. Analysis of data at 1 year noted a small reduction of
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CRP with metformin (—7 % in men and —14 % in women) compared with placebo,
but this was much less than the 30 % reduction seen with intensive lifestyle [85].

At randomisation, 53 % (n = 1,711) of subjects in the DPP trial were
characterised as having metabolic syndrome according to the NCEP ATP III
criteria (three or more of waist circumference >102 cm for men and >84 cm for
women, blood pressure >130/85 mmHg, triglyceride >1.7 mmol/L, HDL choles-
terol <1.03 mmol/L for men and <1.3 mmol/L for women and fasting plasma
glucose >6.2 mmol/L) [86]. By 3 years the metformin group showed a smaller
proportion with metabolic syndrome (45 %) than placebo (51 %), although a
smaller proportion was seen with intensive lifestyle (34 %). Over the 3 years,
metabolic syndrome resolved (or at least subjects no longer triggered three or
more of the above criteria) in 23 % with metformin compared with 18 % on placebo
and 38 % on intensive lifestyle. Amongst those without metabolic syndrome at
randomisation, metformin also reduced the onset of metabolic syndrome, but not as
effectively as intensive lifestyle. Thus after 3 years, the new occurrence of meta-
bolic syndrome was 50, 61 and 38 per 100 person years for the metformin, placebo
and intensive groups, respectively. The reduced onset of metabolic syndrome with
metformin was more evident amongst men than women.

When the DPP trial concluded, withdrawal from metformin for 1-2 weeks did
not materially alter parameters of glucose homeostasis [87]. However, when met-
formin (n = 924, 2 x 850 mg/day) was continued for 5.7 years as an open-label
extension, weight loss was maintained and there was a numerically (but not
statistically significant) lower incidence of new type 2 diabetes (4.9, 5.6 and 5.9
per 100 patient years for metformin, placebo and intensive therapy, respectively)
[88]. This made the incidence of new diabetes in the 10 years of the DPP since the
initial randomisation 18 % lower with metformin and 34 % lower with intensive
lifestyle compared with placebo. There was also a sustained reduction in body weight
(—2 kg) with metformin, which was in part attributed to good adherence [89].

A cost-effectiveness analysis of the DPP and its follow-up open-label outcomes
study up to 10 years since initial randomisation has indicated that the cumulative
direct medical costs per capita were less with metformin ($27,915) than placebo
($28,236) or intensive therapy ($29,164) [90]. The quality adjusted life years
calculations for the 10-year period were 6.69 for metformin, 6.67 for placebo and
6.81 for intensive lifestyle.

8.6.2 Other Diabetes Prevention Programmes

Several studies in addition to the DPP have reported the effectiveness of metformin
in reducing weight gain and preventing progression of IGT/IFG to diabetes. The
Indian Diabetes Prevention Program (IDPP) was a smaller prospective study of 30
months mean duration comparing intensive lifestyle or standard lifestyle advice,
each with and without metformin (1,000 mg/day) in subjects with IGT [91]. Many
of these subjects would have had metabolic syndrome, but they were not separated
in the analysis. The 3-year cumulative incidences of diabetes were 55.0 %, 39.3 %,
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40.5 % and 39.5 % in standard lifestyle (control), intensive lifestyle modification,
standard plus metformin and intensive plus metformin, respectively. Thus, the
study confirmed the benefit of metformin to reduce progression of IGT to new
diabetes with standard lifestyle, but there was no extra benefit conferred by adding
metformin to intensive lifestyle (Table 8.4).

A 3-year prospective study in China found that metformin (3 x 250 mg/day)
or acarbose (3 x 50 mg/day) added to standard lifestyle each substantially
reduced the risk of diabetes in IGT subjects (—77 % and —88 % for metformin
and acarbose, respectively) compared with intensive lifestyle (—43 %) [92]. A
prospective mechanistic study of 40 Finnish subjects with IGT noted that metfor-
min (2 x 500 mg/day) for 6 months produced a 20 % improvement of insulin-
stimulated glucose metabolism during a euglycaemic hyperinsulinaemic clamp
compared with placebo [93].

8.7  Obesity and PCOS

Studies assessing the effectiveness of metformin on weight loss in non-diabetic
obese subjects and on reproductive parameters in non-diabetic PCOS are likely to
have included subjects who fit the criteria of metabolic syndrome. While these
studies do not allow extraction of data specific to metabolic syndrome they consis-
tently confirm the capacity for metformin to reduce body weight or prevent weight
gain in non-diabetic insulin-resistant states [20, 94]. A meta-analysis of 31 such
studies (>8 weeks duration, average 1.8 years) noted that metformin reduced BMI
by 5.3 %, FPG by 4.5 %, fasting insulin by 14.4 %, HOMA-IR (measure of insulin
resistance) by 22.6 %, blood triglyceride by 5.3 % and LDL cholesterol by 5.6 %,
with an increase in HDL cholesterol by 5.0 % compared with placebo or no
treatment. This was associated with a relative reduction in the incidence of new
diabetes by 40 % (absolute reduction of 6 %) [94].

8.8 Conclusion

The constellation of cardiovascular risk factors that comprises metabolic syndrome
is modifiable, at least in part by lifestyle interventions. The anti-hyperglycaemic
agent metformin can improve many of the individual components of metabolic
syndrome, notably a reduction in progression of IGT/IFG to type 2 diabetes, weight
reduction and often an improvement in the blood lipid profile and lower fasting
insulin. There is also evidence that metformin can reduce the progression of
metabolic syndrome as a collective of these cardiovascular risk factors and reduce
sufficient of them that these subjects may no longer qualify as having metabolic
syndrome. Metformin can also delay and possibly prevent the emergence of
metabolic syndrome in normoglycaemic subjects at increased risk of diabetes.
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9.1 Introduction

Thiazolidinediones are peroxisome proliferator-activated receptor (PPAR)-gamma
agonists that have been commonly used in the treatment of type 2 diabetes. They
have also been considered for use in individuals with metabolic syndrome as they
target a number of components of the syndrome through their multiple actions
that include improvements in insulin sensitivity and glycaemic control, adipocyte
maturation, and lipid metabolism. However, the thiazolidinediones have also been
associated with a number of adverse outcomes, including effects on the cardiovas-
cular system and bone, which have limited their use in clinical practice.

Given that at the time of writing, the keyword “thiazolidinedione” yielded 9,667
PubMed articles and combining it with “metabolic syndrome” resulted in 628
citations, it is clear that this class of medications has been extensively studied.
This expansive literature also means that neither every aspect can be covered nor
can all relevant studies be mentioned. Therefore, we have purposefully narrowed
the scope of our discussions and have been selective in citing relevant studies. This
chapter will review the mechanisms of actions of thiazolidinediones, highlight their
effects on various aspects of the metabolic syndrome, and discuss the adverse
clinical outcomes associated with their use.
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9.2  History of the Thiazolidinediones

Troglitazone, the first thiazolidinedione used for the treatment of type 2 diabetes,
was approved in 1997 but was withdrawn from the market in 2000 due to hepato-
toxicity [1]. The two thiazolidinediones currently being employed clinically are
pioglitazone and rosiglitazone, which were introduced in the late 1990s. However,
in 2010 access to rosiglitazone was suspended by the European Medicines Agency
(EMA) and restricted by the United States Food and Drug Administration (FDA)
because of reports that it was associated with a higher risk of cardiovascular events
[2]. As a result, rosiglitazone use has dropped dramatically. Recently, there have
been concerns about the possible association of pioglitazone with bladder cancer.
As a result, the use of pioglitazone has been suspended in certain European
countries [3]. The FDA recommends against use of pioglitazone in patients with
active bladder cancer and to use it with caution in patients with a history of bladder
cancer.

Troglitazone and rosiglitazone are selective peroxisome proliferator-activated
receptor (PPAR)-gamma agonists, whereas pioglitazone is more of a dual agonist as
it binds and activates both PPAR-gamma and PPAR-alpha [4]. The glitazars, which
are currently in development, also act as dual PPAR-gamma and PPAR-alpha
agonists [5]. One of these agents, muraglitazar, was associated with adverse
cardiovascular outcomes, including myocardial infarction, and therefore its devel-
opment was suspended in 2006 [6, 7]. Another dual PPAR-gamma and PPAR-alpha
agonist, aleglitazar, is now in phase III clinical trials [7]. Full or partial PPAR-alpha
agonists such as the fibrates (fenofibrate, bezafibrate, ciprofibrate, and gemfibrozil)
are commonly used in the treatment of dyslipidaemia as they reduce triglyceride
levels and increase high-density lipoprotein (HDL) cholesterol levels [8].

9.3 PPARs and the Mechanism of Action of
Thiazolidinediones

PPARs are nuclear hormone receptors and transcription factors [9], of which three
subtypes have been identified: alpha [10], gamma [11], and delta (also known as
beta) [12]. The two that have been harnessed clinically are gamma and alpha.
PPAR-gamma is most abundantly expressed in adipose tissue [13], but is also
present in pancreatic beta-cells [14], vascular endothelium [15], macrophages
[16], and the central nervous system [17], whereas PPAR-alpha is found mostly
in the liver, heart, vascular wall, and skeletal muscle [18, 19]. PPAR-gamma
agonists have multiple effects, including promotion of adipocyte differentiation
and improvement in insulin sensitivity. The major role of PPAR-alpha agonists is
the regulation of genes that are involved with lipoprotein metabolism and free fatty
acid oxidation [20]. PPAR-delta is also expressed in multiple tissues, including the
skin [21], adipose tissue [20], and brain [22], and regulates genes that are involved
with oxidation of fatty acids and storage of lipids [23].
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Fig. 9.1 Metabolic effects of thiazolidinediones. The effects of thiazolidinediones on adipose
tissue include adipogenesis, differentiation and proliferation of adipocytes, and redistribution of
visceral to subcutaneous adipose tissue, which leads to improvements in insulin sensitivity and
reduction in lipolysis. With thiazolidinedione therapy there is an increase in adipocyte production
of adiponectin and decrease in various pro-inflammatory adipokines, which also contribute to the
improvement in insulin sensitivity. Thiazolidinediones also improve glucose metabolism by
decreasing hepatic glucose output and hepatic fat accumulation as well as improving skeletal
muscle insulin sensitivity

Thiazolidinediones bind and modulate the activity of one or more PPARs. As
they activate the PPARSs, they heterodimerise with the retinoid-X receptor and bind
specific deoxyribonucleic acid (DNA) elements, which are known as peroxisome
proliferator response elements (PPREs) [24]. This leads to the regulation of expres-
sion of over one hundred genes that are mainly involved in glucose and lipid
metabolism and to the induction of a transcription cascade that results in the
differentiation and proliferation of adipocytes, adipogenesis, uptake and storage
of fatty acids into fat tissue, and enhancement in insulin action via increased insulin
sensitivity [25, 26].

They also redistribute adipose tissue resulting in an increase in subcutaneous fat
and a decrease in visceral adipose tissue (Fig. 9.1); however, the exact mechanism
for this body fat redistribution is not entirely clear [27]. In addition, they may
selectively promote pre-adipocyte differentiation in the subcutaneous fat, but not in
the visceral fat via differential gene regulation [28]. Increased visceral adipose
tissue has been associated with insulin resistance [29], and therefore the reduction
of visceral adipose tissue may explain in part the increase in insulin sensitivity seen
with thiazolidinedione treatment [30, 31].

In obesity, lipolysis of adipose tissue results in excessive circulating free fatty
acids, which are deposited in the liver and skeletal muscle. Excess visceral adipose
tissue may be particularly deleterious due to increased lipolytic activity within this
fat depot compared with subcutaneous adipose tissue [32]. Excessive amounts of
free fatty acids have been implicated in the development of insulin resistance via
accumulation of toxic intermediates such as diacylglycerol (DAG) and ceramide,
which activate serine and threonine kinases [33]. This in turn leads to serine instead
of tyrosine phosphorylation of the insulin receptor and insulin receptor substrate
proteins, which results in the attenuation of insulin signalling [34]. With the
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resultant insulin resistance, inhibition of hepatic gluconeogenesis also diminishes
[35], and there is a decrease in glycolysis as the fatty acids compete with glucose for
oxidation [36]. With thiazolidinedione therapy, the concentration of free fatty acids
decreases leading to increased insulin sensitivity [37]. This reduction in free fatty
acids is thought in part to be due to redistribution of body fat and the resultant
decrease in lipolysis as visceral adipocytes are more lipolytic [32]. Furthermore, the
preferential uptake of free fatty acids by subcutaneous adipose tissue [37] instead of
skeletal muscle, liver, and possibly beta-cells may be protective against lipotoxicity
in these non-adipose tissues [38].

Thiazolidinediones lead to an increase in the concentration of adiponectin (Fig. 9.1),
an adipokine that is produced by adipocytes. Adiponectin is associated with increased
insulin sensitivity [39] and appears to be protective against atherosclerosis [40]. Levels
of adiponectin are decreased in patients with obesity, insulin resistance, metabolic
syndrome, type 2 diabetes, and coronary artery disease [41, 42]. Adiponectin has also
been shown to downregulate the production of other adipokines that have been
associated with insulin resistance, including tumour necrosis factor (TNF)-alpha,
interleukin (IL)-6, and resistin [43].

Thus, thiazolidinediones have a number of effects that lead to improvements in
insulin sensitivity and contribute to improved glucose and fatty acid metabolism.

9.4 Effects of Thiazolidinediones on Altered Glucose
Metabolism and Insulin Resistance

Insulin resistance is strongly associated with obesity and components of the meta-
bolic syndrome [44] and is a cardinal feature of impaired glucose tolerance and type
2 diabetes [45]. Thus, thiazolidinediones have been used in the treatment of type
2 diabetes and have also been demonstrated to prevent the progression from
impaired glucose tolerance to type 2 diabetes [46—48]. Through their ability to
decrease hepatic glucose output [47] and improve glucose utilisation in insulin-
sensitive tissues, thiazolidinediones reduce both fasting and postprandial glucose
concentrations [49]. As they do not directly stimulate insulin release from the beta-
cell, when used alone they do not increase the risk of hypoglycaemia.

9.4.1 Thiazolidinediones for the Prevention of Type 2 Diabetes

Elevated fasting glucose is one manifestation of the metabolic syndrome and
reflects impaired glucose metabolism. It is a risk factor for the future development
of type 2 diabetes and cardiovascular disease [50]. Thus, a number of clinical
studies have investigated the effects of thiazolidinediones in patients with impaired
glucose metabolism as a means to reduce the risk of developing type 2 diabetes.
One of the largest randomised clinical trials addressing this concept was the
Diabetes REduction Assessment with ramipril and rosiglitazone Medication
(DREAM) Study [46]. In this study, 5,269 adults with impaired fasting glucose
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and/or impaired glucose tolerance received either rosiglitazone or placebo for a
median of 3 years. Type 2 diabetes was diagnosed in 25 % of those in the placebo
group and only in 10.6 % of those in the rosiglitazone group. Thus, treatment with
rosiglitazone reduced the risk of conversion to diabetes by 62 %. Furthermore, in
subjects receiving rosiglitazone, normal fasting glucose (defined as <6.1 mmol/l;
<110 mg/dl) was achieved in 50.5 % of participants compared with only 30.3 % on
placebo. In a follow-up study, a subset of participants underwent an oral glucose
tolerance test 1-2 years after the active treatment phase of DREAM ended. The
incidence of type 2 diabetes and regression to normoglycaemia were found to be
similar in both rosiglitazone and placebo groups, indicating that ongoing treatment
with rosiglitazone was necessary in order to have a persistent effect in preventing
type 2 diabetes [51].

Prior to examination of the effect of rosiglitazone in DREAM, two studies
examined the effect of troglitazone to reduce the progression to type 2 diabetes in
high-risk individuals. TRoglitazone In the Prevention of Diabetes (TRIPOD)
involved a relatively small cohort of 266 individuals with a history of gestational
diabetes, half of whom received troglitazone [52]. In this study, following a median
of 30 months of treatment, the annual incidence rate of diabetes was 12.1 % in those
women receiving placebo and 5.4 % in those assigned to troglitazone. The second
study was the Diabetes Prevention Program (DPP), which studied individuals with
impaired glucose tolerance [47]. In the DPP, the troglitazone arm was discontinued
due to hepatotoxicity, at which time participants had been treated for a mean of only
0.9 years. During this period, the diabetes incidence rate in those treated with
troglitazone was 3.0 cases/100 person years compared with 12.0, 6.7, and 5.1
cases/100 person years in the placebo, metformin, and intensive lifestyle interven-
tion groups in the study, respectively. These findings represented a 75 % reduction
in the diabetes incidence rate in troglitazone-treated participants compared with
placebo. Following withdrawal of the intervention, subjects were followed for a
number of years. This follow-up provided some additional interesting observations.
Following withdrawal of the active intervention, the incidence rate of new cases of
diabetes was not different to that in the placebo group. Thus, during this period of
additional follow-up, the overall number of new cases of diabetes in those who had
received troglitazone remained lower than in those who had no active intervention,
suggesting that troglitazone delayed the onset of diabetes during the period of
active treatment and that this difference was maintained following its withdrawal.

Most recently, ACTos NOW for Prevention of Diabetes (ACT NOW)
investigated whether pioglitazone can prevent the progression to diabetes in
participants with impaired glucose tolerance [48]. Six hundred and two patients
were randomly assigned to take pioglitazone or placebo and were followed for a
median of 2.4 years. Annual incidence rates for type 2 diabetes were 2.1 % in the
pioglitazone group versus 7.6 % in the placebo group, representing a 72 % reduc-
tion in the risk of developing type 2 diabetes. The intervention reduced both fasting
and 2-h glucose levels so that at the end of the study, 48 % of those receiving
pioglitazone had achieved a state of normal glucose tolerance compared with 28 %
in those assigned to placebo. These findings were in keeping with the other studies,
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suggesting that thiazolidinediones are effective in reducing progression to type
2 diabetes in individuals at increased risk.

Lastly, the combination of low-dose rosiglitazone and metformin was compared
with placebo in the CAnadian Normoglycemia Outcomes Evaluation (CANOE)
study that recruited 207 participants with impaired glucose tolerance [53]. Over a
median treatment period of 3.9 years, diabetes was diagnosed in only 14 % of those
in the combination therapy group as opposed to 39 % in the placebo group.
Regression to normal glucose tolerance was again more common in the group
receiving thiazolidinedione, occurring in 80 % of participants compared with
53 % in the placebo group.

In summary, there is good evidence from these large, randomised, placebo-
controlled clinical trials that the thiazolidinedione class of medications delays
progression to type 2 diabetes in individuals who are at high risk by virtue of the
fact that they have impaired glucose tolerance or a history of gestational diabetes.
These findings when compared with those with other interventions such as lifestyle
changes, which emphasised diet and exercise (reduced type 2 diabetes by 29-58 %
[54-57]) or pharmacological (reduced type 2 diabetes by 26-31 % with metformin
[55, 56], by 25 % with acarbose [58], and by 28 % with glargine [59]), suggest that
thiazolidinediones are the most effective in slowing progression to diabetes.

9.4.2 Thiazolidinediones in the Treatment of Type 2 Diabetes

The metabolic syndrome is a well-recognised risk factor for the development of
type 2 diabetes [60]. As thiazolidinediones target insulin resistance, which plays a
central role in the pathogenesis of type 2 diabetes, they have been used commonly
for the treatment of this disorder [61]. They have been approved for use as
monotherapy as well as in combination with most other oral agents as well as
insulin [62-67]. The magnitude of the glucose response when thiazolidinedione
therapy is instituted is, in general, dependent on the fasting glucose concentration,
with a greater absolute decline being observed in individuals with higher glucose
levels [68]. Given that the thiazolidinediones do not stimulate insulin release, when
used alone they do not typically cause hypoglycaemia. However, when combined
with insulin or agents that stimulate the beta-cell such as sulfonylureas, the risk of
hypoglycaemia is increased above that with either agent alone [69, 70].

The greatest insight on the relative effectiveness of thiazolidinediones compared
with other glucose-lowering agents comes from A Diabetes Outcome Progression
Trial (ADOPT), in which the effect of rosiglitazone therapy was compared with
metformin and glyburide [71]. Patients in this study were drug-naive and had diabetes
for less than 3 years. They were randomised to treatment with one of the medications
with the primary outcome being monotherapy failure, defined as a fasting plasma
glucose >10.0 mmol/l (>180 mg/dl). After 5 years, the incidence of monotherapy
failure was 15 % with rosiglitazone, 21 % with metformin, and 34 % with glyburide.
In comparison with metformin and glyburide, rosiglitazone reduced the risk of
monotherapy failure by 32 and 63 %, respectively. In the patients in whom the
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Fig. 9.2 Changes in HbAlc (Panel a) and weight (Panel b), and cumulative incidence of
fractures (in women; Panel c) over time with rosiglitazone, metformin, and glyburide in the
ADOPT study. As shown in Panel a, greater reductions in HbA lc levels occurred with glyburide
during the first 6 months compared to metformin and rosiglitazone. However, after 6 months
HbAlc levels steadily rose in the glyburide group, whereas reductions in HbAlc levels were
maintained in the rosiglitazone and metformin groups for over 1 year. HbAlc levels diverged at
around 2 years of therapy. At 5 years, the lowest HbAlc level was achieved with rosiglitazone
followed by metformin. As illustrated in Panel b, a steady increase in weight was seen in those
taking rosiglitazone throughout the study, while weight gain with glyburide occurred in the first
year after which no further increase. Metformin therapy was associated with more favourable
changes in weight. As shown in Panel ¢, an increased incidence of bone fractures was observed in
women taking rosiglitazone beyond 1 year. Data are shown as mean & SE. Vertical lines in Panel
a represent 6 and 12 months of therapy. Reproduced with permission from ([71]; Panels a and b)
and ([153] Panel c¢)

mean HbAlc level was 7.4 % at entry into the study, a level <7 % was maintained
until 57 months with rosiglitazone, 45 months with metformin, and 33 months with
glyburide (Fig. 9.2a). Given this differential effect on HbAlc, at the end of 4 years
40 % of patients taking rosiglitazone had an HbA 1c level less than 7 % compared with
36 % using metformin and 26 % on glyburide. Subgroup analyses showed that
rosiglitazone was more effective than glyburide in all subgroups, whereas
rosiglitazone was found to be more effective than metformin in patients who were at
least 50 years old and in patients with a waist circumference greater than 110 cm.
Based on this work it was concluded that rosiglitazone was clinically superior to
glyburide, but less so compared with metformin.
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A number of other interesting observations related to glycaemic control were
made in the course of ADOPT. As illustrated in Fig. 9.2a, the profiles for HbAlc
were distinct. Glyburide was the most effective in lowering plasma glucose and did
so more rapidly than either metformin or rosiglitazone. However, by 6 months,
glyburide’s effect to lower glucose had already started to wane, while the nadir for
HbAc for the other two agents was only being achieved at that time. Given the
different profiles for the three agents and the propensity of glyburide to fail to
maintain glucose control, HbAlc levels were similar after approximately 2 years of
treatment after which time they diverged. These observations were similar when
considering the fasting glucose concentration and underscore the value and impor-
tance of long-term studies comparing the effectiveness of different glucose-
lowering agents.

