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Chapter 1

Introduction and outline of the thesis
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Introduction and outline of the thesis

The prevalence of diabetes is increasing worldwide. In the year 2000 there were 171 
million people with diabetes and it is predicted that there will be 366 million by the 
year 2030.1 This rising prevalence is expected to occur among all age groups.2 Diabetic 
patients have large reductions in life expectancy, and these reductions are largest in 
those who are youngest at the time of diagnosis.3 Therefore, it can be expected that 
disease burden will increase for both individual patients (complications) and society 
in general (costs).

Over 80% of all diabetic patients are affected by type 2 diabetes. This form of diabetes 
is characterized by insulin resistance. Insulin is produced by the pancreatic beta-
cells in reaction to elevated glucose concentrations in blood plasma, and enables the 
liver, adipose tissue and muscles to take up glucose from the blood. In case of insulin 
resistance, the target organs are less sensitive to insulin, resulting in less glucose 
uptake from the blood. The pancreas reacts by producing more insulin, so that in type 
2 diabetes, both glucose and insulin concentrations are elevated. A major cause for 
insulin resistance is obesity4,5 and there is a strong correlation between body mass 
index and incidence of type 2 diabetes.6 Therefore, obesity is a major risk factor for 
type 2 diabetes. The fact that the number of overweight people is vastly increasing, is 
regarded as the most important cause for the rising diabetes prevalence.

Diabetes can lead to serious complications. The most frequent and most well known 
are cardiovascular complications. It has been estimated that 80% of diabetic patients 
die from acute arterial thrombosis, such as myocardial infarction and ischemic 
cerebrovascular events.7 Apart from the accelerated development of atherosclerosis 
in patients with diabetes, the blood of these patients has an increased tendency to 
clot.8 This disturbance of the so called hemostatic balance may partly explain the 
cardiovascular risk of diabetes and is discussed below. Another serious yet sometimes 
underestimated complication of diabetes is the increased risk to develop and die 
from infectious diseases.9 The risk for diabetic patients to die from any infectious 
disease almost doubles the risk of people without diabetes. Especially serious bacterial 
infections are more common in diabetic patients. The enhanced infection risk is, at 
least in part, related to an impaired innate immune system.

The hemostatic balance in diabetes
Under physiological conditions, coagulation of blood is prevented as long as blood 
remains in the circulation, but is rapidly activated during damage of blood vessels (e.g. 
wounds). Two systems are responsible for this balance. Activation of the coagulation 
system induces blood clotting; the fibrinolytic system is designed to degrade these 
clots (Figure 1). Tissue factor is the main initiator of the coagulation system.10 This 
transmembrane protein is expressed in tissues that are usually not in direct contact 

proefschrift.indb   11 28-4-2008   12:26:42



C h a p t e r   1

12

with blood, such as the adventitial layer of large blood vessels. However, on disruption 
of the vascular integrity, tissue factor comes in contact with blood and subsequently 
activates a cascade of protein activation. As a result, fibrinogen is converted into 
fibrin, the main component of blood clots. Upon activation of the fibrinolytic system, 
plasminogen is converted into plasmin. This protein degrades fibrin clots to fibrin 
degradation products.

Diabetic patients suffer from an increased coagulation tendency. On the one hand, the 
coagulation system is activated due to increased concentrations or activity of various 
procoagulant proteins, such as factor VII,11 factor VIII,12 thrombin-antithrombin 
complexes and prothrombin activation fragment 1+2.13 At the same time, fibrinolysis 
is relatively inhibited due to increased concentrations of the inhibitory protein 
plasminogen activator inhibitor type I (PAI-1).11 

The innate immune system and diabetes
The innate immune response comprises the part of the immune system that mounts 
the first inflammatory response against invading bacteria. It is quick and relatively 
nonspecific, but in turn activates the adaptive immune system, that generates a response 
specifically aimed against the invading pathogen. The innate immune response 
is regulated by a coordinated action of leukocytes (in particular neutrophils and 
monocytes/macrophages), cytokines and chemokines. Leukocytes display a number 
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Figure 1. The hemostatic balance in diabetes. Expression of tissue factor leads via activation of clotting factors 
VII and X to thrombin and ultimately to fibrin formation. Activation of fibrinolysis degrades fibrin clots. Ovals indicate 
derangements in plasma concentrations of indicated markers that occur in diabetes. TATc = thrombin-antithrombin 
complexes. F1+2 = prothrombin fragment 1+2. tPA = tissue type plasminogen activator. PAI-1 = plasminogen 
activator inhibitor type I. 