Using fasting and oral glucose tolerance test data, changes in insulin sensitivity
and beta-cell function were evaluated over time in ADOPT [71, 72]. In keeping
with glyburide having the greatest initial effect to improve glucose control, during
the first 6 months of therapy with this secretagogue a greater increase in beta-cell
function was observed compared to that with rosiglitazone or metformin. The latter
two medications had positive effects on insulin sensitivity, improving it over time.
This improvement in insulin sensitivity reduced the secretory demand on the beta-
cell contributing to an overall improvement in beta-cell function and explained the
long-term beneficial effects of these medications. Interestingly, when subgroups of
participants who did or did not respond well to the glucose-lowering therapies were
compared, the findings were quite different. At the time they entered the study, all
participants were drug-naive. However, the group that met the primary outcome,
which was monotherapy failure, had poorer beta-cell function at baseline.
Irrespective of their treatment assignment, those who failed therapy showed a
progressive loss of beta-cell function, all reaching a similar degree of dysfunction
when their fasting glucose levels exceeded 10.0 mmol/l (180 mg/dl). Thus, it
appears that the loss of beta-cell function is not only a critical determinant of the
failure of glucose-lowering therapy to maintain glycaemic control, but importantly
interventions aimed at retaining beta-cell function in patients with type 2 diabetes
have to be commenced very early in the course of the disease [71, 72].

As mentioned, thiazolidinediones have also proven to be very useful in combi-
nation with other agents when treating adult patients with type 2 diabetes. The
Treatment Options for Type 2 Diabetes in Adolescents and Youth (TODAY) study
provided interesting insight into treatment approaches in children between the ages
of 10 and 17 years who were recently diagnosed with type 2 diabetes [73]. As in
adults, the use of two medications proved to be better than a single agent; thus,
addition of rosiglitazone to metformin was more efficacious in improving
glycaemic control than was metformin alone. Of further interest, combining an
intensive lifestyle with metformin did not provide the same difference in glucose
control as did the combination of metformin and rosiglitazone. Whether this was
simply a function of the children’s difficulty to adequately modify their lifestyles or
represents possible differences in the response of different age groups to
interventions cannot be easily discerned. Further, the fact that more than half the
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children progressed to therapeutic failure, defined as an HbAlc of 8 % or more for 6
months or a need for insulin, suggests that the disease may run a somewhat different
course in children. The findings from studies addressing these issues will be of great
interest in the future.

9.5 Effects of Thiazolidinediones on Blood Pressure

Elevated blood pressure is a metabolic syndrome criterion and well-recognised risk
factor for cardiovascular disease [74]. Hypertension is also associated with insulin
resistance [75]. Insulin induces vasodilatation in various vascular beds via the
release of endothelium-derived nitric oxide, which lowers blood pressure [76]. In
insulin-resistant states, the vasodilatory effect of insulin is impaired and is thought
therefore to predispose to hypertension. The hyperinsulinaemia resulting from
insulin resistance can also lead to stimulation of sympathetic activity resulting in
renal sodium and water retention, which may then also contribute to the develop-
ment of hypertension [77, 78]. With thiazolidinedione therapy, reductions in blood
pressure occur and are felt to be due to improvements in insulin sensitivity and
endothelial function [79], resulting from increased endothelial nitric oxide produc-
tion and endothelial-mediated vasodilatation [80].

Treatment with thiazolidinediones has been shown to protect against the devel-
opment of hypertension and to reduce blood pressure in animal models of hyper-
tension or insulin resistance [81]. In studies of patients with hypertension and type
2 diabetes, a blood pressure lowering effect of thiazolidinediones has also been
observed [82-88]. This effect is relatively modest (2.0-10.2 mmHg for systolic
blood pressure and 2.3-8 mmHg for diastolic blood pressure) and has been
demonstrated to be independent of glucose lowering. Further, it has been associated
with a reduction in microalbuminuria, suggesting additional beneficial effects of
thiazolidinedione therapy in the kidney. Whether there is a difference in the
magnitude of the response with rosiglitazone or pioglitazone is not that clear.
One small study has suggested a marginal advantage with pioglitazone [89],
while another failed to find such an effect [90]. Either way, the effect is small
and, given the debatable beneficial and possible adverse effect of thiazolidinediones
on the risk of cardiovascular disease, is not an important consideration in the
decision to treat patients with this class of agents.

9.6 Thiazolidinediones and Lipids

Two classical components of the metabolic syndrome are elevated triglycerides and
reduced HDL cholesterol levels, with dyslipidaemia being a major risk factor for
cardiovascular disease in individuals with or without diabetes. As an example, in
the Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) study of
patients with type 2 diabetes, the combination of low HDL cholesterol levels along
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with marked hypertriglyceridaemia (>2.3 mmol/l) increased cardiovascular disease
risk by 41 % [91].

The dyslipidaemia of the metabolic syndrome can be impacted by thiazolidi-
nediones as these medications have favourable effects on both HDL cholesterol and
triglyceride levels [92-94]. In general, pioglitazone leads to greater increases in
HDL cholesterol levels and more commonly reductions in triglyceride levels than
rosiglitazone, in part because of its greater PPAR-alpha effect [95]. In one study
directly comparing these two agents in a large number of patients with type
2 diabetes and dyslipidaemia, treatment for 24 weeks with pioglitazone was
associated with nearly 15 % increase in HDL cholesterol, while rosiglitazone only
increased HDL cholesterol by about half that amount [92]. Triglyceride levels
decreased by 12 % with pioglitazone, while they increased 14.9 % with
rosiglitazone. Both agents increased LDL cholesterol, although the increase was
smaller with pioglitazone, being just below 16 %. Similar findings were recently
reported in the Thiazolidinedione Intervention with Vitamin D Evaluation (TIDE)
trial, which randomised patients with type 2 diabetes to either rosiglitazone or
pioglitazone. The study was stopped prior to the planned completion date because
of the regulatory concerns with rosiglitazone [96]. At that time, nearly 400 subjects
had received treatment with one of the thiazolidinediones, while over 500 had been
taking placebo for an average of just over 5 months. Compared to placebo,
pioglitazone treatment was associated with significant beneficial directional changes
in triglycerides and HDL cholesterol, effects not observed with rosiglitazone.
Neither medication was associated with significant changes in LDL cholesterol.

Another major trial that used pioglitazone was the Prospective Pioglitazone
Clinical Trial in Macrovascular Events (PROACTIVE), in which the effect of this
agent on all-cause mortality, non-fatal myocardial infarction, and stroke was com-
pared with placebo in 5,238 patients with type 2 diabetes and macrovascular disease
[94]. In this study, the beneficial effect of pioglitazone on plasma lipids was again
apparent. Over an average follow-up of just under 3 years, treatment with
pioglitazone was associated with an 11.4 % reduction in triglyceride levels compared
with an increase of 1.8 % in the placebo group. The change in HDL cholesterol was
also superior with pioglitazone, increasing by 19.0 % against a 10.1 % increase with
placebo. However, the LDL cholesterol changes were less favourable, increasing by
7.2 % in the pioglitazone group as opposed to a 4.9 % increase in those receiving
placebo. At baseline the percentage of patients on glucose-lowering therapy (metfor-
min, sulfonylureas, insulin, various combinations of these three medications, and
diet) and cardiovascular medications (statins, fibrates, thiazides and loop diuretics,
beta blockers, angiotensin-converting enzyme inhibitors, angiotensin II antagonists,
calcium-channel blockers, nitrates, and anti-platelet agents) was similar. During the
study, the concomitant use of insulin and metformin increased in the placebo group,
but that of sulfonylureas, thiazide and loop diuretics, anti-platelet agents, statins, and
fibrates did not differ between the pioglitazone and placebo. Of note, the favourable
changes in lipids with pioglitazone occurred in the absence of equipoise in glucose
control and, therefore, what degree of the effect can be ascribed to differences in
glucose control cannot really be discerned.
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In the Pioglitazone Effect on Regression of Intravascular Sonographic Coronary
Obstruction Prospective Evaluation (PERISCOPE) study, where the effects of
pioglitazone and glimepiride on progression of coronary atherosclerosis were
compared using intravascular ultrasonography in patients with type 2 diabetes
and coronary heart disease, the attained glucose levels were more similar than in
PROACTIVE. Under these circumstances, where differences in glucose
concentrations were less likely to be influential, at the end of 18 months of
treatment HDL cholesterol levels increased 0.15 mmol/l (5.7 mg/dl) with
pioglitazone compared with 0.023 mmol/l (0.9 mg/dl) with glimepiride. The impact
on triglycerides also favoured pioglitazone, with which they decreased 0.18 mmol/I
(16.3 mg/dl) whereas they increased 0.037 mmol/l (3.3 mg/dl) with glimepiride.
LDL cholesterol levels increased minimally in both groups, with the change from
baseline level not being significant [93].

In ADOPT, the lipid profiles differed after an average of 4 years of intervention
with the three different glucose-lowering medications. Again, however, glucose
levels were not comparable, being lower with rosiglitazone than either metformin
or glyburide. Furthermore, a greater proportion of patients receiving rosiglitazone
were receiving lipid-lowering therapy, with just over half the participants in this
group receiving statins compared with a little more than 40 % in the other two
treatment groups. Under these conditions, LDL cholesterol levels were still signifi-
cantly greater in the rosiglitazone-treated participants compared with the cohorts
receiving either metformin or glyburide. HDL cholesterol levels were significantly
higher in the rosiglitazone group, with the difference being greater compared with
glyburide than metformin. The levels of triglycerides were lower with rosiglitazone
than glyburide, but not different to those observed with metformin [71]. Thus,
collectively these data also suggest that the effect of rosiglitazone on plasma lipids
likely differs from that of pioglitazone.

The lack of a major beneficial effect of rosiglitazone on plasma lipids in the
absence of diabetes has been examined in individuals with low HDL cholesterol
levels. In two small studies of patients with metabolic syndrome and low HDL
cholesterol levels, treatment with rosiglitazone for 8 or 12 weeks was not associated
with significant changes in HDL cholesterol, triglyceride, or LDL cholesterol levels
[43, 97]. Thus, it would appear that in individuals with the dyslipidaemia that is
characteristic of the metabolic syndrome, there does not appear to be a true
beneficial effect of rosiglitazone on plasma lipids. In a small study of patients
with metabolic syndrome, 12 weeks of pioglitazone therapy resulted in a small
increase in HDL cholesterol compared with placebo, while triglyceride levels were
unchanged [98]. Adding pioglitazone to statin therapy in individuals with metabolic
syndrome and without diabetes increased HDL cholesterol and decreased triglyc-
eride levels over a period of a year [99]. Thus, in general pioglitazone has a more
favourable effect on HDL cholesterol and triglyceride levels in patients with
metabolic syndrome compared with rosiglitazone.

In the metabolic syndrome LDL cholesterol levels are not typically elevated;
however, there are increases in the number of small LDL particles and apoB levels
[100]. An increased number of small LDL particles have been associated
with increased triglycerides, decreased HDL cholesterol, and increased apoB
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levels [101]. Small LDL particles are denser compared with larger LDL particles
and more atherogenic [102, 103]. Treatment with rosiglitazone has been shown to
change the phenotype of LDL from small and dense to large and less dense despite
increasing LDL cholesterol levels modestly [103, 104]. Pioglitazone treatment has
also been associated with reductions in small LDL particles in the face of no change
in LDL cholesterol levels [98].

In summary, dependent somewhat on the patient population, both pioglitazone
and rosiglitazone produce changes in lipids that are not entirely favourable.
The change in LDL cholesterol, which increases with both, is the least favourable.
The changes in HDL cholesterol and triglycerides are more favourable with
pioglitazone, likely as it has partial PPAR-alpha agonist activity. This difference
in the lipid response is perhaps one reason why pioglitazone may be associated with
better cardiovascular outcomes compared with rosiglitazone [25, 105].

9.7 Effects of Thiazolidinediones on Waist Circumference
and Body Fat Distribution

Increased waist circumference is also a metabolic syndrome criterion, being
included as it provides an estimate of central adiposity. The cut points for this
measure vary by population, but in all instances central body fat distribution has
been demonstrated to be associated with increased risks of type 2 diabetes and
cardiovascular disease [106]. Further, it has been demonstrated that these outcomes
are related more to the visceral fat compartment than the subcutaneous region
[107, 108], with increased visceral fat portending deleterious changes in all features
of the metabolic syndrome [109]. Thus, redistributing fat from the intra-abdominal
to the subcutaneous depots would likely have a positive effect on metabolic
outcomes.

Treatment with thiazolidinediones typically leads to increases in body weight,
the magnitude of which varies [110]. Marked weight gain has also been reported,
but this may be the result of fluid retention particularly in those patients receiving
insulin [111]. The variation in weight gain observed with thiazolidinediones may be
in part related to the duration of therapy, as it has been demonstrated in patients
with type 2 diabetes that while both thiazolidinediones and sulfonylureas increase
body weight, the patterns differ. With thiazolidinediones weight gain is continuous
during active therapy (for at least a period of 4 years) while that with the sulfonyl-
urea glyburide has been shown to increase over the first year and then to plateau
[71] (Fig. 9.2b).

While the changes in body weight with thiazolidinediones are not necessarily
desirable, their use appears to be associated with a favourable redistribution of body
fat assessed using waist and hip circumferences as well as with imaging modalities
[30, 112-114]. In ADOPT there was an increase in both the waist and hip
circumferences resulting in a stable waist-to-hip ratio, while in DREAM there
was no change in waist but an increase in hip circumference resulting in a lower
waist-to-hip ratio with thiazolidinedione therapy, indicating either a neutral [71] or



9 Treatment with Thiazolidinediones 129

favourable effect on fat distribution [46]. Imaging approaches to examine fat
distribution have been used in small studies. In one, 13 patients with type 2 diabetes
treated with either diet or a stable dose of sulfonylurea were studied using magnetic
resonance imaging, which demonstrated that 16 weeks of pioglitazone therapy
decreased the ratio of visceral to subcutaneous fat due to an increase in subcutane-
ous and decrease in visceral fat area [30]. A similar finding has been reported in
another study using computed tomography in 12 overweight or obese insulin-
resistant patients without diabetes treated for 12 weeks with pioglitazone [114].
This effect of the thiazolidinediones to redistribute and simultaneously increase
subcutaneous fat appears to be related in part to their ability to stimulate
adipogenesis [114]. In some instances it would appear that the degree of weight
gain and adipogenesis is a determinant of therapeutic effectiveness on insulin
sensitivity, particularly in women [37]. This same effect on adipogenesis likely
explains the observation of an increase in adiponectin, the fat-derived protein
associated with insulin sensitivity [39], which is discussed in greater detail in the
following section.

9.8 Effects of Thiazolidinediones on Inflammatory Markers

The metabolic syndrome, obesity, and insulin resistance have all been associated
with chronic subacute inflammation that may contribute to cardiovascular disease
[115]. In these conditions, levels of pro-inflammatory mediators such as C-reactive
protein (CRP), TNF-alpha, IL-1 and IL-6, serum amyloid A (SAA), leptin, resistin,
retinol-binding protein-4 (RBP-4), plasminogen activator inhibitor-1 (PAI-1) [116],
and matrix metalloproteinase-9 (MMP-9) [117] have all been shown to be
increased, whereas the levels of plasma adiponectin, which has anti-inflammatory
properties, are decreased [116]. Further, in subcutaneous adipose tissue biopsies,
protein levels of CRP, IL-1, IL-6 and IL-8, leptin, SAA, RBP-4, PAI-1, and
monocyte chemotactic protein-1 (MCP-1) have all been found to be significantly
greater in those with metabolic syndrome compared with controls [118].

CRP has been a major focus of investigation as it is associated with the
metabolic syndrome [119] and carries with it an increased risk of type 2 diabetes
[120], cardiovascular disease, and stroke [121]. It is produced mainly by the liver,
but can also be made by adipocytes [122]. A number of studies have examined the
effect of thiazolidinedione therapy on CRP as well as some of the other inflamma-
tory markers, the concept being that reducing inflammation may result in a decrease
in cardiovascular events. One of the largest cohorts studied was the ADOPT
participants. At baseline in these individuals, who were drug-naive in terms of
glucose-lowering agents, levels of CRP increased with increasing number of
metabolic syndrome components [123]. The increase in these patients was shown
to be determined by body adiposity, rather than insulin sensitivity or glucose
control. With all three interventions, rosiglitazone, metformin, and glyburide,
CRP levels decreased over time. While the change in absolute levels was greater
in women than in men, the proportionate change was similar in both genders.
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Comparison of the treatment effect of the three agents demonstrated that the CRP-
lowering effect of rosiglitazone was 48 % greater than that of glyburide and 31 %
more than metformin. Given that the weight changes in the three treatment groups
were quite disparate, it appears that while body size is an important determinant of
inflammation, it is not a critical determinant of the impact of therapy.

In keeping with their effects to downregulate the expression of the pro-
inflammatory mediators and wupregulate the anti-inflammatory adipokine
adiponectin [116], treatment of patients with metabolic syndrome with thiazolidi-
nediones has beneficial effects on inflammation. In different studies, all with
relatively small numbers of individuals, different inflammatory markers have
been examined. Thus, for example, 12 weeks of rosiglitazone treatment of
individuals with the metabolic syndrome, low HDL cholesterol levels, and without
diabetes resulted in improvements in CRP, IL-6, and TNF-alpha receptor-2 profiles
[43], while in another study in which this thiazolidinedione was administered for 12
months, favourable changes in CRP, IL-6, and IL-18 were observed [124]. Also, in
keeping with a beneficial effect, adiponectin levels increased with rosiglitazone
treatment of patients with metabolic syndrome [124-126].

Studies with pioglitazone have similarly demonstrated favourable effects on
inflammatory markers in individuals with the metabolic syndrome, although some
of the markers that have been examined differ. For example, in a study involving 60
patients with metabolic syndrome and low HDL cholesterol, pioglitazone treatment
for 12 weeks led to reductions in CRP and resistin and an increase in adiponectin
compared with placebo [98]. It has also been demonstrated in obese, insulin-
resistant subjects without diabetes that pioglitazone has a more favourable effect
to increase adiponectin than diet and exercise, increasing it by 75 % compared with
15 % with the lifestyle intervention after 19 weeks [127]. Overall, while thiazoli-
dinedione treatment leads to reductions in pro-inflammatory markers such as
CRP and an increase in the adipokine adiponectin, these changes that were
hypothesised to underlie a cardioprotective effect of these agents have, unfortu-
nately, not translated into such benefit. The lack of demonstrable cardiovascular
disease protection with thiazolidinedione treatment [128-130] despite
improvements in the inflammatory profile also highlights the general need for
caution in ascribing to these inflammatory markers the same relative status as
other markers of cardiovascular risk.

9.9 Effects of Thiazolidinediones on Non-Alcoholic Fatty
Liver Disease and Non-Alcoholic Steatohepatitis

Non-alcoholic fatty liver disease (NAFLD), the ectopic accumulation of fat in the
liver in the absence of significant alcohol intake, has been associated with insulin
resistance, type 2 diabetes, obesity, dyslipidaemia, and hypertension [131, 132]. In
some patients NAFLD can progress to non-alcoholic steatohepatitis (NASH),
which is characterised by hepatic inflammation, injury, and fibrosis, and which in
turn can progress to cirrhosis and end-stage liver disease [131].
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Insulin resistance is thought to be one of the major factors contributing to excessive
fat deposition in the liver. Thus, targeting insulin resistance with thiazolidinediones
has been a therapeutic approach employed in patients with NAFLD [133]. While
insulin sensitisation of the liver occurs, changes in adipose tissue also appear to play
an important role [31, 134]. Thiazolidinediones modulate the expression in adipose
tissue not only of PPAR-gamma, but also of lipoprotein lipase and adiponectin,
resulting in lower free fatty acid levels and increased circulating adiponectin
concentrations. The net result is an enhancement of insulin action in the liver and
decreased substrate availability for ectopic lipid deposition in the hepatocyte.

Pioglitazone has been studied in patients with biopsy-confirmed NASH who had
either impaired glucose tolerance or type 2 diabetes. In combination with a
hypocaloric diet in order to reduce weight gain, it increased hepatic sensitivity
and improved glycaemic control [135]. Hepatic fat content decreased by 54 %,
whereas it did not change in those assigned to the placebo arm. Importantly, the
decrease in liver fat in the pioglitazone arm was associated with improvements in
histological features. Finally, in line with these beneficial effects, transaminase
levels decreased to a greater extent in those taking the PPAR agonist. That the
combination of these changes was not likely to be simply the effect of improving
glycaemia comes from another study in which a cohort of 247 non-diabetic adults
with NASH were randomised to receive pioglitazone, vitamin E, or placebo for 96
weeks. Again pioglitazone was associated with benefit, documented as reductions
in hepatic steatosis, lobular inflammation, and serum transaminases compared with
placebo. Vitamin E treatment compared with placebo resulted in a higher rate of
improvement in histological features of NASH, along with improvements in
transaminases, hepatic steatosis, and lobular inflammation [136].

These positive outcomes with pioglitazone have also been observed with
rosiglitazone, suggesting that they are not necessarily dependent on the PPAR-
alpha effect of pioglitazone. Rosiglitazone treatment of individuals with biopsy-
proven NASH for a year was associated with histological evidence of improvement
in steatosis and reductions in transaminase levels [133].

While thiazolidinediones have a beneficial effect to improve the histological
disturbances seen with NAFLD or NASH, this effect has been shown to disappear
with discontinuation of therapy. In a study in which nine patients with biopsy-
proven NASH were treated for 48 weeks with pioglitazone and followed up after 48
weeks off treatment [137], while liver enzymes normalised and hepatic volume and
fat content decreased on therapy, after discontinuation of treatment hepatic volume
increased, and the quantity of fat in the liver increased above baseline. Also, while
on therapy only one patient still met the histological criteria for NASH, after
withdrawal of pioglitazone therapy the histological diagnosis of NASH was again
made in seven patients with some features such as ballooning cell injury being
worse after stopping therapy. One possible explanation given for these troubling
findings was weight gain and the increase in total body fat. In keeping with the
recurrence of fatty liver following withdrawal of therapy, other studies have
reported return of liver enzymes to baseline within several months after discontin-
uation of thiazolidinedione therapy [133, 138].
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In summary, the thiazolidinediones have been shown to decrease liver fat and
improve histological disturbances in non-alcoholic liver diseases by actions in the
hepatocyte and the peripheral tissues. However, it would seem that their continued
use is required if these beneficial effects are likely to be maintained long term.

9.10 Adverse Effects of Thiazolidinediones

As with most medications, thiazolidinediones have been found to have clinically
relevant adverse effects (Fig. 9.3). These include weight gain, fluid retention
resulting in peripheral oedema and congestive heart failure, an increased risk of
bone fractures especially in women, and a potential increased risk of certain
malignancies. Evidence suggesting an increased risk of myocardial infarction and
cardiovascular mortality with rosiglitazone therapy prompted severe restrictions on
the use of this medication. These adverse effects are discussed in more detail and
have limited the use of thiazolidinediones in clinical practice.

9.10.1 Cardiovascular Side Effects

A major concern with rosiglitazone that led to its suspension in a number of
countries and marked restrictions in its use in others was an increased risk of
cardiovascular events. In a meta-analysis that included 42 randomised clinical trials
that lasted for at least 24 weeks, rosiglitazone was associated with an increased risk
of myocardial infarction (odds ratio of 1.43; 95 % CI, 1.03-1.98) [2]. These
findings resulted in a furious debate as they were not a consistent observation,
especially in the long-term studies. The ensuing discussions also resulted in the
requirement imposed by the United States Food and Drug Administration that
future registration of glucose-lowering medications will require a formal assess-
ment of the risk for cardiovascular events [139]. With pioglitazone this same
observation has not been made. In fact, based on the results of the PROACTIVE
study, pioglitazone was felt to provide protection against coronary and peripheral
vascular events. In this study of over 5,000 patients randomised to pioglitazone or
placebo, active treatment was associated with a tendency towards a reduction in the
primary composite outcome, which included all-cause mortality, acute coronary
syndrome, non-fatal myocardial infarction, stroke, endovascular or surgical inter-
vention in the coronary or leg arteries, and amputation above the ankle (hazard ratio
0.90, 95 % confidence interval (CI) 0.80-1.02, p = 0.095). The major secondary
endpoint was the composite of all-cause mortality, non-fatal myocardial infarction,
and stroke, and this decreased significantly with pioglitazone (hazard ratio 0.84,
95 % CI10.72-0.98, p = 0.027) [94]. The statistical approach used in this study to
conclude that pioglitazone was protective was also mired in controversy [140].
Despite a meta-analysis performed by the same group that had performed the one
with rosiglitazone, suggesting that pioglitazone was associated with a lower risk of



9 Treatment with Thiazolidinediones 133

Bone loss and fractures Weight gain

)

Liver failure
(troglitazone)

Thiazolidinediones

Bladder cancer

Cardiovascular Edema
y /

Fig. 9.3 Adverse effects of thiazolidinediones. Most common adverse effects of thiazolidi-
nediones include weight gain, oedema, and congestive heart failure. Bone loss and fractures,
especially in the lower and upper limbs of women treated with thiazolidinediones for over 1 year,
have been observed and thought to be due to increased osteoclastic activity. Liver failure due to
troglitazone led to its withdrawal from the market. An increased risk of myocardial infarction has
been associated with rosiglitazone, which resulted in restrictions in its use. Most recently, concern
over a possible increased risk of bladder cancer has limited clinical use of pioglitazone

Myocardial infarction
(rosiglitazone)

mortality, myocardial infarction, or stroke [141], this agent is not generally
accepted to provide cardiovascular protection.

9.10.2 Fluid Retention, Oedema, and Congestive Heart Failure

Fluid retention leading to weight gain, oedema, and, on occasion, congestive heart
failure had been recognised as an adverse effect of treatment with these agents soon
after their introduction. The mechanism by which fluid retention occurs is felt to be
due to increased renal sodium and fluid reabsorption resulting from the activation of
the PPAR-gamma receptors in the collecting ducts of nephrons, which in turn leads
to upregulation of sodium transporter expression and translocation [142, 143]. This
end result of sodium and fluid retention is enhanced by the fact that both
hyperglycaemia and thiazolidinediones increase the expression of PPAR-gamma
in the nephron [144]. PPAR-gamma activation of endothelial cells and vascular
smooth muscle cells may also increase capillary permeability contributing to
increased fluid reabsorption [145]. This causes expansion in plasma volume,
which leads to a fall in the haematocrit level and can result in clinical oedema [143].

The occurrence of peripheral oedema with thiazolidinedione therapy is thought
to be dose-dependent, occurring in about 4-8 % of patients taking thiazolidi-
nediones [63, 143, 146]. A clinical study showed reversal of fluid retention induced
by rosiglitazone with spironolactone or hydrochlorothiazide, resulting in an
increase in the haematocrit and decrease in extracellular fluid volume. The effect
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of furosemide was limited in this study, and withdrawal of rosiglitazone did not
reverse fluid retention over 7 days [143].

Aside from the obvious weight gain, the increase in oedema has also been
associated with development of congestive heart failure [25], the risk of which is
increased approximately twofold [129, 141, 147]. Interestingly, a retrospective
analysis of older diabetic patients hospitalised with a diagnosis of heart failure
and who were discharged on thiazolidinediones reported that the risk of subsequent
mortality was decreased by 13 %, but the risk for readmission for heart failure was
increased [148]. Based on these and other observations, these agents are
contraindicated in patients with established New York Heart Association
(NYHA) Class III or IV heart failure.

9.10.3 Weight Gain

One of the most vexing adverse effects of thiazolidinediones is weight gain
(2.0-4.3 kg on average) [110], which often is greater in those with the greatest
improvement of their glucose control [48, 149, 150]. For every 1 % decrease in the
HbAlc value with thiazolidinedione therapy, there is a 2-3 kg increase in body
weight [25]. Unfortunately, the weight gained is typically preserved despite dis-
continuation of thiazolidinedione therapy [137, 138].

There are several possible mechanisms that may be playing a role in weight gain
with thiazolidinedione therapy, including body fat redistribution with an increase in
the amount of subcutaneous adipose tissue, alterations in adipokine release patterns
including decreased synthesis of leptin, which in turn leads to less suppression of
appetite [151], fluid retention [30], and decreased glycosuria with improved
glycaemic control [28]. In addition, central effects on body weight control
mechanisms may also play a role as activation of PPAR-gamma in the central
nervous system promotes increased feeding [152].

9.10.4 Bone Fractures

The occurrence of bone fractures with thiazolidinedione therapy was first reported
with rosiglitazone in ADOPT [71]. This outcome was probably not noted before as
the increase in fracture risk only manifests after a year of therapy (Fig. 9.2¢) [153],
underscoring the value of long-term studies for examining the pros and cons of
glucose-lowering medications. Subsequently, a retrospective examination of the
data obtained during studies with pioglitazone demonstrated the same outcome
[154], in keeping with this being a class effect. The risk of bone fractures is
increased approximately twofold in women using thiazolidinediones as compared
with that observed with other glucose-lowering medications. Whether the risk is
increased in men is debatable, with most studies not observing such. Interestingly,
these fractures more frequently involve the upper limbs, including the humerus and
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hand, and the lower limbs, including the foot. While in younger women no
increased occurrence of hip or vertebral fractures has been noted [71], observational
and case—control studies suggest the possibility that in older women the risk for hip
fractures is increased [155, 156]. It is possible that the increased risk of fractures in
this more traditional location may be related to the presence of decreased bone
mineral density in these women [155].

While it is clear that chronic thiazolidinedione exposure is associated with an
increased risk of fractures, the mechanism by which this occurs remains unclear. In
animal studies, activation of PPAR-gamma has been shown to cause a shift in the
flow of mesenchymal precursor cells from osteoblastic to adipogenic lineages
[157]. Activation of PPAR-gamma may also decrease insulin-like growth factor
(IGF)-1 levels in bone, thereby decreasing new osteoblast formation [158]. Thus, it
appears that PPAR-gamma activation can decrease new bone formation while
increasing fat content in bone marrow leading to bone loss [156].

In humans, thiazolidinedione therapy has been associated with increased bone
resorption as well as decreased bone formation, resulting in decreased bone density
in healthy postmenopausal women and men with type 2 diabetes [159, 160]. In
ADOPT, women taking rosiglitazone had an increase in C-terminal telopeptide, a
marker for osteoclast activity, which was not observed in women treated with
metformin or glyburide or in men taking any of the three agents [161]. Markers
for osteoblastic activity, including procollagen type 1 N-propeptide and bone
alkaline phosphatase, decreased in both genders with the decline being greater
with metformin than rosiglitazone. These findings suggest that thiazolidinediones
may increase fracture risk in women primarily via an increase in osteoclastic
activity, leading to greater bone resorption [161].

Given the increased risk of bone fractures with chronic thiazolidinedione ther-
apy, risk factors for bone fractures should be taken into account prior to initiating or
continuing thiazolidinediones, especially in women. This assessment could include
a formal determination of bone mineral density as an estimate of potential increased
fracture risk.

9.10.5 Bladder Cancer

A more recent concern is the possibly increased risk of urinary bladder cancer with
pioglitazone. While an increase in the number of cases was first noted in PROAC-
TIVE, this difference occurred very early in the trial and so was felt to most likely
represent a chance finding [94]. Since 2011 there have been reports of an increase in
the risk of bladder cancer in publications that have used databases in the United
States [162], France [163], and United Kingdom [164]. In these reports, the hazard
ratio ranged from 1.2 to 1.83, with longer and greater exposure being associated
with a greater risk [162, 164].

What are possible mechanisms responsible for the increase in bladder cancer with
thiazolidinediones? In humans, the only real knowledge is that the PPAR-gamma
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receptor is expressed in normal bladder as well as in bladder tumours [165]. In studies
in rats, bladder tumours have been observed predominantly in males [166]. In these
animal studies, changes in urinary composition include a decrease in the level of
urinary citrate that protects against lithogenesis and increases in amounts of urinary
calcium and magnesium precipitates and in microcalculi [167]. Fluid retention that
results from the use of these pharmacological agents leads to an increase in urine
volume and bladder enlargement as well as urothelial cell hypertrophy [166].
Morphological changes such as urothelial irritation, proliferation, and neoplasia
have also been noted in animal studies with long-term use of these agents [167].

While these database studies suggest an increased risk and animal studies
propose mechanisms by which thiazolidinediones may produce changes in bladder
morphology, these approaches clearly cannot substitute for a long-term clinical trial
with adjudicated events. However, such a study would be an impossibility given the
number of participants that would be required and the extremely long duration that
would be needed. Thus, based on current knowledge, the French and German
Medicines Agencies suspended the use of pioglitazone in June 2011 [168]. EMA
concluded that pioglitazone was associated with a small increased risk of bladder
cancer, and the FDA recommends that pioglitazone should be used with caution in
patients with a history of bladder cancer and should not be used in patients with
active bladder cancer.

9.11 Conclusions

Thiazolidinediones target multiple components of the metabolic syndrome, includ-
ing glucose and lipid metabolism. They reduce insulin resistance and can prevent
diabetes in individuals with impaired glucose tolerance. Further, they have been
shown to reduce inflammatory markers as well as lead to an improvement in some
aspects of the lipid profile. However, they have been associated with a number of
adverse effects such as congestive heart failure, oedema, weight gain, and bone
fractures and evidence suggesting a small increase in the risk of developing bladder
cancer. Weighing the benefits and risks associated with the use of this class of
compounds, a number of regulatory agencies have severely restricted the use of
rosiglitazone while others have limited the availability of pioglitazone. Further, for
many of the same reasons, clinicians in numerous countries are reducing the
volume of prescriptions they write for thiazolidinediones. Whether new and
improved more selective thiazolidinediones that have the benefits without the
current plethora of risks will be forthcoming is something we can hope for, but
we may have to wait a while before our wish is realised.
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10.1 Introduction

The so-called 3-hydroxy-3-methyl-glutaryl-CoA (HMGCoA) reductase inhibitors, or
the statins, represent a class of drugs that has been developed successfully over almost
30 years and are now widely used all over the world for cardiovascular prevention.
The popularity of these drugs is based on the fact that not only they are clinically
effective, but also some leading brands are now cheap when generics have been
introduced. The statins can be classified into the drugs which are more effective
per mg, such as rosuvastatin and atorvastatin, and the more common statins such as
simvastatin, pravastatin, and fluvastatin. The first one, lovastatin, is not in use any-
more. Newer drugs are being developed such as pivastatin, but one drug, cerivastatin,
was withdrawn due to hepatotoxicity. All the statins use the same kind of metabolic
mechanisms even if they differ in potency and pharmacological properties.

Most of the statins are well-documented lipid-lowering drugs for cardiovascular
prevention and protection, based on evidence, both for primary [1, 2] and secondary
prevention [3, 4]. A number of trials have been summarised in meta-analyses
showing clinical benefits in both genders [5] and in patients with type 2 diabetes
[6]. The main lipid-modifying effects of this class of drugs consist of a reduction of
low-density lipoprotein (LDL) cholesterol proportionate to dosage and differing
with the type of statin used, as well as a modest reduction of triglycerides in
combination with a modest elevation of high-density lipoprotein (HDL) cholesterol
[7]. Statins may be used in monotherapy or in combination with other lipid-
lowering drugs for a more pronounced effect on lipid control, for example
in combination with fibrates, resins, or cholesterol uptake inhibitors such as
ezetimibe. Based on one meta-analysis the reduction of coronary risk is in general
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proportionate to the reduction in LDL cholesterol [8]. Also stroke events are
prevented by statin therapy, both in primary prevention [9] and in secondary
prevention [10], although the exact mechanisms are not fully known.

10.2 Clinical Effects in Patients with Metabolic Syndrome

In subjects showing features of the metabolic syndrome, statins alone or in
combination treatment have been shown to modify lipid levels in a favourable
way [11-15] and also to reduce cardiovascular events, for example, in the follow-up
of the large-scale Heart Protection Study (HPS) [16] and in the Justification for
the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin
(JUPITER) study [17]. There are no indications that the preventive effects differ to
a substantial degree in patients with or without metabolic syndrome. It is more a
question of the pre-treatment total cardiovascular risk level—i.e. the higher this risk
is, the higher the benefits. In the JUPITER study, for the composite end-point of
myocardial infarction, stroke, revascularisation, or death, the 5-year numbers
needed to treat were 20 (95 % confidence interval (CI), 14-34), in general,
compared with 19 and 22 for those with and without metabolic syndrome [17].
In a separate analysis of JUPITER, as requested by European authorities, primary
prevention in patients with elevated high sensitive C-reactive protein (hsCRP), who
had high global cardiovascular risk (10-year Framingham risk score >20 % or
SCORE risk >5 %), but LDL cholesterol levels not requiring pharmacologic
treatment, rosuvastatin 20 mg significantly reduced major cardiovascular events
versus placebo [18].

The Effects of Simvastatin and Rosiglitazone Combination in patients with the
metabolic syndrome (SIROCCO) study showed that in patients with metabolic
syndrome prescribed a statin/thiazolidinedione (TZD) combination manifested
greater reductions in markers of vascular inflammation and oxidant stress, 24-h
ambulatory blood pressure, and increases in adiponectin as well as improved
glycaemic indices [19]. In the Treat to New Targets (TNT) study the statin effect
was proportional to the dosage used when comparing atorvastatin 80 mg and 10 mg
in secondary prevention [20].

10.3 Side Effects and Risk of New Onset Diabetes

Among adverse effects associated with statin therapy, muscular pain and rhabdo-
myolysis, although a rare condition, are well-known examples along with some
other less common side effects including elevation of hepatic enzymes. Less
studied are the influences on glucose metabolism and the increased risk of new
onset diabetes by statin treatment, as has been documented in a recent meta-analysis
[21]. Based on data from five statin intervention trials with 32,752 participants
without diabetes at baseline, 2,749 developed diabetes (1,449 assigned intensive-
dose therapy and 1,300 assigned moderate-dose therapy, representing 2.0 additional
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cases in the intensive-dose group per 1,000 patient-years) and 6,684 experienced
cardiovascular events (3,134 and 3,550, respectively, representing 6.5 fewer cases
in the intensive-dose group per 1,000 patient-years) over a mean period of 4.9 years.
Odds ratios were 1.12 (95 % CI, 1.04—1.22) for new onset diabetes and 0.84 (95 %
CI, 0.75-0.94) for cardiovascular events for participants receiving intensive therapy
compared with moderate-dose therapy [21]. As compared with moderate-dose
statin therapy, the number needed to harm per year for intensive-dose statin therapy
was calculated to be 498 for new onset diabetes, while the number needed to treat
per year for intensive-dose statin therapy was 155 for cardiovascular events
according to the meta-analysis [21].

This detrimental effect on glucose metabolism is thus overshadowed by the
beneficial effects on cardiovascular prevention and protection as also documented
in other meta-analyses [1-6]. In addition, it has been suggested that there may exist
differences between the statins, but this has to be further investigated [22]. Clinical
studies including large-scale randomised, controlled trials demonstrate potential
differences between individual statins, with pravastatin even promoting some
risk reduction for new onset of diabetes. Conversely, other statins including
atorvastatin, rosuvastatin, and simvastatin all promote a significant increase in
this risk. This may reflect the overall potency of the statins or other pleiotropic
effects of the drugs. Given the frequent concordance of metabolic diseases includ-
ing diabetes, obesity, and metabolic syndrome with cardiovascular diseases
associated with hyperlipidaemia, it is important to understand the potential meta-
bolic risks and benefits of therapies with distinct statins [22]. If this should influence
the choice of statin therapy for a certain patient is, however, less clear and not tested
in randomised studies.

10.4 Statin Effects on Blood Pressure Levels

One interesting aspect of statin therapy is the potential for blood pressure lowering.
Several studies have documented a small but significant reducing effect associated
with statin therapy, although it was not shown in all studies. This effect could be
due to positive effects on endothelial function with vasodilation or based on other
unknown mechanisms. One meta-analysis included patients from 20 randomised,
controlled trials of statin therapy (828 patients) in which concomitant antihyperten-
sive treatment (if any) remained unchanged throughout the study. A total of 291 and
272 patients were given a statin or placebo, respectively, in parallel group trials,
whereas 265 took part in crossover trials receiving a statin and placebo [23].
Systolic blood pressure was significantly lower in patients on statin than in those
on placebo or control hypolipidaemic drug (mean difference: —1.9 mmHg; 95 %
CI: —3.8to —0.1). The effect was greater when the analysis was restricted to studies
with a baseline systolic blood pressure >130 mmHg (systolic blood pressure
reduction: —4.0; 95 % CI: —5.8 to —2.2 mmHg). In general, the higher the baseline
blood pressure, the greater the effect of statins on blood pressure lowering
(p = 0.066 for systolic blood pressure and p = 0.023 for diastolic blood pressure).
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Table 10.1 Summary of dyslipidaemia in the metabolic syndrome and in type 2 diabetes

* Dyslipidaemia in MetS represents a cluster of lipid and lipoprotein abnormalities including
elevation of both fasting and postprandial TGs, apo B, and small dense LDL, and low HDL-C
and apo Al

* Non-HDL-C or apo B are good surrogate markers of TRLs and remnants and are a secondary
objective of therapy. Non-HDL-C <3.3 mmol/L (less than ~130 mg/dL) or apo B <100 mg/dL
is desirable.

Increased waist circumference and elevation of TGs seems to be a simple tool to capture the high
risk subjects with MetS.

« Atherogenic dyslipidaemia is one of the major risk factors for CVD in people with type

2 diabetes.

From: European Association for Cardiovascular Prevention & Rehabilitation, Reiner Z, Catapano
AL, De Backer G, Graham I, Taskinen MR, Wiklund O, et al. (2011) ESC/EAS Guidelines for
the management of dyslipidaemias: the Task Force for the management of dyslipidaemias of the
European Society of Cardiology (ESC) and the European Atherosclerosis Society (EAS).
Eur Heart J 32:1769-818

Apo apolipoprotein, CVD cardiovascular disease, HDL-C high-density lipoprotein-cholesterol,
LDL low-density lipoprotein, MetS metabolic syndrome, TG triglyceride, TRLs trigyceride-rich
lipoproteins

The blood pressure response to statins was unrelated to age, changes in serum
cholesterol, or length of the trial. It was concluded from the meta-analysis [23] that
statin therapy has a relatively small but statistically significant and clinically
meaningful effect on blood pressure.

10.5 European Guidelines on Dyslipidaemia
Treatment Strategies

During 2011 the European Society of Cardiology (ESC) and the European Athero-
sclerosis Society (EAS) published joint guidelines on treatment of dyslipidaemia
[24], a common feature of patients with metabolic syndrome and associated with
insulin resistance (Table 10.1). It was stated that lifestyle therapy to improve the
atherogenic lipid profile should be recommended to all subjects with metabolic
syndrome and dietary advice should be tailored according to individual needs.
Statins are recommended as first-line lipid-lowering drugs, but if targets are not
achieved on maximally tolerated doses of statins, drug combinations may offer
additional lowering of LDL cholesterol; the evidence from outcome studies is,
however, limited. This is similar to recommendations in patients with type 2 diabe-
tes where the evidence is stronger due to more studies.

The concept of raising HDL cholesterol seems attractive based on the strength of
the relationship between low HDL cholesterol and increased cardiovascular risk in
observational studies. The available tools to raise HDL cholesterol in clinical
practice are limited, lifestyle modification providing the first option. Statins gener-
ally tend to increase HDL cholesterol but to a low degree. However, at present
nicotinic acid provides the best drug strategy to raise HDL cholesterol, although
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fibrates can also be used. Glycaemic control may deteriorate by nicotinic acid at
high doses. Both atorvastatin and fenofibrate exhibit pleiotropic effects to improve
cardiovascular risk factors in patients with pre-diabetes or metabolic syndrome
[25], but these effects have to be validated in long-term randomised studies in such
patients.

10.6 Conclusions

In conclusion, statin therapy for patients with metabolic syndrome and
dyslipidaemia in combination with elevated levels of small, dense LDL cholesterol
particles should be prescribed if the total cardiovascular risk is sufficiently elevated
to motivate drug therapy and if lifestyle interventions are not sufficient to correct
the risk factor profile [26]. Recent European guidelines advocate the use of statin
therapy in these patients [24], but fibrates may be considered in some patients with
more pronounced dyslipidaemia associated with the metabolic syndrome. In a few
high-risk patients a statin and a fibrate can be used in combination, but this takes
extra precautions to safeguard from side effects, especially liver toxicity [24, 27].
Statins can also be combined with ezetimibe, a cholesterol reabsorption blocker, for
a more ambitious lowering of LDL cholesterol in high-risk patients. Ezetimibe is
currently tested for independent cardiovascular effects in patient with coronary
heart disease or following acute coronary syndromes in the Improved Reduction of
Outcomes: Vytorin Efficacy International Trial IMPROVE-IT) [28]. The risk of
new onset diabetes associated with statin therapy [21] reveals new mechanisms but
should not detract from the use of statins in risk patients with pre-diabetes or
metabolic syndrome as the benefits far outweigh the risks. It is also of importance
to investigate statin effects in patients with metabolic syndrome from different
ethnic groups, as currently being investigated in the Reversal Intervention for
Metabolic Syndrome (TRIMS) study [29]. One special risk group of importance
is patients with hypertension and metabolic syndrome where statin therapy is often
indicated based on views from the European Society of Hypertension [30, 31].
These patients are often undertreated for their metabolic abnormalities if the focus
is only put on blood pressure control per se.
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The Indication for Antithrombotic Primary 1 1
Prophylaxis and Treatment in Case of
Thromboembolic Complications in Patients

with Metabolic Syndrome

Steen Husted

11.1 Introduction

In the literature, guidelines for the use of antithrombotic drugs in patients with
metabolic syndrome exclusively describe risk-modifying treatment in the subpop-
ulation of patients with diabetes mellitus. In the setting of antithrombotic treatment
strategy in primary prevention, patients with diabetes mellitus are also considered,
as cardiovascular disease is the leading cause of morbidity and mortality in patients
with diabetes mellitus. Diabetes mellitus is associated with a two- to fourfold risk of
developing coronary artery disease (CAD), peripheral arterial disease (PAD) and
stroke [1].

Patients with diabetes mellitus have a long-term cardiovascular risk similar to
that observed among patients without diabetes mellitus, but who have had a prior
myocardial infarction (MI) [2]. Furthermore, patients with diabetes mellitus, who
already suffered an ischaemic event, have a higher rate of recurrence than patients
without diabetes mellitus [3].

The prevalence of diabetes mellitus in individuals with CAD is estimated to be
around 15 % in developed countries, and among patients presenting with acute
coronary syndrome (ACS) or undergoing percutaneous coronary intervention (PCI)
the prevalence is estimated to be 30 % and 26 %, respectively [4, 5].

Patients with diabetes mellitus have inferior outcomes compared with patients
without diabetes mellitus across the spectrum of cardiovascular presentations and
procedures with a significant increased 30-day and 1-year mortality in both non-ST-
elevation (NSTE)-ACS and ST-elevation (STE)-MI [6].

Following stent implantation in relation to PCI, patients with diabetes mellitus
have a higher risk of stent thrombosis than patients without diabetes mellitus [7].
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Several factors account for the increased atherothrombotic risk in patients with
diabetes mellitus, who frequently have other cardiovascular risk factors like hyper-
tension, dyslipidaemia or obesity [1-3]. However, this risk accounts for no more
than 25 % of their excess cardiovascular risk [8]. Other factors specific for the
diabetic population contribute to their atherothrombotic risk, which includes
hyperglycaemia, insulin resistance and proinflammatory as well as prothrombotic
states [9, 10].