proefschrift.indb   12 28-4-2008   12:26:42



13

Introduction and outline of the thesis

of antibacterial effector mechanisms which include phagocytosis, respiratory burst 
activity and intracellular killing. Cytokines and chemokines are small proteins that 
are mainly produced by monocytes/macrophages; they are essential for the regulation 
of inflammation in general, and for the regulation of leukocyte migration and activity 
in particular.

Diabetes influences several aspects of the innate immune response. First, neutrophil 
functions such as phagocytosis, intracellular killing and respiratory burst activity 
are impaired.14,15 Improved glucose control has been reported to increase respiratory 
burst and phagocytic activities of neutrophils in persons with diabetes.16,17 Secondly, 
the production of cytokines and chemokines may be altered. Diabetic patients have 
slightly elevated plasma cytokine concentrations,18,19 indicating an ongoing low-grade 
inflammation. However, cytokine and chemokine responses to elevated glucose and/
or insulin concentrations have been highly variable in experimental research, probably 
depending on experimental systems and species.

Interplay between hemostasis and the immune system
Inflammation and coagulation are tightly intermingled in a variety of conditions, and 
bidirectional interactions exist between several inflammatory pathways on the one side 
and coagulation and fibrinolysis on the other.10 During the early phase of infection, 
invading bacteria stimulate monocytes/macrophages to produce the pro-inflammatory 
cytokines tumor necrosis factor alpha (TNF-α) and interleukin (IL)-6. While TNF-α 
has been shown to increase plasma levels of PAI-1,20 IL-6 stimulates coagulation.21 
Vice versa, thrombin and coagulation factors have been shown to increase cytokine 
concentrations in vitro and in vivo. Figure 2 shows some of these interactions between 
inflammatory and hemostatic pathways. Taken together, inflammation can stimulate 
coagulation and vice versa. In severe infectious disease such as septic pneumonia, the 
inflammatory response to the invading pathogen becomes so strong that disseminated 
intravascular coagulation occurs.

As pointed out above, diabetes is a procoagulant and proinflammatory condition. 
However, knowledge of the impact of diabetes on activation of coagulation during 
infection and inflammation is limited.

Unraveling the immune and hemostatic defects of diabetes
Besides hyperglycemia (and in type 2 diabetes also hyperinsulinemia), diabetic 
patients almost invariably have other metabolic disturbances, such as hyperlipidemia 
and increased levels of advanced glycation end products. Therefore it is not possible 
to assess the influence of one isolated metabolic disturbance in patients with diabetes. 
However, investigation of isolated metabolic disturbances is of interest for different 
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reasons. On the short run, this may lead to increased pathophysiological knowledge. 
Evidence exists that fasting hyperinsulinemia is associated with impaired fibrinolysis 
due to increased PAI-1 concentrations, even in subjects with normal glucose 
tolerance.22 Also, IL-6 concentrations were augmented during hyperinsulinemia23 
and during combined hyperglycemia and hyperinsulinemia,24 in human volunteers 
who received LPS intravenously. However, insulin levels were outside the physiological 
range in these studies, and to our knowledge studies exploring the effects of separate 
hyperglycemia on innate immunity or hemostasis have not been performed. Another 
rationale for the investigation of separate hyperglycemia and hyperinsulinemia is that 
on the long run, better therapies against diabetic complications may be developed. 
For example, correction of hyperglycemia by insulin improves neutrophil functions 
in diabetic patients,16,17 but it remains unknown whether this is due to correction of 
hyperglycemia, increased insulin concentrations or both.