The prothrombotic state is related to endothelial dysfunction, impaired fibrino-
lysis, increased coagulation factors and increased platelet reactivity.

The endothelium of patients with diabetes mellitus has increased “stickiness”
from greater expression of adhesion molecules, decreased nitric oxide (NO) gener-
ation and increased interaction between the endothelium and inflammatory
leucocytes [11]. Patients with diabetes mellitus have higher levels of fibrinogen,
von Willebrand factor (vWF), factor VII, factor VIII and thrombin generation [12,
13], while tissue plasminogen activator (t-PA) is low and plasminogen activator
inhibitor-1(PAI-1) is high [14, 15].

Platelet dysfunction in patients with diabetes mellitus leads to hyper-
responsiveness to platelet agonists and subsequent increases in pathological platelet
activation and aggregation [16].

Given this prothrombotic state and increased baseline risk, randomised trials and
meta-analyses have generally documented greater absolute benefit from both oral
and parenteral antiplatelet therapy in patients with diabetes mellitus and ACS
compared with patients without diabetes mellitus.

11.2 Antithrombotic Drugs

In primary prevention and secondary prevention after atherothrombotic events in
patients with diabetes mellitus, antiplatelet drugs are very important (Fig. 11.1). In
addition, platelet activation and subsequent aggregation play a dominant role in the
propagation of arterial thrombosis and are the key therapeutic targets in the
management of acute atherothrombotic events.

Acetylsalicylic acid (aspirin) targets cyclo-oxygenase (COX-1), inhibiting
thromboxane A, formation inducing a functional permanent inhibition of platelets.
Aspirin is the basic antiplatelet therapy in most clinical situations.

In high-risk situations additional complementary platelet aggregation pathways
must be inhibited to ensure effective treatment and prevention of thrombosis
formation or propagation. Adenosine diphosphate (ADP) binding to the P2Y,
receptor plays an important role in platelet activation and aggregation amplifying
the initial platelet response to vascular damage. Several antagonists of the P2Y,
receptor are available. The thienopyridine prodrugs clopidogrel and prasugrel, both
administered orally, are actively biotransformed into molecules that bind irrevers-
ibly to the P2Y, receptor. The use of ticlopidine, another thienopyridine, is not
recommended because of the risk of severe side effects (neutropaenia).
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Fig. 11.1 Platelet receptors and pharmacological platelet inhibition

Ticagrelor is a pyrimidine derivative for oral administration and belongs to a
new class of antiplatelet drugs, which without biotransformation bind reversibly to
the P2Y, receptor, thus antagonising ADP signalling and platelet activation.

Glycoprotein IIb/IIla (GP) receptor antagonists (abciximab, eptifibatide and
tirofiban) target the final common pathway of platelet aggregation (Fig. 11.1).

Anticoagulants are used in the acute phase of ACS and the oral drugs are used for
long-term treatment in patients with a risk of cardioembolic events. This may be
atrial fibrillation and severe dysfunction of the left ventricle of the heart.

There is evidence that anticoagulation is effective in addition to platelet inhibi-
tion in ACS and that the combination of the two is more effective than either
treatment alone. The anticoagulants act either as indirect or direct inhibitors of
coagulation (Fig. 11.2).

Unfractionated heparin (UFH), low-molecular weight heparin (LMWH) and
fondaparinux need antithrombin for their action and are administered parentally.
UFH and LMWH inhibit both factor Xa and thrombin, while fondaparinux only
inhibits factor Xa.

Of the oral anticoagulants the vitamin-K antagonists act on formation of coagu-
lation factors II, VII, IX and X, while the new drugs apixaban, rivaroxaban and
dabigatran etexilate (prodrug) act directly on activated coagulation factors and both
apixaban and rivaroxaban inhibit factor Xa, while dabigatran (the active metabolite
of dabigatran etexilate) acts on thrombin. Bivalirudin is also a direct inhibitor of
thrombin, but can only be administered parentally.
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Fig. 11.2 Targets for long-term antithrombotic treatment

11.3 Antiplatelet Therapy for Primary Prevention

Aspirin is the only antiplatelet drug so far tested in primary prevention in major
trials with subpopulations of patients with diabetes mellitus. The Antithrombotic
Trialists’ Collaboration showed among 4,000 patients with diabetes mellitus, but
without cardiovascular disease (CVD), an absolute risk reduction in serious vascu-
lar events by aspirin of 0.07 % per year [relative risk (RR) 0.88; 5 % confidence
interval (CI) 0.82-0.94] [3]. In the Prevention of Progression of Arterial Disease
and Diabetes (POPADAD) trial in patients with diabetes mellitus and asymptom-
atic PAD, aspirin therapy failed to demonstrate a risk reduction in cardiovascular
events [17]. In a meta-analysis of the effect of aspirin for primary prevention a
reduction in nonfatal MI, but not in cardiovascular death, was demonstrated [18]. In
the analysis, the risk of major bleeding complications was significantly increased.

Important major trials testing aspirin in patients with diabetes mellitus are
ongoing and until the results of these studies are reported low-dose aspirin
(75-162 mg) may be used in diabetic men aged >50 years or women aged >60
years with at least one additional CVD risk factor and who are at low risk for major
bleeding (i.e. no history of previous gastrointestinal bleeding or peptic ulcer disease
or concurrent use of other medications that increase bleeding risk) [19, 20].

11.4 Antithromboic Therapy in Patients with Diabetes Mellitus
and with Thromboembolic Complications

11.4.1 Acute Coronary Syndrome
Patients with diabetes mellitus suffering from ACS are older, are more often

female, more often have co-morbidities such as hypertension and renal failure,
more often present with atypical symptoms and are more prone to develop
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complications, particularly heart failure and bleeding [21]. Diabetes mellitus is an
independent predictor of mortality in ACS [22, 23].

The Euro Heart Survey showed that 37 % of patients with NSTE-ACS had
established or newly discovered diabetes mellitus [21]. Though this big subpopula-
tion of patients with diabetes mellitus is at higher risk for short- and long-term
cardiovascular events they are suboptimally treated compared with patients without
diabetes mellitus. In registries, reperfusion therapies (including revascularisation),
thienopyridines (especially clopidogrel) and GP receptor antagonists are used less
frequently among patients with diabetes mellitus than among patients without
diabetes mellitus, with a clear impact on in-hospital and long-term mortality
[21, 23]. As patients with diabetes mellitus are high-risk patients they require
aggressive pharmacological as well as invasive management in the acute setting
of an atherothrombotic event and in secondary prevention.

The two more recent guidelines on NSTE-ACS [24] and STEMI [25] from The
European Society of Cardiology give recommendations for the use of antiplatelet
drugs and anticoagulants including the new drugs now available on the market. It is
evaluated if the high-risk subpopulation of patients with diabetes mellitus should be
offered specific strategies to reduce the risk of recurrent ischaemic events and death.

Though revascularisation in patients with diabetes mellitus causes specific
problems with typical diffuse and extensive CAD and a higher risk of restenosis
as well as thrombotic occlusion of grafts and stents, an early invasive approach has
been shown to be beneficial with a greater benefit in patients with diabetes mellitus
than in non-diabetic patients [26]. It is unclear if coronary artery bypass grafting
(CABG) offers better outcome than PCI in patients with diabetes mellitus and ACS
similar to what is seen in stable patients with diabetes mellitus and CAD [27].

There is no evidence that the antithrombotic regimen should differ between
patients with diabetes mellitus and non-diabetic patients [24, 25]. Two major trials,
the Trial to Assess Improvement in Therapeutic Outcomes by Optimizing Platelet
InhibitioN with Prasugrel-Thrombolysis in Myocardial Infarction (TRITON-TIMI)
38 [28] and the Platelet Inhibition and Patient Outcomes trial (PLATO) [29],
showed that treatment with prasugrel or ticagrelor, respectively, in combination
with aspirin is superior to dual platelet inhibition with clopidogrel and aspirin. In
patients with diabetes mellitus prasugrel vs. clopidogrel reduced the risk of the
composite endpoint of cardiovascular death, MI or stroke without excess major
bleeding [30]. Ticagrelor vs. clopidogrel in patients with diabetes mellitus reduced
the rate of ischaemic events in ACS patients irrespective of diabetic status and
glycaemic control without an increase in major bleeding events [31]. In addition
ticagrelor reduced all-cause mortality in patients with HbAlc above the median
(>6 %).

Independent of the choice of treatment strategy dual platelet inhibition is
recommended in all patients with ACS for a period of 12 months followed by
monotherapy with either aspirin or clopidogrel (specific indications; see below).

Prior studies indicated a beneficial effect of intravenous administration of GP
receptor antagonists in patients with diabetes mellitus, but on top of the potent
P2Y |,-blocking agents the benefit is limited and routine use cannot be recommended
[24, 25].
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In the acute setting of ACS parentally administered anticoagulants like UFH,
LMWH, fondaparinux and bivalirudin may be used similarly in patients with or
without diabetes mellitus. With an indication for long-term anticoagulation in case
of atrial fibrillation or severe dysfunction of the left ventricle, warfarin in combina-
tion with dual platelet inhibition is the drug of choice because of lack of data in this
setting with the new oral anticoagulants (dabigatran etexilate, apixaban and
rivaroxaban).

11.5 Secondary Prophylaxis in Patients with Diabetes Mellitus
and with Stable Atherosclerotic Disease

The use of aspirin in secondary prevention was supported by the meta-analysis
performed by the Antithrombotic Trialists’ Collaboration involving 212,000 high-
risk patients with acute or previous vascular disease or some other predisposing
condition with an increased risk of occlusive vascular disease [3]. Antiplatelet
agents, mainly aspirin, reduced the incidence of vascular events from 22.3 % to
18.5 % in the cohort of patients with diabetes mellitus and from 16.4 % to 12.8 % in
patients without diabetes mellitus, indicating a higher risk in patients with diabetes
mellitus, but consistent benefit of therapy. Aspirin low dose (75-150 mg daily) was
at least as effective as higher doses and showed a lower risk of bleeding
complications.

Patients with diabetes mellitus have a high rate of inadequate response to aspirin,
when assessed by non-COX-1-specific methods, and in these patients increasing
aspirin dose has been suggested to overcome resistance [32]. A recent study
demonstrated that platelet cyclo-oxygenase activity recovered faster in patients
with diabetes mellitus vs. patients without diabetes mellitus receiving aspirin
once daily [33]. This difference in recovery was completely reversed by a twice-
daily dosing of aspirin. These findings have not been addressed in major clinical
studies in patients with diabetes mellitus.

Of the P2Y,, receptor antagonists clopidogrel is the only drug besides
ticlopidine tested in stable atherosclerotic patients for long-term use. The
Clopidogrel Versus Aspirin in Patients at Risk of Ischaemic Events (CAPRIE)
trial evaluated the efficacy of clopidogrel 75 mg daily vs. aspirin 325 mg daily in
19,185 patients with recent stroke, recent MI or established PAD [34]. The patients
were followed for a mean of 1.9 years and 20 % had diabetes mellitus. The annual
incidence of vascular death, MI or ischaemic stroke was 5.32 % with clopidogrel
and 5.83 % with aspirin (RR 8.7 %; p = 0.043). In the diabetic subpopulation the
incidence was 15.6 % for clopidogrel and 17.7 % for aspirin (p = 0.042) [35]. This
led to 21 vascular events prevented for every 1,000 patients with diabetes mellitus
treated, which for insulin-dependent patients increased to 38. In the CAPRIE trial
11,592 patients were identified with PAD and in these high-risk patients the
combined primary endpoint was reduced by 24 % (p = 0.0028) by clopidogrel,
indicating a benefit of clopidogrel over aspirin especially in high-risk atheroscle-
rotic patients.
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Currently, the American Diabetes Association recommends the use of
clopidogrel in very high-risk patients with diabetes mellitus or as an alternative
therapy in patients intolerant to aspirin [36].

The Clopidogrel for High Atherothrombotic Risk and Ischaemic Stabilization,
Management, and Avoidance (CHARISMA) trial patients (n = 15,603) with either
clinically evident CVD (non-ACS patients) or multiple risk factors were
randomised to clopidogrel 75 mg daily in combination with aspirin (75-162 mg
daily) or aspirin monotherapy [37]. Dual platelet inhibition was no more effective
than aspirin alone against cardiovascular death, MI or stroke both in the entire
cohort and in the subpopulation (42 %) of patients with diabetes mellitus. There-
fore, long-term dual antiplatelet therapy with aspirin and clopidogrel cannot be
advocated, not even in patients with diabetes mellitus except in the ACS/PCI
setting.

PCI with stent placement in the coronary artery demands the use of dual platelet
inhibition with aspirin in combination with a P2Y;, receptor antagonist. The
duration of therapy with the P2Y, receptor antagonist depends on the type of
stent used. A bare metal stent demands one month of therapy, and a drug-eluting
stent, which releases drugs with antiproliferative properties, demands 3—6 months
dependent on the type of stent. Aspirin must continue indefinitely.

11.6 Diabetes Mellitus in Other Populations of Patients with
Atherothrombotic Disease

In patients with ischaemic stroke or transient ischaemic attack dual platelet inhibi-
tion with clopidogrel 75 mg daily in combination with aspirin 75 mg daily was
tested against clopidogrel monotherapy in a treatment period of 18 months [38]. No
effect of dual platelet inhibition on major ischaemic events could be demonstrated
in the whole cohort or the 2/3 of patients with diabetes mellitus, but the risk of
major bleeding was significantly increased. In the Prevention Regimen for Effec-
tively Avoiding Second Strokes (PRoFESS) study, clopidogrel 75 mg daily was
tested against aspirin 25 mg plus dipyridamole 200 mg twice daily in 22,332
patients with ischaemic stroke with a follow-up of median 2.5 years [39]. The
study showed no difference in major ischaemic events in the two treatment groups,
but more major bleedings including intracranial bleeding in the group receiving
aspirin plus dipyridamole. Similar effect and risk patterns were demonstrated for
the 25 % patients with diabetes mellitus included in the study.

Based on the results from the PROFESS trials, long-term treatment with
clopidogrel or aspirin plus dipyridamole in patients with diabetes mellitus follow-
ing ischaemic stroke is equally effective and the choice of therapy is made on
individual basis. With other vascular beds involved in the atherosclerotic disease,
CAD or PAD, clopidogrel will be the best option.
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11.7 Diabetes Mellitus and Cardioembolic Risk in Atrial
Fibrillation

Diabetes mellitus is an independent risk factor for stroke and systemic embolism in
patients with atrial fibrillation [40]. In the most recent update of the European
Society for Cardiology guidelines for the management of atrial fibrillation, a new
risk score, the CHA,DS,-VASc score, has been introduced as basis for allocation of
patients to antithrombotic prophylaxis [40]. A score of just 1 (diabetes mellitus
alone gives a score of 1) results in an indication for anticoagulant therapy with a
vitamin-K antagonist or one of the new direct-acting oral anticoagulants
(dabigatran etexilate, rivaroxaban and apixaban). Aspirin use as an alternative is
not recommended and the choice between a vitamin-K antagonist and the new oral
anticoagulants is on an individual basis with a preference in the guidelines for the
new drugs. Patients with diabetes mellitus have a risk-benefit ratio with the new
drugs similar to patients without diabetes mellitus.

11.8 Concluding Remarks

Patients with diabetes mellitus have a high risk of developing atherosclerosis and
thrombotic complications. In case of thrombotic complications the prognosis is
worse in patients with diabetes mellitus as compared with patients without diabetes
mellitus. Registries have shown that patients with diabetes mellitus do not receive
an optimal reperfusion therapy as well as pharmacotherapy though the absolute risk
reduction with an aggressive therapy is higher than in patients without diabetes
mellitus.

Aspirin therapy should be used in primary prophylaxis in patients with diabetes
mellitus with high-risk features.

Clopidogrel instead of aspirin should be considered in secondary prophylaxis of
patients with diabetes mellitus and previous ACS, ischaemic stroke or PAD espe-
cially in case of polyvascular disease. Dual platelet inhibition cannot be
recommended in stable patients except in a limited period in case of treatment
with coronary stents.

ACS patients with diabetes mellitus should be offered reperfusion with either
PCI or CABG if indicated and antiplatelet therapy with one of the new P2Y,
receptor antagonists, ticagrelor or prasugrel, instead of clopidogrel together with
aspirin for 12 months. The choice of monotherapy with an antiplatelet drug beyond
12 months must be made on individual basis.

Independent of the new treatment options available, the risk of ischaemic events
and mortality in atherosclerotic patients with diabetes mellitus is still very high.
Continued scientific activity and clinical trials to optimise this therapy are highly
recommended.
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12.1 Introduction to Incretin Hormones and Incretin Effect

The incretin hormones, glucagon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP), are intestinal hormones released in response to
nutrient ingestion. Both hormones possess strong glucose-dependent insulinotropic
properties and enhance glucose-induced insulin secretion from the beginning of a
meal. They are responsible for the so-called incretin effect, which refers to the
amplification of insulin secretion that occurs when glucose is ingested orally, as
opposed to infused intravenously, in amounts that result in identical glucose
excursions—isoglycaemia. The scientific history of the incretin effect extends
back to the very early twentieth century, and the scientific interest surrounding it
has intensified markedly over time. The incretin effect is defined as the beta-cell
secretory response evoked by factors other than glucose itself and is represented by
the difference in integrated responses of plasma insulin, plasma C-peptide, or
insulin secretion rate, measured during oral glucose ingestion vs. isoglycaemic
intravenous (i.v.) glucose infusion. In healthy subjects, the incretin effect accounts
for up to 70 % of the total amount of insulin released in response to an oral glucose
load (depending on the size of the glucose load: the more glucose ingested, the
higher incretin effect elicited). GLP-1 and GIP have been established as important
hormones in mimicry experiments in humans, where the hormones were infused
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together with i.v. glucose to concentrations approximating those observed during
oral glucose tolerance tests (OGTT). The action of both hormones is strictly
glucose-dependent and consists of potentiation of glucose-induced insulin secre-
tion. Therefore, neither hormone has insulinotropic activity at lower glucose
concentrations (less than 4 mM). Nevertheless, experiments have demonstrated
that hormones are active already from the beginning of a meal (even at fasting
glucose levels) and that they contribute almost equally, but with the effect of GLP-1
predominating at higher glucose levels.

Besides stimulating insulin release (incretin effect), and thereby glucose-uptake,
GLP-1 and GIP have several other actions; both hormones stimulate insulin gene
transcription, increase pancreatic beta-cell mass, and protect against beta-cell
apoptosis. Surprisingly, however, the two hormones exert opposing effects on
glucagon secretion: GIP stimulates and GLP-1 inhibits glucagon secretion
glucose-dependently. Moreover, only GLP-1 regulates body weight by inhibiting
appetite and gastric emptying (possibly through a combination of direct and indirect
effects including activation of central GLP-1 receptors) and, perhaps, stimulating
resting energy expenditure. Because of these actions, GLP-1-based therapy was
recently introduced to the market as a new therapy of type 2 diabetes.

The metabolic syndrome is a constellation of interrelated metabolic disorders
that confer a higher risk of type 2 diabetes by reducing glucose sensitivity. It has
been recognised as a pro-inflammatory, prothrombotic state, associated with ele-
vated levels of C-reactive protein (CRP), interleukin (IL)-6, and plasminogen
activator inhibitor (PAI)-1. The most accepted and unifying hypothesis to describe
the pathophysiology of the metabolic syndrome is insulin resistance. As a conse-
quence of excess central adiposity, insulin resistance has been thought to be a key
event in the progression of metabolic syndrome. Recent evidence shows that insulin
resistance and the incretin axis could be strongly related. Only a limited number of
studies have been performed to evaluate the pathophysiology of incretin hormones
in the metabolic syndrome as well as other conditions of reduced glucose tolerance
and insulin resistance. So far, no differences have been observed in the secretion of
GLP-1 after OGTT in patients with metabolic syndrome as compared with
individuals without metabolic syndrome [1], while GIP plasma levels were
increased in the metabolic syndrome.

It is well known that not all obese individuals have the same risk of developing
cardiovascular disease or diabetes; risks differ as a function of insulin sensitivity,
with insulin resistant, obese individuals at highest risk. Accordingly, reduced
plasma levels of GLP-1, but elevated plasma levels of GIP, were found in obese
subjects with high insulin resistance when compared with individuals with normal
insulin sensitivity [2]. Another study evaluated secretion of incretin hormones
and the incretin effect before and after induction of insulin resistance (using a
combination of prednisolone administration, relative physical inactivity, and
high-calorie diet), in perfectly healthy young males without a family disposition
of type 2 diabetes [3]. Interestingly, these subjects demonstrated an increase in the
secretion of GIP and an impaired incretin effect after the short period (12 days) of
intervention, while no changes in GLP-1 response were observed (Fig. 12.1).
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Fig. 12.1 Before intervention (left, circles) and after intervention (right, triangles) plasma
glucose-dependent insulinotropic polypeptide (GIP) (top) and glucagon-like peptide-1 (GLP-1)
(bottom) concentrations in healthy subjects during a 75-g oral glucose tolerance test (black
symbols) and isoglycaemic glucose infusion IIGI (white symbols), respectively [3]

GLP-1 and GIP could play opposite roles in the metabolic syndrome and insulin
resistance conditions. GIP, with its properties on lipid accumulation, glucagon
stimulation, and pro-inflammatory effects on adipose tissue, could potentially be
involved centrally in the pathogenesis of the metabolic syndrome, promoting or
worsening insulin resistance and shortening the gap to developing diabetes. In
contrast, GLP-1, with its favourable effects on body weight, lipid metabolism,
blood pressure, and fasting glucose, presents an interesting potential for the use in
the treatment of the metabolic syndrome. The rest of this chapter will focus on the
beneficial actions of GLP-1 as a potential treatment of the metabolic syndrome.

12.2 GLP-1-Based Therapy

Patients with type 2 diabetes have preserved insulinotropic and glucagonostatic
actions of GLP-1, and intravenous infusion of supraphysiological doses of GLP-1 is
able to completely normalise plasma glucose in patients with long-standing and
severe disease. However, a short duration of action of GLP-1 (minutes), due to an
extremely rapid and extensive degradation, leaves the intact peptide with an
apparent half-life in the body of 1-2 min and a plasma clearance amounting to
2-3 times the cardiac output. This degradation is due to the action of the ubiquitous
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enzyme dipeptidyl peptidase 4 (DPP-4), which catalyses the removal of the two
N-terminal amino acids of the molecule, thereby rendering it inactive. The meta-
bolic instability of native GLP-1 clearly restricts its clinical usefulness and, there-
fore, two strategies have been developed in order to exploit the beneficial actions of
GLP-1: development of stable activators of the GLP-1 receptor (GLP-1R) agonists
(incretin mimetics) and inhibitors of DPP-4 (incretin enhancers). The clinical
effects of GLP-1R agonists in the treatment of obesity, the metabolic syndrome,
prediabetes, and diabetes will be the focus of this chapter. We will not deal with the
DPP-4 inhibitors’ potentials because they did not show the same beneficial
properties on the pathophysiological traits of the metabolic syndrome.

12.2.1 GLP-1R Agonists

Since 2005, GLP-1R agonists have been available for the treatment of patients with
type 2 diabetes and they are currently being evaluated as a new treatment for obesity.
These agents exploit the physiology of GLP-1, which, in a pleiotropic manner,
addresses several of the pathophysiological features of type 2 diabetes. The GLP-
IR is widely distributed in pancreatic islets, brain, heart, kidney, and the gastroin-
testinal tract including the stomach. Its function is not known for all these locations
and numerous attempts have been made to identify alternative GLP-1Rs or subtypes,
but at present only a single GLP-1R has been identified. Binding of GLP-1 to the
GLP-1R on the beta-cell results in stimulation of insulin secretion in a strict glucose-
dependent manner, but preclinical data have demonstrated that GLP-1 also has
potential effects on beta-cell mass by stimulation of beta-cell proliferation, by
differentiation of new beta-cells from progenitor cells, and by inhibition of beta-
cell apoptosis. Furthermore, GLP-1R agonists robustly inhibit glucagon secretion,
and the combined effects on insulin and glucagon secretion result in inhibition of
hepatic glucose production, which contributes significantly to the overall glucose-
lowering effect of GLP-1R agonists seen in patients with type 2 diabetes. Addition-
ally, GLP-1 decreases gastrointestinal motility and promotes satiety, probably
through activation of GLP-1Rs in the central nervous system in combination with
GLP-1-induced decrease in gastric emptying. Clinical data have now demonstrated
that chronic administration of GLP-1R agonists leads to weight loss.

12.3 Clinical Aspects of GLP-1R in the Treatment of Diabetes

Many meta-analyses, on data from randomised, controlled trials assessing GLP-1R
agonists administered for longer periods, have been published. The results provide
evidence that intervention with clinical relevant doses of currently available
GLP-1R agonists (exenatide, exenatide once weekly, and liraglutide) facilitates
reduction in body weight in obese patients both with and without diabetes. GLP-1R
agonists also had beneficial effects on the systolic and diastolic blood pressure
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and cholesterol. For patients with type 2 diabetes, GLP-1R agonists improved
glycaemic control (as assessed by HbAlc and fasting plasma glucose) and
increased the proportion of patients who achieved their target HbAlc [4].

12.3.1 Specific GLP-1R Agonists

The development of the GLP-1R agonists is based on two different approaches. One
strategy exploits the structure of native human GLP-1, modified in a way so that it is
resistant to degradation by DPP-4, as the backbone for the compounds. The other
approach uses a naturally occurring protein—exendin-4, originally isolated from
the saliva of the lizard Heloderma suspectum—as the backbone of the compounds.
Exendin-4 has a 53 % sequence homology with human GLP-1 in its first 30 amino
acids and binds to and activates the GLP-1R with equal potency as human GLP-1.
Today, three GLP-1R agonists have been approved for the treatment of type
2 diabetes, and all are injected subcutaneously: exenatide twice daily (Byetta®™,
Amylin/Lilly) and exenatide once weekly (Bydureon®™, Amylin/Lilly), based on
exendin-4, and liraglutide (Victoza®, Novo Nordisk), based on the structure of
native human GLP-1, once daily (Fig. 12.2).

Exenatide was the first GLP-1R agonist to reach the market and was approved by
the United States Food and Drug Administration in 2005 and by the European
Medicines Agency (EMA) in 2007. Exenatide is a synthetic version of exendin-4
and is resistant to inactivation by DPP-4. Exenatide is primarily cleared by the
kidneys by glomerular filtration, and the half-life after subcutaneous injection is
approximately 2—-3 h. Exenatide, therefore, has to be administered twice daily to
achieve 24-h pharmacological plasma concentrations. In the early clinical AC2993:
Diabetes Management for Improving Glucose Outcome (AMIGO) trials, the effects
of exenatide were investigated in a total of 1,446 randomised patients. Exenatide
was given as add-on therapy to metformin, sulphonylurea (SU), or both, and these
studies reported statistically significant improvement of glycaemic control in the
exenatide treatment groups (change of HbAlc of —1.0 % (baseline of 8.2 %) vs. an
increase of approximately 0.2 % in the placebo groups) and change in fasting
plasma glucose (—0.5 mM vs. an increase of nearly 1 mM in the placebo groups).
On average, the weight loss in the three studies comparing exenatide with oral
antidiabetics amounted to 1.6 kg (baseline of 95 kg) in the exenatide-treated
patients. Additionally, a significant reduction in systolic blood pressure compared
with placebo (difference of 2.8 mmHg) or insulin (difference of 3.7 mmHg) has
been reported after 6 months of treatment with exenatide. In 2011, a large database
analysis investigating the relative incidence of cardiovascular disease events in
patients with type 2 diabetes either treated with exenatide twice daily (n = 39,275)
or with other glucose-lowering agents (n = 381,218) was published. The study
reported that treatment with exenatide twice daily was associated with a signifi-
cantly lower risk of cardiovascular disease events than treatment with other
glucose-lowering agents.
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Fig. 12.2 Structure of glucagon-like peptide-1 (GLP-1) receptor agonists

12.3.2 Exenatide Once Weekly

Exenatide has been developed in a sustained-release formulation for once-weekly
subcutaneous administration. The exenatide molecules are encapsulated in
injectable microspheres, which consist of a biodegradable medical polymer also
used in other extended-release pharmaceuticals. These microspheres allow gradual
drug delivery at a controlled rate by diffusion and erosion of the microspheres. The
clinical effects of exenatide once weekly have been examined in the Diabetes
Therapy Utilisation: Researching changes in HbAlc, weight, and other factors
Through Intervention with exenatide Once-weekly (DURATION) 1-6 trials. In
all the DURATION trials, exenatide once weekly lowered HbA 1c and body weight
significantly. The HbAlc reduction by exenatide once weekly was up to 1.6 %, and
in most cases this reduction was greater or similar to that of the comparator.
Overall, a reduction in body weight by exenatide once weekly was seen in the
range of 2.1-2.6 kg. The DURATION-6 study, comparing exenatide once weekly
with liraglutide once daily, is a 26-week head-to-head, open-label study including
approximately 900 patients with type 2 diabetes who were inadequately controlled
with diet and exercise in conjunction with metformin, SU, metformin plus an SU or
metformin plus a thiazolidinedione (TZD) [5]. The study revealed that patients
receiving exenatide once weekly experienced a reduction in HbAlc of 1.3 %
compared with 1.5 % for liraglutide. The mean change in weight from baseline to
posttreatment assessment was —2.7 kg for exenatide and —3.6 kg for liraglutide,
with a mean difference of 0.9 kg overall. Thus, exenatide once weekly therefore did
not meet the pre-specified primary endpoint of non-inferiority to liraglutide with
regard to HbA1c and body weight reductions. However, exenatide once weekly did
appear to be slightly better tolerated than liraglutide with less gastrointestinal side
effects (such as nausea and vomiting). Injection site reactions were observed more
frequently in patients treated with exenatide once weekly vs. comparator-treated
patients (16 % vs. range of 2—7 %) during the 6 months controlled phase of studies.
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These injection site reactions were generally mild and usually did not lead to
withdrawal from studies. Most individual nodules were asymptomatic, did not
interfere with study participation, and resolved over 4-8 weeks.

Liraglutide is an acylated analogue of human GLP-1 (with 97 % homology with
native GLP-1), which was approved for clinical use in Europe in 2009 and in the
United States in 2010. In liraglutide, a C-16 acyl chain is linked to amino acid 20
via a y-glutamic acid spacer, and the lysine in position 28 of native GLP-1 is
exchanged with arginine. These changes result in a half-life after subcutaneous
administration of approximately 11-15 h, making it suitable for once-daily dosing.
The clinical effects of liraglutide treatment have been investigated in the
Liraglutide Effect and Action in Diabetes (LEAD) series of phase III studies.
These trials, lasting up to 52 weeks, showed that treatment with liraglutide both
as monotherapy and in combination with metformin, SU, or TZD plus metformin
lowered HbAlc and body weight. Liraglutide-induced change in HbAlc varied
from —0.8 to —1.6 % (baseline HbA lc of 8.2-8.5 %), reductions that in most cases
were similar or greater than compared with the oral comparator drug. Overall, a
reduction in body weight was seen in all trials in the range of 2-3 kg, much like
other phase III studies with liraglutide compared with placebo, and not different
from exenatide. In the LEAD-6 study, liraglutide and exenatide were compared
head to head. A significantly greater reduction in HbA 1c with liraglutide than with
exenatide treatment was observed (1.1 vs. 0.8 %), as well as greater reduction in
fasting plasma glucose (1.6 vs. 0.6 mM, respectively). Furthermore, greater
reductions in triglycerides (0.4 vs. 0.2 mM) and free fatty acids (FFA) (0.17 vs.
0.10 mM) in the liraglutide group were also observed. Both liraglutide and
exenatide caused significant decreases in blood pressure. Newly published data
from a 14 weeks extension of the LEAD-6 phase IIIb study, where subjects either
continued with liraglutide or switched from exenatide to liraglutide, showed that
switching from exenatide to liraglutide further and significantly reduced HbAlc
(0.3 %), fasting plasma glucose (0.9 mM), and body weight (0.9 kg).

12.3.3 Safety of GLP-1R Agonists

GLP-1R agonists are associated with dose-dependent adverse events with gastroin-
testinal side effects (mild to moderate) including nausea, vomiting, and diarrhoea,
which are the most common. These side effects often cease over time and do not
seem to affect the number of losses to follow-up, which is in agreement with recent
evidence showing that the overall patient satisfaction with GLP-1R agonists is
relatively high. The incidence of treatment-associated hypoglycaemia is reported
to be low. In fact, occurrence of hypoglycaemia during GLP-1R agonist treatment
combined with metformin is similar to when metformin is used as monotherapy.
However, combined with SU the risk of minor hypoglycaemic episodes is reported
to be in the range of 15-36 % for exenatide and 8-25 % for liraglutide.

Antibody formation to therapeutic peptides is common. Recently, an analysis
characterising the time course and cross-reactivity of anti-exenatide antibodies and
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potential effects on efficacy and safety has been published. No obvious correlation
between change in HbAlc and titre was observed for exenatide twice daily,
although mean reductions were attenuated in the small subset of patients (5 %)
with higher titres. A significant correlation was observed for exenatide once weekly
with no difference between antibody-negative and low-titre patients, but an
attenuated mean reduction in the subset of patients (12 %) with higher titres.
Thus, low-titre anti-exenatide antibodies were common with exenatide treatment
(32 % exenatide twice daily, 45 % exenatide once weekly), but had no apparent
effect on efficacy. Among liraglutide-treated patients only 4-10 % developed
antibodies (low titres) and no correlation to impaired efficacy was observed. The
exact impact of auto-antibodies on efficacy and safety in the longer term remains to
be established.

After the approval of exenatide and liraglutide, post-marketing reports of several
incidents of acute pancreatitis in patients treated with exenatide and liraglutide have
been disclosed. However, it is not evident that the incidence of acute pancreatitis is
higher in those receiving exenatide or liraglutide than in the background type
2 diabetic populations. Still, it is recommended that GLP-1R agonists are not
used in subjects with a history of, or increased risk of, pancreatitis. Lately, the
risk of pancreatic cancer has been discussed in patients treated with exenatide
compared with other antidiabetic medications. However, EMA recently concluded
that a correlation between GLP-1R agonists and pancreatic malignancies could not
yet be confirmed nor excluded. In carcinogenicity studies with liraglutide, C cell
tumours were observed in thyroid tissue of mice and rats. However, recent data
identify key differences between rodent models, nonhuman primates, and humans
with regard to this, and the long-term consequences of sustained GLP-1R activation
in the human thyroid require further investigation, but so far no changes in thyroid
function have been reported in clinical trials with GLP-1R agonists.

An increase in heart rate (by 2—4 beats per minute) has been reported during
treatment with liraglutide and exenatide. Even a small increase in heart rate
accompanying a decrease in blood pressure is, however, potentially troubling, as
an increased heart rate is an independent risk factor for cardiac mortality. The
mechanism behind the change in heart rate is not known, but may involve increased
natriuresis and lowered blood pressure. In one study, patients with obesity, but
without diabetes, were treated with liraglutide and an increase was detected in the
heart rate for only the first 30 weeks of treatment. The patients’ heart rates
subsequently returned to basal levels. Whether the benefit of the decrease in
blood pressure outweighs the harm of the temporary increase in heart rate remains
to be determined. Several large cardiovascular outcome trials (liraglutide effect and
action in diabetes: evaluation of cardiovascular outcome results—a long term
evaluation (LEADER, liraglutid), exenatide study (EXSCEL, exenatide once
weekly), evaluation of cardiovascular outcomes in patients with type 2 diabetes
after acute coronary syndrome during treatment with lixisenatide (ELIXA,
lixisenatide), and researching cardiovascular events with a weekly incretin in
diabetes (REWIND, dulaglutide)) including up to 9,500 patients with type 2 diabe-
tes are ongoing and are expected to be completed between 2016 and 2019.
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Fig. 12.3 The prevalence of prediabetes and the metabolic syndrome after one year of treatment
with liraglutide 1.2-3.0 mg or placebo or orlistat and after two years with liraglutide 2.4-3.0 mg or
orlistat. Prediabetes defined as either impaired fasting plasma glucose (FPG) (5.6-6.9 mM) or
impaired glucose tolerance (7.8—-11.0 mM) after two-hour oral glucose tolerance test (75 g
glucose) [6]

12.4 Therapeutic and Pharmacological Potential
in the Metabolic Syndrome

The fascinating extra-pancreatic properties of GLP-1R agonists, showed in type
2 diabetes patients, make these drugs potential candidates for the treatment of the
metabolic syndrome. GLP-1R agonists have been shown to reduce the prevalence
of the metabolic syndrome and prediabetes in obese adults subjects [6] (Fig. 12.3).

The separate impact of these drugs on lipid and glucose metabolism, as well as
body weight and blood pressure, should be elucidated. Table 1.1 (Chap. 1) shows
the newest criteria from the International Diabetes Federation (IDF) [7] for clinical
diagnosis of the metabolic syndrome: Three or more components must be fulfilled
to give the diagnosis. The effect of GLP-1R agonists on each target will be
discussed separately.

12.4.1 GLP-1R Agonists and Waist Circumference

GLP-1R agonists have considerable effects on body weight. Increased body weight
is a major risk factor for developing the metabolic syndrome. Obesity increases
mortality and morbidity as well as the frequency of type 2 diabetes, hypertension,
non-alcoholic fatty liver disease (NAFLD), and physical disability. It is associated
with resistance to the effects of insulin on peripheral glucose and fatty acid
utilisation. The metabolic syndrome criteria take into consideration the waist cir-
cumference as an indicator of the central, visceral fat. Visceral fat is considered an
independent risk factor for cardiovascular disease, because it has a higher degree of
lipolytic turnover and higher secretion of adipokines and inflammatory cytokines, in
comparison to subcutaneous fat. Subcutaneous (extraperitoneal) fat, conversely,
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Fig. 12.4 Mean changes in body weight and waist circumference in obese non-diabetic adults
after one year of treatment with liraglutide, 1.2-3.0 mg, placebo, or orlistat, and after 2 years with
liraglutide, 2.4-3.0 mg, or orlistat [6]

functions as a neutral reservoir for the storage of excess lipids and, in patients with
metabolic syndrome, is often lacking or dysfunctional. Indeed, enlarged fat cells are
observed, resistant to the anti-lipolytic effects of insulin and incompetent to ade-
quately store fat, which in turn leads to fat deposition ectopically in other organ
systems. The change in percentage of visceral and subcutaneous adipose tissue, with
consequent different pattern of pro-inflammatory cytokines and insulin resistance
degree, could be the primary driver behind the cluster of pathophysiological traits in
the metabolic syndrome. It may also be the basis for the existence of diverse subsets
of patients, among obese patients characterised by a favourable metabolic profile
(metabolically healthy but obese) or at-risk obese subjects.

In obese, non-diabetic adults, the estimated mean weight loss after 1 year of
treatment with liraglutide (1.8-3.0 mg once daily) was significantly greater com-
pared with placebo, and mean change in waist circumference was significantly
greater both after 1 year vs. placebo and after 2 years with liraglutide, 2.4-3.0 mg,
vs. orlistat (Fig. 12.4) [6].

In a recent meta-analysis [4], including data from 25 randomised, controlled
trials, assessing clinically relevant doses of GLP-1R agonists given for at least 20
weeks, the treatment with GLP-1R agonists reduced body weight in patients, who
were overweight or obese, compared with placebo, oral antidiabetic drugs, or
insulin. Three of the included trials assessed the effect of GLP-1R agonists on
patients without type 2 diabetes and 22 assessed patients with type 2 diabetes. The
mean reduction in body weight achieved with the highest dose of GLP-1R agonists
(20 pg/day for exenatide; 1.8 mg/day for liraglutide) ranged from —7.2 to —0.2 kg
(Fig. 12.5).
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Fig. 12.5 Meta-analysis of change in body weight (kg), including data from 25 randomised,
controlled trials included after at least 20 weeks of treatment with GLP-1R agonists, in comparison
with placebo, no intervention, or other antidiabetic drugs [4]

Subgroup analyses showed a greater weight loss after treatment with the highest
doses of GLP-1R agonists. Weight reduction was present both in patients without
diabetes (—3.2 kg, —4.3 to —2.1) and in those with diabetes (—2.8 kg, —3.4 to —2.3).
There was no difference in body weight changes for patients assigned to liraglutide
or exenatide twice daily (—0.4 kg, 95 % confidence interval —1.3 to 0.6), or for
those assigned exenatide as a long-acting release vs. exenatide twice daily
(—0.6 kg, —1.5 to 0.3).

The favourable effect on body weight and waist circumference could give GLP-
1R agonists a leading role in the treatment of the metabolic syndrome. However,
body weight and waist circumference are only surrogate markers of high-risk
conditions and not diseases per se. For this reason, before considering the clinical
use of GLP-1R agonists in patients with metabolic syndrome, the effect of these
drugs on the distribution of visceral and subcutaneous fat should be elucidated.

In the above-mentioned study by Astrup et al. [6], the changes in body weight
and waist circumference occur simultaneously with the reduction of adipocytokines
and inflammatory markers associated with visceral obesity, such as fibrinogen,
PAI-1, and highly sensitive CRP. Nevertheless, the estimation of visceral adipose
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tissue assessed by dual-energy X-ray absorptiometry (DEXA) and computerised
axial tomography (CT) was performed only in a subgroup of subjects treated for
20 weeks with different (1.2, 1.8, 2.4, or 3.0 mg) doses of once-daily liraglutide and
did not show any significant difference compared with placebo groups [6].

In an uncontrolled, open clinical trial [8], ten non-diabetic patients with meta-
bolic syndrome were evaluated before and after the 1-month study intervention
with 5 pg exenatide twice daily. Despite a significant reduction in body weight,
body mass index, and waist circumference, only the subcutaneous fat deposition
decreased significantly (4.4 %) at CT scan. The lack of effect on visceral adipose
tissue could be due to the relative short intervention period (weeks), a hypothesis
which is supported by preclinical data; exenatide administration for 4 weeks in
Zucker rats reduced, initially, only the subcutaneous fat, and then, after 8 weeks
intervention, there was a corresponding decrease in the amount of visceral fat
deposition [9]. In another study, liraglutide in combination with metformin resulted
in a reduction in both visceral (up to 17 %) and subcutaneous adipose tissues (up to
9 %) in patients with type 2 diabetes treated for 26 weeks [10]. Long-term studies
are needed to evaluate the effect of GLP-1R agonists on body fat composition, on
ectopic fat deposition, and on dysfunctional subcutaneous adipose tissue.

12.4.2 GLP-1R Agonists and Lipid Metabolism

Another potential target of GLP-1R agonists in the metabolic syndrome is the lipid
profile. Elevated plasma triglyceride concentrations and low high-density lipopro-
tein (HDL) cholesterol concentrations are associated with increased intima-media
thickness and endothelial dysfunction and with high risk of macrovascular diseases,
such as myocardial infarction or stroke.

Astrup et al. [6] showed that obese non-diabetic adults, after 2 years treatment
with liraglutide (2.4-3.0 mg once daily) vs. orlistat, had increased HDL cholesterol
and reduced plasma triglyceride levels (no effects of liraglutide vs. placebo or vs.
orlistat on fasting lipids were apparent after 1 year of treatment).

Also, Meier et al. [11] showed that the administration of native GLP-1 during the
ingestion of a mixed test meal is able to decrease postprandial triglycerides in
healthy young men with normal triglycerides levels at baseline in comparison to
placebo (Fig. 12.6).

This could be due to the effect of GLP-1 on the deceleration of gastric emptying
or a possible inhibition of fat absorption from the gut. Moreover, the GLP-1
infusion markedly reduced the FFA levels that are chronically increased in
individuals with dysfunctional adipose tissue. The elevated plasma FFA stimulate
gluconeogenesis, induce hepatic and muscle insulin resistance, and impair insulin
secretion in genetically predisposed individuals.

Exenatide treatment for 3.5 years, in 151 patients with type 2 diabetes, reduced
serum triglyceride levels by 12 % (a reduction from baseline of 44 mg/dl), total
cholesterol levels by 5 % (a reduction of 11 mg/dl), and low-density lipoprotein
(LDL) cholesterol levels by 6 % (a reduction of 12 mg/dl) and increased HDL
cholesterol levels by 24 % (a rise of 9 mg/dl) [12]. However, in 232 patients with
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Fig. 12.6 Plasma concentrations of triglycerides during intravenous administration of glucagon-
like peptide-1 (GLP-1) (1.2 pmol x kg~' x min™", filled circles) or placebo (open circles) in 14
healthy male subjects. At + = 0 min, a mixed meal (1.05 MJ) meal was served (arrows). Data are
mean = SEM. *p < 0.05 for differences vs. placebo at individual time points [11]

type 2 diabetes (who had not previously taken any antidiabetic drugs), treated with
exenatide in a double-blind, placebo-controlled study, no significant changes were
found in total HDL cholesterol or LDL cholesterol levels [13].

In other papers, only modest reductions of fasting triglycerides have been
reported after GLP-1R agonist treatment [14, 15]. Whether the changes in HDL
cholesterol and triglyceride plasma levels associated with GLP-1 treatment have
any clinical benefit is unknown. Moreover, whether these changes are a direct result
of altered lipid metabolism or are an indirect effect of GLP-1-induced weight loss
remains to be determined.

On the other hand, with regard to the reduction of total cholesterol [4] (Fig. 12.7)
and LDL cholesterol [6, 14], GLP-1R agonists have shown fascinating properties.

Total cholesterol, and especially LDL cholesterol, plays a central role in the
development of atherosclerosis and increased plasma levels are strongly associated
with cardiovascular disease and mortality. Although it is not included in the main
criteria of the metabolic syndrome, in people with this condition, LDL plasma
levels of less than 80—100 mg/dl are recommended. Lipid-lowering therapy should
be considered if diet and weight loss do not adequately reduce LDL levels. A drug
with favourable effects on triglycerides, HDL cholesterol, and LDL cholesterol can
be thought to reduce the number of drugs and increase compliance.

12.4.3 GLP-1R Agonists and Blood Pressure

Elevated blood pressure is an established risk factor for cardiovascular disease.
GLP-1R agonists seem to reduce blood pressure independently of GLP-1R
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Fig. 12.7 Meta-analysis of change in concentration of total cholesterol (mM), including data
from 25 randomised, controlled trials, after at least 20 weeks of treatment with glucagon-like
peptide-1 receptor (GLP-1R) agonists, in comparison with placebo, no intervention, or other
antidiabetic drugs [4]

agonist-induced weight loss. In the Liraglutide Effect and Action in Diabetes
(LEAD) study that compared the effects of liraglutide with other antidiabetic
drugs, it was shown that treatment with liraglutide reduced systolic blood
pressure by 2-6 mmHg and diastolic blood pressure by 1-2 mmHg. These
reductions were observed after 1-2 weeks of treatment and preceded any
significant weight loss. The exact mechanisms behind these blood pressure-
lowering effects could be several (Fig. 12.8) [16]: increased urine excretion
and natriuresis; activation of neural pathways leading to decreased sympathetic
nervous system activity; increased insulin production leading to vasodilatation;
direct vasodilatory action through GLP-1R stimulation in blood vessels; and/or
improved endothelial function owing to inhibition of the adverse effects of
hyperglycaemia. In animals, GLP-1R agonists can also reach the area postrema
in the brain (via leaks in the blood-brain barrier) and stimulate vagal afferent
fibres (via GLP-1R in the gut and the hepatic portal vein). Signalling within
the brainstem and hypothalamus may result in activation of vagal efferent
fibres and sympathetic neurons. These events can be thought to affect pulse
rate, contractions of the heart, vascular tone, catecholamine secretion from the
adrenal medulla, and urine and sodium output in the kidney, thereby
modulating blood pressure.
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Fig. 12.8 Potential mechanisms of the glucagon-like peptide-1 receptor (GLP-1R) agonists in the
regulation of blood pressure [16]

Clinical studies on the effect of GLP-1 on blood pressure have yielded
conflicting data. In studies with short-term infusion of native GLP-1, no reduction
of blood pressure was observed [15, 17], whereas long-term effects of GLP-1R
agonist treatment (placebo-controlled liraglutide treatment for 20 weeks and open-
label treatment for 2 years) in non-diabetic obese subjects resulted in significant
reductions in systolic blood pressure (by up to 7.0 mmHg after 1 year and
4.6 mmHg after 2 years) [6]. Accordingly, our recent meta-analysis found that
GLP-1R agonists reduced systolic blood pressure and diastolic blood pressure after
long-term treatment (Fig. 12.9) [4].
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Fig. 12.9 Meta-analysis of change in systolic blood pressure (mmHg), including data from 25
randomised, controlled trials, after at least 20 weeks of treatment with glucagon-like peptide-1
receptor (GLP-1R) agonists, in comparison with placebo, no intervention, or other antidiabetic
drugs using random effects model [4]

12.4.4 GLP-1R Agonists and Fasting Plasma Glucose (FPG)

Subjects with impaired fasting glucose (IFG), defined as a fasting blood sugar of
5.6-7.0 mM (100-125 mg/dl), are also at increased risk for developing type
2 diabetes. Twenty-five percent of these subjects will progress to diabetes over
3-5 years. Subjects with metabolic syndrome, who present with additional diabetes
risk factors, are even more likely to develop diabetes. In patients with type 2 diabe-
tes, no clear differences in the change in mean concentration of FPG were observed
after GLP-1R agonists, placebo, oral antidiabetic drugs, or insulin [4]. However,
using a fixed effects analysis, GLP-1R agonists were associated with a greater
reduction in concentrations of FPG than controls.

In obese adult subjects, the treatment with GLP-1R agonists reduced FPG after
1 year of treatment with liraglutide (1.2-3.0 mg, once daily) in comparison with
placebo or orlistat and after 2 years with liraglutide (2.4-3.0 mg, once daily) in
comparison with orlistat [6]. These findings suggest that GLP-1R agonists improve
hepatic insulin resistance, which is the main driver of elevated FPG.

12.5 Perspectives and Conclusion(s)

Overall, incretin-based therapy seems to target several of the metabolic
derangements characterising the metabolic syndrome. First, these drugs provide
significant improvements in glycaemic parameters by improving the function of
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both beta-cells and alpha-cells in the pancreatic islets. Second, the wide distribution
and pleiotropic effects of GLP-1 signalling generally confer favourable effects on
several of the co-morbidities of the metabolic syndrome and are expected to
provide reductions in cardiovascular morbidity and mortality. Several large-scaled
phase IV trials of incretin-based therapy with cardiovascular disease endpoints are
ongoing and hold the promise to convey a cardiovascular risk reduction in type
2 diabetes. Third, the promising preclinical effects seen on beta-cell proliferation
and preservation could hold true to some extent in humans too, thereby offering the
potential to improve the natural history of type 2 diabetes. Nonetheless, we still
need the clinical evidence that long-term treatment with incretin-based therapy will
indeed attenuate the progressive nature of diabetes in humans.

The emerging GLP-1R agonists, to be introduced to the market in the next years,
seem to be well tolerated (with some clinical relevant differences in head-to-head
trials). Nevertheless, the general, and probably limiting, issue in regard to the
treatment of patients with type 2 diabetes is the gastrointestinal side effects (nausea
and diarrhoea). In spite of these side effects being mild to moderate, transient, and
probably less frequent with the once-weekly GLP-1R agonists compared with the
once-daily and twice-daily GLP-1R agonists currently on the market (likely
because of reduced peak concentrations with the once-weekly compounds), the
use will still be limited in some patients. Furthermore, the importance of antibody
formation is not fully known. Although, so far, available data do not indicate that
moderate antibody formation attenuates the clinical efficacy of the GLP-1R
agonists. However, patients with high titres of antibodies seem to have less benefit
of GLP-1R agonist treatment with regard to glycaemic control compared with
patients who do not develop antibodies. It seems that compounds based on the
exendin-4 backbone have a tendency to induce antibody formation at higher rates
compared with the compounds built on the backbone of human GLP-1, plausible
because of the closer resemblance to native GLP-1 of the latter. So far, no safety
problems associated with the formation of antibodies against the GLP-1R agonists
have been reported.

Within the next years, comparable efficacy and safety data, especially with
regard to long-term safety and cardiovascular disease risk reduction of different
GLP-1R agonists, are expected to be clarified further. The observations that GLP-1
might improve cardiovascular function and cardiovascular disease biomarkers in
humans raise great expectations for the ongoing prospective trials. Furthermore, in
coming years, other indications for incretin-based therapy may also be established.
Importantly, an expansion of the indication to the treatment of obesity could be
within reach, as exemplified by recent trials with GLP-1R agonists in obese non-
diabetic subjects.

In patients identified as having the metabolic syndrome, aggressive lifestyle
intervention (weight reduction and physical activity) is warranted to reduce the
risks of type 2 diabetes and cardiovascular disease, but often this is not sufficient.
The use of GLP-1R agonists could drastically modify or reverse the progression of
the metabolic syndrome, through the fascinating effects on body weight and blood
pressure, as well as on glucose and lipid metabolism. In several cohorts, the risk of
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diabetes increased with increasing number of components of the metabolic syn-
drome, and the pleiotropic effects of GLP-1R agonists may hold promise for the
treatment of this multi-faceted condition.
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13.1 Introduction

In subjects with metabolic syndrome, intense lifestyle measures should be adopted
and antihypertensive drug treatment instituted whenever blood pressure is >140/
90 mmHg because subjects with metabolic syndrome have higher prevalence of
multiple target organ damage (TOD) and increased levels of inflammatory markers,
which are associated with higher cardiovascular risk. The antihypertensive treat-
ment should preferably consist of blockers of the renin—angiotensin system with the
addition, when needed, of a calcium antagonist and/or a low-dose thiazide diuretic.
As the other cardiovascular risk factors like for example the other elements of the
metabolic syndrome broaden the blood pressure ranges associated with increased
cardiovascular risk, the blood pressure goal in subjects with metabolic syndrome is
suggested to be 130/85 mmHg even in the absence of diabetes. Hypertensive
patients with metabolic syndrome should receive hypertensive drugs according to
the 2007 European Society of Hypertension/European Society of Cardiology
guidelines on hypertension diagnosis and treatment [1]; that is, in addition to
recommendations to undergo intense lifestyle modifications, antihypertensive
drugs should be given whenever blood pressure is persistently 140 mmHg systolic
at least or 90 mmHg diastolic at least. In the presence of diabetes, the threshold for
drug intervention should be lower with a blood pressure goal just below 130/
85 mmHg in line with the goal that is recommended whenever total cardiovascular
risk is high [1-4]. Administration of a renin—angiotensin system blocker in subjects
with metabolic syndrome and high normal blood pressure, in order to protect
against organ damage and prevent new onset diabetes or hypertension may be
reasonable, but cannot be generally recommended at present due to the lack of
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clinical evidence. Treatment should aim at preventing progression or causing
regression of the existing organ damage as well as at reducing the much greater
chance an individual with metabolic syndrome has to develop new onset diabetes or
hypertension. This calls for avoidance of some antihypertensive agents and elective
use of some others, as outlined in the following section.

13.2 Treatments

Ideally, treatment of high blood pressure in the metabolic syndrome should be
based on lifestyle changes, diet and physical exercise, which allow for weight
reduction and improve muscular blood flow.

Concerning antihypertensive drugs, whether or not a particular antihypertensive
agent is superior to others has not been tested in trials including individuals
specifically with metabolic syndrome. A large body of information is, however,
available from both long-term antihypertensive trials with major outcomes and
from a myriad of shorter studies.

After changes in lifestyle are introduced, the drugs to be preferred should be
those that may induce reduction of insulin resistance and subsequent changes in the
lipid profile and in glucose levels. Therefore, angiotensin-converting enzyme
inhibitors (ACEi), angiotensin II-AT1 receptor blockers (ARB) or even calcium
channel blockers are preferable over diuretics and beta-blockers in monotherapy, if
no compelling indications are present for its use. If a combination of drugs is
required, low-dose diuretics can be used. A combination of thiazide diuretics and
beta-blockers should be avoided.

13.3 Impact on Other Metabolic Syndrome Components

The impact of particular antihypertensive drugs on other components of the meta-
bolic syndrome is an important clinical issue with consequences for the success of
the treatment. Changes in metabolic components, mainly in the lipid profile and
insulin resistance, during antihypertensive treatment with diuretics and beta-
blockers have been claimed as the culprit of lower reductions than expected in
coronary heart disease morbidity and mortality [5]. On the contrary, reductions in
the rates of new onset diabetes have been observed during treatment with ACE;,
ARB or even calcium channel blockers as compared with diuretics and beta-
blockers [6, 7].

The recently published STAR study (The Study of Trandolapril/Verapamil SR
and Insulin Resistance) reduced the risk of new onset diabetes in obese patients
with impaired glucose tolerance, normal kidney function and hypertension treated
with the fixed-dose combination of trandolapril/verapamil as compared with
losartan/hydrochlorothiazide-based therapy [8].

For many years, metabolic changes associated with the use of antihypertensive
drugs have received attention, looking at both worsening and improvement in the
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metabolic profile. However, not all the studies report the same conclusions, in part,
due to the different dose of the drugs used, particularities of drug mechanisms of
action even within the same therapeutic group, duration of treatment and, mainly,
because of the different characteristics of the individuals included. Age and hor-
monal status have been recognized as important modulators of drug impact but,
besides these, personal or family histories of metabolic disorders were among the
most important factors.

The most recognized metabolic change associated with the antihypertensive drug
classes is insulin resistance: it is induced by a combination of different mechanisms
including a reduction of the microcirculatory flow in the muscle and a reduction in the
rate of intracellular glucose disposal. The former is a consequence of the use of beta-
blockers, as beta-blockade activity goes unopposed by the alpha-receptors. The latter
is not well understood. Beta-blocker agents with additional properties can reduce the
impact of the pure beta-blockade and even exert partially beneficial effects. The
simultaneous alpha-blockade of carvedilol [9] or the increment in the nitric oxide
bioavailability of nebivolol [10] has shown a neutral effect on glucose metabolism
indexes and a trend towards a favorable lipid profile [11, 12].

The potential effect of beta-blockers in favoring gaining weight needs to be
mentioned. A large review concerning weight changes in studies using beta-
blockers showed that they tend to increase body weight as a consequence of
reducing fuel expenditure [13]. The clinical consequences of the gain of weight
during beta-blocker treatment, however, seem to be negligible.

The reduction of glucose disposal is worse when insulin secretion decreases.
This can occur as a direct consequence of the beta-blockade, reducing the response
of the pancreatic beta-cell, and by hypokalemia induced by thiazide-like diuretics.
Reductions in glucose disposal and in the compensatory insulin secretion lead to
metabolic abnormalities of the glucose homeostasis and dyslipidaemia, as previ-
ously described and, in the English Longitudinal Study of Ageing (ELSA), the
incidence of new metabolic syndrome was significantly greater in patients under
atenolol than lacidipine [14].

Nevertheless, a beneficial impact of decreasing the risk of the development of
diabetes with ACEi-based or ARB-based treatments has been described. Detailed
systematic reviews of the potential beneficial effects have been published recently.
In general, treatment with these classes of drugs reduces the rate of new onset
diabetes as compared with the use of diuretic and/or beta-blockers [5, 6]. Inhibiting
the renin—angiotensin system may improve blood flow to muscles, decrease the
activity of the sympathetic nervous system, enhance insulin signaling, lower free
fatty acid levels, increase plasma adiponectin levels and improve glucose disposal.
Another putative mechanism by which the inhibition of the renin—angiotensin
system may improve insulin sensitivity is through effects on peroxisome
proliferator-activated receptor (PPAR)-gamma, which is inhibited by angiotensin
I [15].

The controversy over whether this effect is a consequence of the risk induced by
diuretics or beta-blockers and not a real beneficial effect was, in part, resolved by
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the observation that the reduction in new onset diabetes was also observed in a trial
against placebo [16] and by data furnished by the Valsartan Antihypertensive Long-
Term Use Evaluation (VALUE) study [17, 18]. In this study, valsartan-based
treatment significantly reduced the rate of new onset diabetes as compared with
amlodipine, a calcium channel blocker. Mechanisms that led to improved glucose
metabolism were increment in the microcirculatory flow and in the bioavailability
of the glucose transporter 4 (Glut4). The results of the Diabetes Reduction Assess-
ment with ramipril and rosiglitazone Medication Study (DREAM) [19] challenge
the concept of protection against development of new onset diabetes by using drugs
blocking the renin—angiotensin system. The study reports the effects of ramipril on
the risk of diabetes in a randomised trial designed with diabetes as a primary
outcome in subjects who had impaired plasma glucose levels after an overnight
fast or impaired glucose tolerance. Rates of the primary endpoint, mainly diabetes,
were not significantly lower in the ramipril group. However, regression to
normoglycemia, a secondary outcome, was significantly more frequent in the
ramipril group than in the placebo group, although the absolute difference between
the groups was small. Several reasons may explain the negative result in the impact
of ACEi to reduce the risk of developing diabetes: there was only 43 % of
hypertensive patients in the study; these hypertensive patients were under multiple
treatments including diuretics and beta-blockers; some of the effect can be masked
by the treatment with rosiglitazone; and the follow-up of the study was only three
years, a short period for the risk of developing diabetes.

An additional mechanism for some ARB that has been tested in experimental
models is the partial PPAR-gamma agonism of telmisartan [20] and even irbesartan
[21], with further improvement of insulin resistance. The significance and clinical
impact of this additional mechanism, however, need to be tested in appropriately
designed studies.

The impact of other antihypertensive drug classes demonstrated the neutral effect
of both long-acting calcium channel blockers as well as other sympatholytic drugs
with central action, such as reserpine, a-methyl-dopa or moxonidine. The pure
peripheral alpha-blocker, doxazosin, improves the lipid profile, reducing insulin
resistance and consequently increasing high-density lipoprotein (HDL) cholesterol
and reducing triglycerides [5]. A trend to reduce total cholesterol has also been
described. The main mechanism implicated in the positive changes of alpha-blockers
seems to be mediated by increasing microcirculation flow. Additional effects of alpha-
blockade on the activity of key enzymes of lipid metabolism are less well known.

A final question is the net effect of the interaction when two different kinds of
drugs, with opposite effects, are combined. This is the case of combination
treatments with diuretics. Simultaneous administration of a thiazide diuretic with
ACEi or ARB reduces hypokalemia and does not significantly modify the lipid and
glucose profiles. Whether or not this combination reduces at large the beneficial
effects in cardiovascular risk needs to be assessed. A recent publication points out
that valsartan alone reduced the levels of high sensitivity C-reactive protein (CRP)
[22]. In contrast, a combination of valsartan plus hydrochlorothiazide, despite a
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significantly larger blood pressure reduction, was unable to reduce high-sensitivity
CRP values. No interaction with statins was demonstrated.

13.4 Conclusion

The metabolic syndrome is a highly prevalent condition currently considered to be
a cluster of metabolic and cardiovascular risk factors, including blood pressure
elevation. A higher risk for progression in metabolic syndrome individuals with
high normal blood pressure has been observed and, when hypertension is
established, this seems to confer a higher cardiovascular risk on top of the risk
induced by blood pressure elevation. Therefore, assessment of metabolic syndrome
components can result in a clinical utility strategy to manage hypertension based on
individual risk.
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14.1 Introduction

The increase in obesity has generated a secondary epidemic of the metabolic
syndrome with hypertension, dyslipidaemia, abdominal obesity and increased risk
of type 2 diabetes and cardiovascular diseases [1-5]. The aetiological connections
between obesity and the metabolic syndrome seem to be multiple. Insulin resis-
tance, abdominal obesity and an excess of visceral adipose tissue are key
abnormalities in people with metabolic syndrome [3-5]. The aetiology includes
elevated levels of free fatty acids (FFA), suppressed adiponectin, elevated levels of
cytokines, i.e. tumour necrosis factor (TNF) a, interleukin (IL) 6 and fibrinogen
[3, 6]. The cytokines and FFA induce insulin resistance, beta-cell dysfunction and
“low-grade” inflammation in the vascular system and increase triglyceride content
in the liver, pancreas, and skeletal and heart muscles [3-5, 7]. The metabolic
syndrome also includes a prothrombotic state with, i.e., elevation of C-reactive
protein and plasma activator inhibitor (PAI)-1 [3, 6].

Patients with metabolic syndrome have an increased risk of cardiovascular
diseases and of developing type 2 diabetes [1-3, 5, 6]. Additional metabolic
comorbidities include polycystic ovary syndrome (PCOS) and non-alcoholic
steatohepatitis (NASH) [8, 9]. Morbid obesity is also related to obstructive sleep
apnoea and several forms of cancers [10].

The treatment of the metabolic syndrome is lifestyle changes focusing on weight
loss and increased physical activity. It is possible to lose 5-10 % in weight by
lifestyle changes, but most patients will start to gain weight after 3—6 months, and
after 1-5 years about 90 % will have relapse to the weight or a higher weight than
before the start of lifestyle treatment, indicating that obesity in most cases is
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Table 14.1 Effects of bariatric surgery on the metabolic syndrome and cardiovascular risk
factors

Obesity Weight loss

Reduction in abdominal obesity

Reduction on waist
Hypertension Lowering of systolic and diastolic blood pressure
Dyslipidaemia Lowering of low-density lipoprotein cholesterol

Lowering of triglycerides

Lowering of total cholesterol

Increase in high-density lipoprotein cholesterol
Type 2 diabetes Prevention of type 2 diabetes

Remission of prediabetes

Improvement in HbAlc

Remission of type 2 diabetes

Improvement in insulin sensitivity and insulin secretion
Metabolic syndrome Resolution of metabolic syndrome
Cardiovascular diseases Reduction in cardiovascular risk factors

Reduction in cardiovascular events

Reduction in cardiovascular mortality

refractory to lifestyle therapy. By use of anti-obesity agents 2—8 kg further weight
loss can be added, but with the agents at present on the market or in the phase of
development, a mean weight loss of more than 10 kg has not been possible to obtain
in clinical trials [11].

Bariatric surgery is regarded as “metabolic” surgery due to its effects on the
metabolic syndrome and type 2 diabetes (Table 14.1). At present an estimated
350,000 bariatric operations are performed worldwide per year [12]. Obesity
responds well to bariatric surgery with major weight loss [13—19]. Laparoscopic
adjustable gastric banding (LAGB) and laparoscopic Roux-en-Y gastric bypass
(RYGB) are the two more commonly performed bariatric procedures [13, 19].

The present chapter reviews the metabolic mechanisms behind bariatric surgery,
the effects of bariatric surgery on the metabolic syndrome, its individual
components and the impact on cardiovascular diseases, type 2 diabetes, cancers
and mortality. The risks and adverse effects of LAGB and laparoscopic RYGB will
also be discussed.

14.2 The Bariatric Operations

The major breakthrough in bariatric surgery came with Dr. Edward Mason from
Minnesota, who documented that major weight loss could be achieved through the
gastric banding procedure and the gastric bypass operation [20, 21]. The gastric
bypass operation has been modified with the biliopancreatic bypass with the addition
of a duodenal switch and more recently with the gastric sleeve procedure [21].
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Rates of remission of Diabetes

wd

Adjustable Roux-en-y Biliopancreatic
Gastric banding Gastric bypass diversion
48 % 84 % >95 %

Fig. 14.1 Illustrates to the left the gastric banding, in the middle the Roux-en-Y gastric bypass
and to the right the biliopancreatic diversion operation. The remission rates of type 2 diabetes for
the different procedures are also depicted. Adopted from [13]

Other operations are duodenal—jejunal bypass and ileal transposition, i.e. transloca-
tion of a segment of ilium including vessels and nerves close to the Ligament of
Treitz [22-26].

The adjustable gastric banding is a restrictive procedure that produces weight
loss by limiting food intake (Fig. 14.1). A small bracelet silicone band is placed
high around the stomach to produce a pouch of about 30 ml. The band is lined by an
inflatable cuff that is joined to a subcutaneous abdominal reservoir allowing
adjustment of the pouch outflow [21].

The laparoscopic RYGB procedure creates a gastric pouch of about 30 ml [21].
The pouch is drained with an Roux-an-Y by dividing the proximal jejunum 30 ml
below the Ligament of Treitz, bringing the distal segment (the alimentary limb) up
to form a gastroenterostomy, and joining the proximal segment (the secretory limb)
to the small bowel about 100 cm below the point of division (Fig. 14.1). Thus,
nutrients bypass the major part of the stomach, the duodenum and the upper part of
the jejunum.

The biliopancreatic bypass with duodenal switch reduces the gastric pouch
leaving only a gastric sleeve [21]. The duodenum is divided about 2 cm below
the pylorus and is reconstituted by a Roux-en-Y anastomosis to the distal jejunum
and excludes more small bowel than a gastric bypass operation (Fig. 14.1).

The gastric sleeve operation creates a narrow tube through the excision of most
of the stomach and is used as a bridge to a gastric bypass in severely obese patients
with a body mass index (BMI) >55 kg/m” [21]. Lastly, the ileal transposition is an
experimental procedure and has shown to induce remission of diabetes without
major weight loss [21, 23-26].
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14.3 Mechanisms of Action of Bariatric Surgery

Initially, it was speculated that weight loss after gastric bypass was due to mechan-
ical restriction and malabsorption of food [21]. Studies, however, have suggested
that other mechanisms contribute to weight loss and remission of diabetes [21].
Taken together, two main mechanisms seem to be responsible for the early
improvement in glycaemic control a few days after RYGB: an increase in hepatic
insulin sensitivity induced, at least in part, by calorie restriction and an improved
beta-cell function associated with an exaggerated postprandial glucagon-like
peptide-1 (GLP-1) secretion due to altered transit time of nutrients through the
pouch to the terminal ilium [27]. Later, a weight loss-induced improvement in
peripheral skeletal muscle insulin sensitivity further improves insulin sensitivity
and glucose tolerance [27]. Postoperative alterations in bile acid recirculation
resulting in higher serum bile salts may also contribute to improved glucose and
lipid metabolism after RYGB, although the exact mechanisms of action remain
poorly understood [28, 29]. Bariatric surgery has been shown to have beneficial
effects on the levels of adiponectin, resistin, visfatin and other adipokines, which
may contribute to the reduction in type 2 diabetes and cardiovascular diseases after
surgery [3, 27].

RYGB alters the physiology of weight regulation and eating behaviours. It has
been realised that the gastrointestinal tract exerts significant neuroendocrine
control over appetite, food intake and energy expenditure [17, 27, 30-32] via
postprandial release of gut hormones like GLP-1, peptide YY (PYY),
oxyntomodulin and cholecystokinin (CCK) as well as the preprandial increase
in ghrelin levels, the only orexigenic hormone. PYY and GLP-1 are released from
the intestinal L-cells [27, 30-39]. Oxyntomodulin, another L-cell product, has
been reported to be elevated postoperatively by Laferrere et al. [40]. These
hormones from the L-cell stimulate anorectic pathways in the hypothalamus and
brain stem leading to reduced food intake and may also influence energy expen-
diture [30, 41, 42].

In rats, RYGB has been shown to increase energy expenditure after weight loss
compared with after a food restriction-induced weight loss, where compensatory
mechanisms decrease energy expenditure and thereby combat the weight loss
[11, 43, 44]. Two small human studies have also suggested that RYGB may be
associated with increased energy expenditure, while other studies have failed to
find such an association [45-47]. Human studies have suggested that RYGB
decreases non-hunger-related hedonic driven and reward-based desire to eat
[48, 49].

Taken all together, the altered gastrointestinal anatomy after RYGB and conse-
quently the very rapid delivery of nutrients to the distal part of the small intestine
provoke an exaggerated release of GLP-1-potentiating postprandial insulin secre-
tion. Furthermore, the increased release of GLP-1, PYY and other anorexigenic
hormones like oxyntomodulin and CCK may contribute to the postoperative weight
loss and thereby indirectly to improved insulin sensitivity. Hence, RYGB is a
unique opportunity to explore the mechanism of energy homeostasis and
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pathophysiology of type 2 diabetes and thereby to identify novel therapies for
obesity and related metabolic diseases as diabetes.

14.4 Effect of Bariatric Surgery on Weight

Bariatric surgery is the most effective treatment for obesity and produces major and
durable weight loss. The mean weight loss is about 40-50 kg or about 15 BMI units
[13, 50]. An additional method to express the weight loss is to relate it to “excess
weight”, which is actual weight minus ideal body weight. In the meta-analysis of
Buchwald et al. [13] the weight loss, expressed as percent of excess weight, was
after gastric banding 47 %, after RYGB 61.6 % and after biliopancreatic bypass
with duodenal switch 79 %, respectively. After RYGB the maximal weight loss was
obtained after 1.5-2.0 years in most patients [13]. Thereafter, 10-20 % of the
patients will gain weight [13].

The Swedish Obesity Study (SOS), a landmark study, was initiated to ascertain
the effects of intentional weight loss induced by bariatric surgery on mortality [51].
The intervention group consists of one surgical group (n = 2,010) and one obese
control group (n = 2,037). The matching programme between the groups used 18
matching variables, and the matching could not be influenced by the investigators
[51]. Inclusion criteria were age 37—60 years and BMI of 34 or more for men and 38
or more for women. The surgically treated patients underwent adjustable or
nonadjustable gastric banding (n = 376), vertical banding gastroplasty
(n = 1,369) or gastric bypass (n = 265). The control group received the customary
non-surgical obesity treatment for their given centre of registration, which ranged
form sophisticated lifestyle treatment to no treatment. The surgically treated
patients were on average 2.3 kg heavier (119.2 vs. 116.9 kg), 1.3 years younger
(46.1 vs. 47.4 years) and were smoking more frequently (27.9 vs. 20.2 %) [51]. The
weight changes in the control group were during follow-up £2.0 % of basal weight,
while the weight loss after surgery was maximal after 1-2 years (RYGB 32 %,
vertical banding 25 % and banding 20 %, Fig. 14.2) in the surgical groups [52-54].

The weight loss after gastric banding is slower and less compared with RYGB
[52-54]. Weight increase was seen in all surgical subgroups in the following
years, but the relapse levelled off after 8—10 years, and after 10 years the weight
loss was 25, 16 and 14 % in the three groups, respectively (Fig. 14.2). After 15
years the weight loss was 27, 18 and 13 %, respectively [52-54]. About 5-10 % of
the patients will regain the weight lost after gastric bypass and even a higher
number of patients after gastric banding, and on average it is expected that
20-25 % of the weight lost will be regained over a period of 10 years after
bariatric surgery [52—54]. The explanation of the weight gain is non-compliance
with dietary and lifestyle recommendations, variations in response to surgery and
surgical failure [55].
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Fig. 14.2 Mean percent weight change during a 15-year period in the control group and the
surgery group according to the method of bariatric surgery. Adapted from [53]

14.5 Effects of Bariatric Surgery on Comorbidities
14.5.1 Effect on Blood Pressure

Bariatric surgery has a significant effect on hypertension, with a resolution in about
30-50 % of the patients and a reduced need for antihypertensive treatment in further
20-30 % of the patients [56, 57]. An interesting observation is that a rebound in
hypertension was observed after 5—8 years follow-up in the SOS study, where most
patients were treated with gastric banding [52, 58]. Whether the same phenomenon
will be observed after gastric bypass is unknown.

14.5.2 Effect on Lipids

RYGB surgery improved lipid profile with a 30 % decrease in low-density lipopro-
tein (LDL) cholesterol and an increase in high-density lipoprotein (HDL) choles-
terol of 39 % combined with a 63 % decrease in triglycerides 12 months after
gastric banding surgery [59]. Similar results have been described by Segal JB et al.
[60]. In the last study, the medications used for treatment of type 2 diabetes,
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hypertension and dyslipidaemia were reduced from 76 to 51 %, respectively [60]. In
the SOS study, the triglycerides did not differ between the surgery and control
group after 2 and 10 years follow-up, although the reduction in triglycerides was
greater in the subgroup treated with gastric bypass [52]. The lipid changes in people
with type 2 diabetes after bariatric surgery are discussed below.

14.5.3 Effect on NAFLD

NAFLD is an independent risk factor for type 2 diabetes, cardiovascular disease and
liver cirrhosis, and patients with NAFLD had much higher mortality rates than the
background population [8, 61, 62]. After bariatric surgery a reduction in liver
steatosis (from 88 to 8 %), inflammation (from 23 to 2 %) and fibrosis (from 31
to 13 %) was observed 15 months after surgery [63]. Inflammation and fibrosis
resolved in 37 % and 20 % of the patients. In another study NASH resolved in 89 %
of the patients [64]. Other studies have found similar results [65, 66].

A significant removal of fat from the liver is probably evident already a few days
after bariatric surgery and may be one of the main explanations of the improved
glucose tolerance observed in patients with type 2 diabetes already a few days after
operation [27].

14.5.4 Effect on Obstructive Sleep Apnoea

Obesity is a major risk factor for obstructive sleep apnoea [67—09] and is very
frequent in morbid obese people (approximately 70 %). A meta-analysis indicated
that after bariatric surgery obstructive sleep apnoea is resolved in 86 % of the
patients and improved in 95 % [13]. Other investigators have presented similar
beneficial effects of bariatric surgery on obstructive sleep apnoea [67, 68].

14.5.5 Effect on Type 2 Diabetes

Type 2 diabetes is a major cause of premature illness and death. The key goal in
treating type 2 diabetes is to keep blood glucose levels as close to normal as
possible. However, therapies must also include active treatment of all cardiovascu-
lar risk factors (hypertension, dyslipidaemia, smoking, abdominal obesity and
sedentary lifestyle) [70]. Type 2 diabetes is a progressive disease characterised by
increasing insulin secretory impairment with duration of disease. Obesity is con-
sidered the primary risk factor for development of type 2 diabetes [71], and weight
loss should be the most logical means of controlling the disease [72].

The most fascinating effect of bariatric surgery is the effect on type 2 diabetes.
In 1995 Pories et al. reported that among 146 morbidly obese patients with type 2
diabetes, who underwent gastric bypass, 121 (83 %) experienced a rapid and
prolonged postoperative normalisation of plasma glucose levels without the need
for antidiabetic medication [73]. This remarkable observation has later been
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reported in several other studies and confirmed in a large meta-analysis of 621
studies, including nearly 5,000 patients with type 2 diabetes, where diabetes remis-
sion was seen in 80.3 % after RYGB [13]. After gastric banding the rate of remission
was lower and about 50-60 % [13]. In patients with prediabetes the remission was
about 85-100 % [13, 52].

In the SOS study using primarily the banding procedures the remission of
diabetes dropped from 72 % at 2 years to 36 % at 10 years following surgery
(Fig. 14.5) [52]. In the surgical and control groups 1,658 and 1,771 participants,
respectively, had normal glucose tolerance at baseline [74]. After up to 15 years
follow-up (mean 10 years) 392 participants in the control group and 110 in the
bariatric group (adjusted hazard ratio (HR) 0.17) had developed diabetes, indicating
that bariatric surgery is efficient in the prevention of diabetes (Fig. 14.6) [74]. The
average weight loss in the surgical group was approximately 20 kg during follow-
up compared with no significant weight change in the control group. The number
needed to treat was 1.3 to prevent one case of diabetes. In patients with impaired
glucose tolerance bariatric surgery reduced the risk of developing diabetes with
87 % [74]. The risk reduction did not differ among participants with a BMI below or
above the median BMI of 40.8 kg/m? at baseline.

In another randomised, controlled trial patients with type 2 diabetes, who
underwent laparoscopic adjustable gastric banding, had a higher remission rate
than patients, who were treated with intensive pharmacological and lifestyle inter-
vention [75]. Remission of type 2 diabetes was achieved in 73 % in the surgical
group and 13 % in the conventionally treated group after 2 years. The weight loss
was 20.5 % and 1.7 % of baseline weight. Remission of diabetes was related to
weight loss and lower baseline HbAlc levels [75].

In a recent study, 60 patients with type 2 diabetes were randomised to receive
conventional, medical therapy or undergo either gastric bypass or biliopancreatic
diversion surgery [76]. At 2 years follow-up diabetes remission (fasting glucose
below 5.6 mmol/l and HbAlc < 6.5 % in the absence of pharmacological therapy)
occurred in no patients in the medical group compared with 75 % in the gastric
bypass group and 95 % in the biliopancreatic diversion group. The baseline HbAlc
decreased from 8.65 to 7.69 % in the medical group to 6.35 % in the gastric bypass
group and to 4.95 % in the biliopancreatic group, respectively (Fig. 14.3).

All lipid profile measures were significantly lower (except HDL cholesterol)
among patients undergoing biliopancreatic diversion compared with the medically
treated group. After 2 years the different lipid profile measurements were normal
for 0-27 % in the medical group compared with 72—-100 % in the two surgical
groups. The weight loss was 4.7, 33.3 and 33. 8 % for the three groups, respectively.

In another randomised study the efficacy of intensive medical therapy alone
versus RYGB or gastric sleeve gastrectomy was investigated in 150 obese patients
with type 2 diabetes with an average HbAlc of 9.2 % and diabetes duration of
8 years [77]. Forty-four percent of the patients were treated with insulin. The
primary endpoint was a HbA1lc below 6.0 % with or without antidiabetic treatment,
and in the medically treated group 12 % compared with 42 % and 37 % in the two
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Fig. 14.3 Changes in HbAlc levels during 2 years of follow-up in patients treated with medical
therapy compared with patients treated with gastric bypass or biliopancreatic diversion. Adapted
from [76]

surgery groups obtained the endpoint after 12 months. The mean HbAlc was 7.5 %,
6.4 % and 6.0 % in the three groups (Fig. 14.4).

Particularly those in the gastric bypass group obtained remission without use of
medications. The weight loss was greater in the two surgery groups (—29 % and
—25 %) compared with —5.4 % in the medically treated group. The use of drugs for
treatment of hypertension, lipids and glucose decreased significantly in the two
surgical groups, but increased in patients receiving medical treatment alone
(Fig. 14.4).

Accordingly, the remission rate of diabetes is higher after gastric bypass than
after gastric banding, and after gastric banding the remission follows the weight
loss, while after gastric bypass the remission is observed already a few days after
the operation before any significant weight loss [27]. In persistent cases of type
2 diabetes after bariatric surgery glycaemic control often improves in parallel with
weight loss despite the use of fewer antidiabetic drugs [75]. For that reason, the
explanations of the remission of diabetes differ after the two types of operations.
Both after banding and gastric bypass the very low caloric intake will improve
glycaemic control directly, but also indirectly via improved hepatic insulin sensi-
tivity following the reduction in hepatic fat content [27]. After gastric bypass,
improved insulin secretion is associated with the exaggerated GLP-1 response
during meals [27]. Later, after major weight loss the insulin sensitivity in the
skeletal muscles also improved significantly [27].

In a recent consensus report, remission was defined as HbAlc < 6 % without the
need for diabetic medications, and partial remission as HbAlc < 6.5 % without the
need for diabetic agents [78]. Applying this definition the complete remission
seems to be 30-50 % after different procedures of bariatric surgery, and in 209
patients with type 2 diabetes undergoing gastric bypass, sleeve gastrectomy and
gastric banding the remission rates were 41, 26 and 7 % in the three groups, and in
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Fig. 14.4 Change in HbAlc and number of diabetes medication after 3, 6, 9 and 12 months in a
medically treated group and patients treated with gastric bypass or sleeve gastrectomy. Adapted
from [77]

another study remission rate was 43 % after gastric bypass [79, 80]. Therefore, the
rate of diabetes remission after RYGB strongly depends on the definition of
remission and the type of bariatric procedure. Low remission rates are associated
with advanced stages of diabetes, long diabetes duration, poorly glycaemic control
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before operation despite treatment with insulin, inadequate weight loss or weight
regain [81]. The primary physiological explanation of the relapse seems to be
failing beta-cell function, which explains that remission rates are higher in patients
with short duration of type 2 diabetes compared with patients with long duration of
diabetes [78, 82]. On this background RYGB should also be considered as a tool to
improve glycaemic control in many patients rather than to obtain a complete
diabetes remission. Even in patients with type 1 diabetes without endogenous
insulin secretion a 50 % reduction in insulin dose is observed the first 1-2 years
after gastric bypass.

Which patients with type 2 diabetes should be offered bariatric surgery? The
position statement of the International Diabetes Federation (IDF) considers bariat-
ric surgery an appropriate treatment for patients with type 2 diabetes and obesity not
achieving treatment targets with medical therapies, especially in the presence of
other comorbidities, and even in patients with a BMI of 30-35 kg/m2 [83]. Further-
more, bariatric surgery should be considered early rather than being a last resort,
since early intervention increases the likelihood of diabetes remission [83]. A few
studies indicate that, at least in patients with short duration and a reliable beta-cell
function evaluated from C-peptide values, gastric bypass surgery induces remission
of diabetes in most patients with a BMI of 25-35 kg/m2 [22, 84, 85].

Notably, studies in high-income countries indicate that bariatric surgery is a
cost-effective treatment for type 2 diabetes, or even generating cost savings already
a few years after surgery [86-90].

14.5.6 Effect on Other Cardiovascular Risk Factors

Bariatric surgery reduced highly sensitive C-reactive protein to the normal range in
more than 90 % of the patients [91]. Markers of thrombosis and fibrinolysis
including PAI-1 also improved after bariatric surgery [92].

Two years after bariatric surgery mean carotid intima thickness was reduced
from 0.84 to 0.50 mm [93]. Also, flow-mediated vessel dilatation improved.

Obesity is associated with left ventricular hypertrophy [94]. Some studies have
indicated a decrease in left ventricular hypertrophy after bariatric surgery, and with
the greatest reduction in patients with the most pronounced weight loss [94, 95].

In one study the estimated cardiovascular risk evaluated by the Framingham risk
score declined from 11 to 5 % in men and from 6 to 3 % in women [96]. Similar
results have been presented in other studies [96-98].

In the SOS study the 2 and 10 years recovery rates from diabetes, hypertrigly-
ceridaemia, hypertension and hyperuricaemia were more favourable in the surgery
group (Fig. 14.5), whereas the recovery of hypercholesterolaemia did not differ
between the groups [52]. The surgery group had lower 2 and 10 years incidence
rates of diabetes, hypertriglyceridaemia and hyperuricaemia than the control group,
whereas the differences between the groups in the incidence of hypercholes-
terolaemia and hypertension did not differ between the groups (Fig. 14.6) [52].
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14.5.7 Effects on Cardiovascular Diseases and Cardiovascular
Mortality

In the SOS study the mean changes in body weight after 2, 10, 15 and 20 years were
—23 %, —17 %, —16 % and —18 % in the surgical group and 0 %, 1 %, —1 %, and
—1 % in the control group (Fig. 14.2) [54]. In total 234 cardiovascular events were
registered among the control group compared with 199 events in the surgery group
(HR = 0.83, p = 0.05), and there were 49 cardiovascular deaths among 2,037
patients in the control group and 28 deaths in the surgery group (Fig. 14.7, HR
0.56, p < 0.01) [54]. After adjusting for baseline variable the HR was 0.47,
p = 0.02. Surgery was associated with a reduced number of fatal myocardial
infarction (37 vs. 22) compared with the control group (Fig. 14.7).

Six cases of fatal strokes were observed in the surgery group compared with 12
cases in the control group, and in total 93 stroke events were observed in the surgery
group compared with 111 events in the control group.

The benefits of surgery were associated with fasting plasma insulin at baseline,
with greatest benefit in participants with higher insulin (insulin resistance), but not
with BMI or waist-to-hip ratio [54]. The reduction in cardiovascular diseases was
primarily seen in patients with type 2 diabetes, while mortality did not differ in the
nondiabetic groups.

In the SOS study 345 participants had type 2 diabetes at baseline in the surgical
groups and 262 in the control group [99]. After on average 13 years follow-up the
incidence of myocardial infarction was 38 cases among the 354 patients in the
surgical group compared with 43 events among the 262 patients in the control group
(HR 0.56, p = 0.017). The effect of surgery tended to be higher in individuals with
higher total cholesterol and triglycerides at baseline, while BMI was not related to
outcome. No effect of bariatric surgery was observed on stroke incidence 34 vs. 24
events (HR 0.73) [99].

In the study by Christou and coworkers comparing 1,305 patients after bariatric
surgery with 5,746 matched control subjects over up to 5 years follow-up the risk
reduction in cardiovascular disorders was 82 % in favour of surgery [100]. Like-
wise, in the study by Adams et al., who compared 7,925 patients with bariatric
surgery with the same number of matched controls, the reduction in mortality of
coronary artery disease was 56 % [101].

14.5.8 Effects on Cancers

Obesity is a risk factor for cancer and one meta-analysis of prospective, observa-
tional studies estimated that overweight or obesity accounts for 14 % of cancer
deaths in men and 20 % in women [102].

After 10.9 years follow-up in the SOS study and a weight loss of approximately
20 kg in the bariatric groups and a weight gain of 1.3 kg in the control group the
number of first-time cancers in the bariatrically treated group (n = 117 in 2,010
patients) was reduced compared with the control group (n = 169 in 2,037 patients,
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Fig. 14.7 Cumulative incidence of fatal and total cardiovascular events in control and surgical
groups in the SOS intervention study. Adapted from [54]

HR 0.67) [103]. In women the number was 79 vs. 130 patients (HR 0.58), whereas
there was no effect of surgery in men (38 vs. 39 patients).

Christou et al. reported after a maximum follow-up of 5 years 21 cancers in the
surgery group (n = 1,035) compared with 487 cancers in the control group
(n = 5.746, HR 0.22) [104, 105]. For breast cancer the relative risk ratio was
0.17 in favour of surgery.

Adams et al. found after a mean follow-up of 7.1 years that the reduction in
cancer-caused mortality was 60 % [101]. In a later follow-up after a mean of 12.5
years a 24 % reduction in cancers was found in the surgical group compared with
the control group [106]. The reduction was only observed in women. Especially the
incidence of uterine cancer was significantly lower among surgical patients.

The quality of the studies, except for the SOS studies, is poor, and the results can
at best be viewed as hypothesis-generating and inspire to new randomised, con-
trolled studies with long-term follow-up. Experiments exploring the possible
mechanisms of reduction in cancer incidence after bariatric surgery are also needed,
especially to explain that the reduction in cancers is mainly observed in women.

14.5.9 Effects on Metabolic Syndrome

Before surgery most of the patients will display the metabolic syndrome, and in one
study the resolution of the syndrome was 84 % after 2 years [107]. In another study
the prevalence of the metabolic syndrome decreased after 3.4 years follow-up from
87 to 29 % after gastric bypass surgery compared with a decrease from 85 to 75 %
in a control group treated with conventional lifestyle intervention [108]. The
number needed to treat to obtain a resolution of the metabolic syndrome was
about two patients after surgery. The strongest predictor for reversibility of the
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Table 14.2 Twelve months remission rate of the metabolic syndrome after gastric banding,
gastric bypass, sleeve gastrectomy or biliopancreatic diversion with duodenal switch, respectively

Gastric banding Gastric bypass Sleeve gastrectomy BPD/DS
(n = 4,245) (n =1,285) (n = 406) (n = 208)
Body mass index (kg/m?)
Preoperative  45.5 47.6 48.6 51.0
12 months 38.5 324 36.1 31.8
Metabolic syndrome remission, 1 (%)
Hypertension 800 (18.8) 3,267 (44.8) 143 (35.2) 110 (52.9)
Diabetes 1,206 (28.4) 4,532 (62.2) 211 (51.0) 154 (74.0)
Dyslipidaemia 734 (17.3) 3,271 (44.9) 139 (34.2) 135 (64.9)

BPD/DS: Biliopancreatic diversion with duodenal switch
Data are adapted from Inabnet WB et al. adapted from [109]

metabolic syndrome was the percentage of weight lost of the excess weight. In a
recent study using the Bariatric Outcome Longitudinal Database for the American
Society for Metabolic Surgery 23,106 patients were identified with the metabolic
syndrome before surgery [109]. Of the patients 62 % underwent RYGB, 32 %
gastric banding, 4.5 % sleeve gastrectomy, and biliopancreatic diversion with
duodenal switch was performed in 1.5 %. BMIs are given in Table 14.2. The
patients with metabolic syndrome had an increased mortality compared with
patients without metabolic syndrome (0.3 % vs. 0.1 %) the first 90 days after
operation. Biliopancreatic diversion with duodenal switch had the highest rate of
complications while gastric banding had the lowest rate of adverse events, but on
the cost of decreased remission of the metabolic syndrome. The 12 months remis-
sion rate of the metabolic syndrome is illustrated in Table 14.2. The resolution of
hypertension, diabetes and dyslipidaemia after gastric banding was 18.8, 28.4 and
17.3 %, and after gastric bypass 44.8, 62.2 and 44.9 %, respectively. Other
investigators have presented similar results [63, 108, 110—115]. Thus bariatric
surgery induces consistent and durable improvement in the prevalence of the
metabolic syndrome. The study by Batsis et al. estimated that four deaths and 16
cardiovascular events would be prevented by bariatric surgery per 100 patients over
a 10-year period [108].

14.5.10 Effects on Mortality

The majority of long-term epidemiological studies have indicated that obesity is
associated with increased mortality [116—118]. Interestingly, several observational,
epidemiological studies have indicated that overall mortality and cardiovascular
mortality are increased with weight loss [119, 120]. The discrepancy between the
beneficial effects of weight loss on cardiovascular risk factors as compared with
mortality has been related to inability of such studies to distinguish between uninten-
tional and intentional weight loss. The observed weight loss might be a consequence
of conditions that lead to death rather than the course of increased mortality.
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In the SOS study after an average of 11 years follow-up the cumulative overall
mortality was 129 subjects (6.3 %) in the control group compared with 101 (5.0 %)
in the surgery group, indicating a relative risk reduction of 24 % (HR 0.76,
p = 0.04) [53]. The reduction in mortality in the surgical group was about 30 %
in subjects with a BMI above the median BMI of 40.8 kg/m? and about 20 % in
subjects below the median [53]. There were 53 cardiovascular deaths in the control
group and 43 in the surgery group.

In the study by Adams et al. during the 7 years follow-up of 7,925 people, who
underwent gastric bypass, and 7,925 severely obese persons matched for age, sex
and BMI, total mortality was reduced with 40 % in the surgical group [101]. The
mortality of coronary heart disease, type 2 diabetes and cancer was reduced by
56 %, 92 % and 60 %, respectively, in the surgical group. Mortality because of
cancer was reduced more in men than in women [101].

In a third study the reduction in all-cause mortality was 89 % in the surgical
group compared with a control group after at least 5 years follow-up [104].
A limitation of all three studies is that the design is not randomised and controlled.

14.5.11 Effects on Quality of Life

Obesity is associated with social discrimination and low self-esteem [10, 121-123].
The substantial and long-term weight loss has been shown to have a beneficial
effect on quality of life in most patients [10, 121-123]. In the SOS study health-
related quality of life followed phases of weight loss, weight gain and weight
stability, and was related to the magnitude of weight loss and weight regain
[123]. Peak improvements in the surgical group were observed during the first
year, whereas the weight gain phase was accompanied by a gradual decline in
quality of life. At 10 years follow-up a net gain was noted in quality of life
compared with baseline and compared with the control group [123]. No significant
differences were found for overall mood and anxiety [123]. The study also
indicated that a maintained weight loss of about 10 % is sufficient for positive
long-term effects on quality of life [123]. On the other hand in the study from
Adams and coworkers mood disorders showed to be higher after bariatric surgery
compared with an obese control group [101]. Suicide rates did not differ between
the groups. In the SOS study bariatric surgery was associated with favourable
effects on disability pension in men, whereas no effects could be detected in
women [122].

14.6 Indications and Contraindications to Bariatric Surgery

In practical terms patients are eligible for bariatric surgery if BMI > 35 kg/m? and
comorbidities as diabetes, hypertension, arthritis limiting daily function, cardiopul-
monary failure and sleep apnoea. For patients without comorbidities the BMI limit
is > 40 kg/m?. The age limit is in most countries from 18 to 65 years. These criteria
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were established in recognition of the relationship between obesity and the risk of
coronary artery disease, type 2 diabetes and sleep apnoea among other risks factors.

14.7 Risks of Bariatric Surgery

At the best centres the 30 days mortality is about 0.3—0.5 % after gastric bypass and
about 0.1 % after gastric banding [13]. The acute complications are bleeding,
infections, anastomotic leak, arrhythmias and pulmonary emboli [55]. Long-term
complications are nutritional deficiencies, internal hernias and anastomotic stenosis
with vomiting, stoma ulceration and erosions [55]. In the SOS study, where most
patients were treated with banding, the 90 days mortality was 0.25 % [53, 58]. In
151 individuals 193 complications (bleeding 0.5 %, thrombosis and embolism
0.8 %, wound complication and infections 4.8 %) were registered. In 26 patients
(2.2 %) the complications required reoperation. The frequencies of reoperation and/
or conversions among 1,338 patients followed for at least 10 years were 31 %, 21 %
and 17 % for those obtaining banding, vertical banding and gastric bypass [53, 58].

The risk of nutritional deficiencies includes thiamine, vitamins B6, B12 and D,
calcium, iron, copper and zinc [55, 124, 125]. After gastric bypass the patients need
to take lifelong calcium, D-vitamin, A-vitamin, iron, folate, and thiamine and to
receive B12 injections [55, 124, 125]. It is also recommended that nutritional
management includes an average 60—120 g protein daily to maintain lean body
mass [55, 124, 125]. Periodical biochemical monitoring for micro- and
macronutriotinal deficiencies is recommended [55].

Some patients will have dumping 15 min to 1 h after the meal with symptoms
such as abdominal pain and cramping, sweating, dizziness, nausea, tachycardia and
diarrhoea explained by the rapid entry of hyperosmotic food into the small intestine
[55], which draws fluid from plasma into the intestinal lumen with a decrease in
blood volume and sympathetic nervous stimulation [55, 126]. Dumping symptoms
become less prominent with time. The treatment is to eat small, frequent meals,
avoiding ingestion of liquid meals and avoiding simple sugars [55].

Few patients will develop postprandial hypoglycaemia because of an excessive
insulin response in relation to the ambient insulin sensitivity [127, 128]. The
pathogenesis of this syndrome is not clarified, but an imbalance between improved
insulin sensitivity and exaggerated GLP-1 responses resulting in an excessive
postprandial insulin secretion may be part of the explanation [127]. Indeed, in a
patient with severe postoperative hypoglycaemia it has been possible to prevent the
exaggerated release of GLP-1 and insulin and to avoid hypoglycaemia by feeding
through a gastrostomy catheter inserted in the gastric remnant [129]. In some
patients islet expansion (nesidioblastosis) has been described, while other studies
have not found increased beta-cell mass in patients with hypoglycaemia [130, 131].
In a study using nationwide registries in Sweden the incidence of postprandial
hypoglycaemia was about 0.2 % of gastric bypass patients, but was not observed
after gastric banding [132]. The postprandial hypoglycaemia is typically observed
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2-3 years after gastric bypass surgery. The most drastic intervention for this
complication is pancreatic resection.

14.8 Final Comments

Many areas of the world are in the midst of an obesity epidemic, and one concern is
that increasing rates of obesity will be associated with increasing mortality. How-
ever, risk estimates have been downgraded, most likely due to improved control of
comorbidities of obesity by intensive pharmacological treatment [133].

Diet and exercise and use of medications usually only lead to a modest and
transient degree of weight loss [11, 134, 135]. Bariatric surgery is the most effective
therapy to obtain substantial, long-lasting weight loss and improvement or com-
plete resolution of obesity comorbidities [13]. Bariatric surgery reduces mortality
because of diabetes, cardiovascular diseases and cancers and also improves quality
of life.

Body weight is centrally regulated, via peripheral hormonal signals released
from the gastrointestinal tract, pancreas and adipose tissue, which is integrated
primarily in the hypothalamus to regulate food intake and appetite [30, 36, 39, 41,
42, 48]. The modulators of appetite include leptin, ghrelin, cholecystokinin, PYY,
insulin, pancreatic polypeptide, GLP-1 and glucose-dependent insulinotropic poly-
peptide, which except for ghrelin all inhibit hunger. Ghrelin stimulates hunger and
is found in highest concentration preprandially. RYGB diminishes hunger and
increases the experience of satiety after meals by generating a neuroendocrine
response that is consistent with reduced appetite and energy intake [36, 136]. In
obese people a 10 % weight loss induces a 10-20 % reduction in energy expenditure
beyond what can be accounted for by the reduced body weight [137]. In addition,
after weight loss hunger will increase consistently for defence of body fat stores
[137, 138]. The combination of reduced energy expenditure and increased hunger
may account for the recidivism to previous weight after weight loss [137—139]. In
rats gastric bypass prevents the expected decrease in energy expenditure to weight
loss, indicating that a “set point” for body weight has been interrupted by surgery
[137]. In humans the results have not been so conclusive in relation to effect on
energy expenditure after gastric bypass [45—47].

Many short-term studies have indicated that a 5 % weight loss in obese people is
enough to induce significant improvements in cardiovascular risk factors
[72, 140-142]. It has also been suggested that a 10 kg weight loss is associated
with reduction of 10 mm Hg and 20 mm Hg reduction in systolic and diastolic blood
pressure, 10-15 % reduction in total and LDL cholesterol, 30 % reduction in
triglycerides and 8 % increase in HDL cholesterol [72, 140-142]. However, the
estimates are often based on studies shorter than 2 years. Analysis of studies with at
least 2 years follow-up has resulted in more modest expectations [143, 144]. In the
10-year follow-up of the SOS study the necessary weight loss for a significant
alteration of a risk factor was estimated [145]. A 5 kg weight loss was not associated
with any significant risk factor reduction over a 10-year period, while a 10 kg
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weight loss was associated with a 6 mm Hg improvement in systolic blood pressure
and in fasting insulin. A 15 kg weight loss increased HDL cholesterol significantly
and reduced fasting glucose with 0.75 mmol/l. Improvement in diastolic blood
pressure and triglycerides was only seen in the patients with the largest weight loss
of 44 kg. Total cholesterol was not significantly improved in even the group of
patients with the greatest weight loss. Hypertension was unaffected by gastric
banding surgery after 10 years follow-up. The analysis illustrates that large weight
loss is needed to achieve effects on risk factors during a 10-year period. This
conclusion may be considered in the light that 10 years of ageing in an obese
person will per se deteriorate the status of the risk factors resulting in a neutralising
effect of weight loss on the risk factors. Therefore, effects of bariatric surgery are
influenced by non-weight change-dependent shifts in risk factor levels [145].

Although lifestyle, including weight loss and physical activities, should be first-
line treatment in addition to pharmacological treatment of patients with type
2 diabetes other approaches are needed, since less than 50 % of the patients reach
the target for glycaemic control [146]. Management of type 2 diabetes is challeng-
ing, since with the exception of incretin-based therapy and metformin, oral
hypoglycaemic agents and insulin therapy induce weight gain, which may further
impair glycaemic control [146]. On this background, a consensus meeting on
bariatric surgery and the IDF have recommended consideration of bariatric surgery
for control of type 2 diabetes in whom recommended glycaemic targets are not
reached with available medical therapies, especially when the patient has major
coexisting illnesses, such as hypertension and dyslipidaemia [83, 147].

In the meta-analysis of Buchwald et al. the resolution rates of diabetes,
hyperlipidaemia, hypertension and sleep apnoea were 77, 79, 62 and 80 %, respec-
tively [13]. On average 50 % of the patients who underwent gastric banding, 80 %
of those who underwent RYGB and 95 % of those who underwent biliopancreatic
diversion experienced remission of diabetes [13]. Noteworthy, in the meta-analysis
of Buchwald et al. the data are retrospective and uncontrolled with heterogeneity
between the procedures analysed and with unsatisfactory follow-up in many studies
[13]. Only one properly designed study with long-term follow-up has been
performed primarily using laparoscopic gastric banding procedure [51]. In this
study about 25 % of participants had type 2 diabetes at baseline [148]. After
2 years 73 % of subjects in the surgical group and 13 % of subjects in the control
group were in treatment free remission, but after 10 years follow-up 9 % of the
patients, who had undergone gastric bypass and 25 % of those treated with gastric
banding, had regained most of the weight they had lost, and diabetes had occurred
in 50 % of patients in whom the condition initially resolved [52]. Whether bariatric
surgery cures diabetes or the remission is transient is at present poorly investigated,
but surgery is a way of “buying” time with normal glucose levels and less use of
antidiabetic agents.

The American Diabetes Association recently defined remission of type 2 diabetes
as a return to normal glucose metabolism with a HbAlc <6.0 % and fasting plasma
glucose less than 5.6 mmol/l at least 1 year after bariatric surgery without
hypoglycaemic medications [78]. The remission rates after bariatric procedures
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are much lower using the new definition and are in the range of 10-50 % and lowest
after gastric banding [78—-80]. Expectations of both patients and clinicians may have
to be adjusted as regards remission and should focus on improved control and less
use of antidiabetic medications. Another question needing investigation in a
randomised trial design is whether bariatric surgery is suitable for patients with
type 2 diabetes and lower body weight than 35 kg/m” or even normal weight
[22, 25, 83-85, 147].

Some of the benefits are independent of weight loss [27], and after gastric bypass
the remission of type 2 diabetes is observed a few days after operation and depends
on changes in gut hormone secretion, especially GLP-1 and caloric restriction after
the operation. After gastric banding the metabolic improvement is less immediate
and may depend more directly on weight loss [27].

In epidemiological studies weight loss has paradoxically been associated with an
increased incidence of cardiovascular events even in patients, who were over-
weight. Lifestyle intervention in people with prediabetes has not prevented cardio-
vascular events, even after 10-20 years follow-up [149, 150]. The “Look AHEAD
study” using intensive lifestyle intervention in type 2 diabetes has been stopped
after a decade. The group treated with intensive counselling lost an average 5 % of
starting weight and improved physical fitness levels compared with 1 % weight loss
in the less intensively treated arm, but after up to 11 years follow-up, there were no
differences between the groups in the rate of cardiovascular events including stroke.
The benefits of modest weight loss—if it exists—were too small to see in people
with type 2 diabetes, who are already getting good medical care [151].

In the SOS study bariatric surgery was associated with a reduction in total
mortality, cardiovascular mortality and a number of cardiovascular events. A higher
baseline plasma insulin concentration was associated with a more favourable
outcome of bariatric surgery in relation to cardiovascular events [54]. No associa-
tion was demonstrated with regard to BMI at baseline or changes in BMI during
follow-up, suggesting that high insulin may be better selection criteria for bariatric
surgery than high BMI as far as cardiovascular events are concerned. Insulin
resistance presented as high plasma insulin levels is a well-known risk factor for
cardiovascular events during long-term follow-up [152].

On average obese patients have increased mortality, but in people without
diabetes or other risk factors the life span is only minimally reduced. Therefore,
it is important not to consider the obese population as homogenous with regard to
health. The obese population presents a wide spectrum with regard to glucose
homeostasis and risk factors as the metabolic syndrome compared with people
without comorbidities [153]. One pathophysiological explanation is that some
people in response to overeating preferentially accumulate truncal rather than
central obesity, which may prevent development of the metabolic syndrome.
When the ability to accumulate subcutaneous fat is limited overeating results in
central obesity in combination with ectopic fat in the muscles, heart and liver
causing insulin resistance, followed by the metabolic syndrome, diabetes and
cardiovascular diseases [3—5]. As a result body composition and not overall fatness
is the major determinate of the health risk of obesity. BMI may be a misleading
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indicator of health risk since it does not always reflect body composition, and the
reduced mortality, cancers, myocardial infarctions, strokes and prevention of dia-
betes in the SOS study were unrelated to weight loss and BMI at baseline [53, 54,
58, 103]. We need to acknowledge that it may be time for updating the present
guidelines for undergoing bariatric surgery based primarily on BMI, since bariatric
surgery is performed to improve the health status and longevity of the patient.
Possibly the occurrence of the metabolic syndrome or a high risk score using, i.e.,
Framingham Risk Score will better predict benefits from surgery.

Notably, the relative risk reduction in mortality is high after bariatric surgery
compared with conventional treatment, but the absolute reduction in mortality was
only 1.4 % in the study from Adams et al. (2.7 % vs. 4.1 %) and 1.3 % in the SOS
study (5.0 % vs. 6.3 %) after 713 years follow-up, respectively [54, 58, 101]. Such
improvements need to be balanced with surgical risk and safety and should be
studied in large randomised, controlled trials with long-term follow-up of people
with and without type 2 diabetes.

One meta-analysis revealed a 30 days mortality of 0.1 % after gastric banding,
0.5 % after gastric bypass and 1.1 % after biliopancreatic diversion procedures [13].
The main short-term causes of death are thromboembolism and cardiovascular
diseases [13]. Intestinal nutritional malabsorption after biliopancreatic diversion
and gastric bypass increases the incidence of complications such as anaemia,
hypoalbuminaemia and deficiencies in vitamins and minerals, even in people
treated with vitamin and mineral supplementation [55, 124]. About 25 % of the
patients will need plastic surgery to provide symptomatic or cosmetic relief from
excessive skin tissue, which is often more expensive than the bariatric surgery.
Nonetheless, bariatric surgery is cost-effective, especially in patients with type
2 diabetes, saves healthcare costs and generates health benefits [89].

Further examination of the mechanisms of action of RYGB will likely improve
our understanding of the regulation of body weight and pathophysiology of type
2 diabetes, which may facilitate the development of novel therapies for obesity and
diabetes. Such information will also be important in relation to identification of
persons, who are most appropriate candidates for bariatric surgery.
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15.1 How to Treat Patients with Metabolic Syndrome in Daily
Clinical Practice

All clinicians must have a measuring tape on their desk. This is as important as
having a blood pressure metre and scales in their office. If the metabolic syndrome
is suspected, waist circumference must be measured. This must be done in patients
at high risk, see Fig. 15.1. If increased waist circumference is measured, serum
triglyceride, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein
(LDL) cholesterol and fasting plasma glucose must also be measured. Based on
these measurements, the diagnosis “metabolic syndrome” can be made, and a
formal basis for intervention is obtained. The International Diabetes Federation
(IDF) has recently formulated a definition of the metabolic syndrome, and we
recommend using this definition in clinical practice [1].

In patients with metabolic syndrome, the following measurements may also be
considered in addition to the above-mentioned measurements: measurement of the
liver function—among others serum alanine aminotransferase and serum urate—
and androgen status for both genders and oestrogen status in women.

Figure 15.1 presents a flowchart for diagnosis of the metabolic syndrome in daily
clinical practice.

15.2 Treatment of Patients with Metabolic Syndrome

The whole point of diagnosing the metabolic syndrome is that it becomes possible to
intervene against the syndrome itself,, i.e. against insulin resistance, hyperinsulinism
and visceral obesity. The pathophysiological model presented in Fig. 1.1 (Chap. 1)
indicates that primarily energy intake must be reduced and weight loss induced.
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Risk factors of the metabolic syndrome (MS)*
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Intervention and control

Fig 15.1 Plan of action for examination and treatment of patients at risk of the metabolic
syndrome in daily clinical practice

15.2.1 Lifestyle Intervention

The first steps to be taken when treating the metabolic syndrome are to ensure a
lifestyle reducing energy intake and/or increasing energy consumption (see Chap. 7)
[2]. This can be done as follows:
« Stimulation of weight loss; a reduction of about 10 % will have significant effect
on metabolism.
» Increased physical activity, at least half an hour a day (interval walk is effective).
* Reduction of the amount of saturated fat and sugar in the diet.
» Cessation of smoking.
» Control of alcohol consumption (reduction of energy intake).
The above-mentioned interventions have shown to reduce the incidence of the
metabolic syndrome by some 40 % and the risk of developing type 2 diabetes and
cardiovascular disease (CVD) [3-5].

15.2.2 Pharmacological Treatment

Pharmacological treatment is another modality for reducing the risk of
complications of the metabolic syndrome when lifestyle intervention is insufficient.
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Obviously, the primary causes such as insulin resistance, hyperinsulinism and
visceral obesity must be treated first. The treatment is, however, experimental
since no clinical guidelines exist for treating patients with metabolic syndrome
only. A number of intervention studies, however, underline the value of early
pharmacological treatment against the individual components (see international
guidelines for treatment of hypertension, dyslipidaemia and hyperglycaemia).

Metformin is the most commonly used antidiabetic drug worldwide and has
especially proved to reduce the risk of myocardial infarction and early death in
obese patients with type 2 diabetes (and thereby the metabolic syndrome) [6].

Metformin especially increases insulin sensitivity in the liver and has only
limited effect on dyslipidaemia and blood pressure, but it has an anorectic effect
and intervenes early in pathophysiology. Metformin has also shown to prevent the
development of type 2 diabetes in patients with impaired glucose tolerance. As most
patients with metabolic syndrome also suffer from glucose intolerance, metformin is
a natural first choice for treatment of the metabolic syndrome as evidence indicates
that this drug may reduce the development of CVD (see Chap. 8).

Glucagon-like peptide-1 (GLP-1) agonists. These drugs are new on the market
and are registered only for treatment of hyperglycaemia, but they may also be
registered with the indication obesity alone. They are efficient for reducing body
weight, and since they may reduce the risk of CVD they seem to be a logical choice,
specifically in subjects with metabolic syndrome showing increased blood glucose
levels and obesity (see Chap. 12).

Glitazones. These drugs would be the natural first choice as they have a specific
effect on insulin resistance. They reduce blood glucose, increase HDL cholesterol,
reduce triglycerides and blood pressure and inhibit the chronic inflammation
characterising patients with metabolic syndrome. This is, however, an experimental
treatment, which cannot yet be recommended, mainly due to the side-effects
mentioned. However, they may be the drugs of choice in patients with NAFLD
and severe insulin resistance (see Chap. 9).

Anorectic drugs. A few drugs exist on the market: Sibutramin, which has an
appetite-suppressing effect, and orlistat, which reduces fat uptake in the intestine.
Sibutramin may have serious side-effects, such as increased blood pressure. Cau-
tion must therefore still be exercised when using this drug. Four-year data on
orlistat are now available with regard to treatment of obesity, and a continuous
(but modest) weight loss is demonstrated. Furthermore, orlistat may prevent devel-
opment of type 2 diabetes. This drug is therefore the most obvious drug, if anorectic
treatment is to be considered. However, for both drugs no long-term data exist [7].

Fibrates. They are peroxisome proliferator-activated receptor (PPAR)-alpha
activators reducing especially triglyceride levels and increasing HDL cholesterol
values. They are only registered for treatment of hypertriglyceridaemia. Gemfibro-
zil has demonstrated to reduce the risk of CVD [8].

Statins. They have plentifully proved their effect against elevated LDL choles-
terol values, but they may also increase HDL and reduce triglycerides. They must
therefore always be considered and can be combined with fibrates, but this will
increase the risk of complications (see Chap. 10).
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Aspirin. The use of antithrombotic drugs in patients with metabolic syndrome
only results in risk modification in patients with diabetes. Thus, aspirin treatment
seems to be recommended only in patients with metabolic syndrome if these
patients are hyperglycaemic or present cardiovascular risk factors. On the other
hand, patients with type 2 diabetes with more than one cardiovascular risk factor
and an age >50 years are recommended aspirin prophylactically if there is no
contraindication due to increased risk of specifically gastrointestinal bleeding [9].

15.2.3 Surgical Intervention

Visceral obesity is primarily treated with lifestyle changes, as mentioned above, but
this kind of treatment is often insufficient, and surgical intervention is therefore a
possibility. Gastric bypass surgery is very efficient with regard to reducing the
components of the metabolic syndrome, but it is naturally still associated with a
certain surgical mortality. A recent study demonstrated that around 95 % of the
patients were cured of the metabolic syndrome within a year after surgery. How-
ever, diabetes returned in about two-thirds after 10 years. Bariatric surgery must
therefore be strongly considered in treatment resistant cases (see Chap. 14).

15.3 Treatment of the Specific Diseases of the Syndrome

If intervention against the primary causes, such as insulin resistance and hyperin-
sulinism, and the risk components (elevated blood pressure, lipid and glucose
levels) does not succeed in normalising metabolism, the specific diseases caused
by the syndrome must be treated, i.e. type 2 diabetes, arterial hypertension, non-
alcoholic fatty liver disease/non-alcoholic steatohepatitis and polycystic ovary
syndrome. The international clinical guidelines must be followed and are therefore
referred to.

15.4 Treatment Algorithm

Reduce energy intake and induce weight loss:

* Low energy diet.

« Consider gastric bypass surgery if body mass index is >35 kg/m”.

e Consider anorectic drugs: GLP-1 agonists, sibutramin or orlistat.

Treat—if necessary:

» Hyperglycaemia by metformin and in accordance with international guidelines.

* Dyslipidaemia with statins if the cardiovascular risk is increased and/or fibrates
(if triglyceride levels are >5 mmol/l).

» Blood pressure >140/90 mmHg with angiotensin-converting enzyme inhibitors
primarily (follow guidelines).

» With aspirin in patients with metabolic syndrome and hyperglycaemia and/or
increased cardiovascular risk.
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