The duration of hyperglycemia and hyperinsulinemia is of importance, too. In the 
Leuven studies, patients on surgical and medical intensive care units received either 
conventional insulin treatment (i.e. only in case of frank hyperglycemia) or intensive 
insulin treatment (to achieve strict normoglycemia).25,26 Intensive insulin therapy 
reduced mortality and morbidity in all patients, except in those who had a prior history 

TNF-α

IL-6

FIBRIN
THROMBIN

Coagulation
cascade

FDP

PLASMIN

PAI-1

Pathogen

TF

Figure 2. Interactions between inflammation and coagulation. Contact of pathogens with immune cells leads to 
the production of proinflammatory cytokines. These activate coagulation (via the induction of tissue factor (TF)), and 
inhibit fibrinolysis due to enhancement of PAI-1 concentrations. Vice versa, activated coagulation proteins further 
increase concentrations of cytokines. FDP = fibrin degradation products. (Adapted from Choi et al. Swiss Med Wkly. 
2006; 136:139-44.)
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of diabetes.27 On the other hand, in consecutive hospitalized patients, newly discovered 
hyperglycemia at the time of admission to the hospital was associated with increased 
mortality, whereas a prior history of diabetes was not.28 Hence, during illness, acute 
hyperglycemia may be associated with even more complications compared to chronic 
hyperglycemia (diabetes), but treatment benefits appear to be greater.

To study immune responses to infection in more detail, animal models are of great 
interest. In these models, immune responses to live bacteria can be studied, both 
systemically and locally (by analysis of specific tissues). Also, genetically modified 
mice that are prone to develop diabetes exist, so that it is possible to study the immune 
responses to infectious diseases which are most relevant for diabetes.

In addition, evidence accumulates that oral antidiabetic drugs from the 
thiazolidinedione (TZD) class can influence innate immune responses, in addition 
to their glucose lowering effect. In several models of inflammatory disease such as 
pleurisy, pancreatitis and nonseptic shock, TZDs reduced inflammatory reactions and 
secondary organ damage.29-31 In contrast, knowledge of the effect of TZDs in models 
of infections that are relevant for diabetes is limited, and up to now there are no 
investigations of acute immune modulating effects of TZDs in humans in vivo.

Outline of the thesis
This thesis aims to unravel the influence of diabetes and its pathophysiological 
hallmarks hyperglycemia and/or hyperinsulinemia on innate immunity and the 
hemostatic balance. Additionally, therapeutic strategies that are currently in use 
against diabetes and insulin resistance are analyzed regarding their immune and 
hemostasis modifying effects. Research subjects included healthy volunteers, patients 
with severe sepsis, and laboratory mice. In the first part of the thesis we investigated 
the influence of separate and combined hyperglycemia and hyperinsulinemia on 
innate immunity and hemostasis in humans. Using a pancreatic clamp study setup, we 
sought to temporarily block the pancreatic release of insulin and glucagon by infusing 
somatostatin, controlling the plasma concentrations of both glucose and insulin by 
their concurrent infusion.  We performed these studies in human volunteers to be 
able to investigate these aspects in the absence of other metabolic derangements that 
occur in diabetes. We performed two series of clamp experiments; one series in the 
absence, another in the presence of endotoxemia. In the first series, we investigated 
the influence of separate hyperglycemia and/or hyperinsulinemia on coagulation 
and fibrinolysis (chapter 2) and on responses of the innate immune system (chapter 
3). The immune system and coagulation are activated during both diabetes and a 
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systemic inflammatory state, however knowledge of the impact of hyperglycemia and/
or hyperinsulinemia on activation of immune reactions or coagulation is limited. 
Therefore, we performed the same clamp experiments during endotoxemia, which is 
a model for a systemic inflammatory response. The results of these experiments are 
described in chapter 4.

The second part of the thesis describes the influence of hyperglycemia and insulin 
resistance on immunity, hemostasis, and general outcome of infectious diseases, as 
well as effects of anti-diabetic medication on these parameters. So far, little is known 
about how altered immune functions lead to the observed increased risk for infection 
in diabetic subjects. To be able to investigate the influence of underlying diabetes on 
the course and outcome of bacterial infection, we performed experiments in mice. 
In chapter 5 we compared immune responses and disease outcome in mice with a 
phenotype of obesity-induced type 2 diabetes (leptin-deficient ob/ob mice) and in non-
diabetic (wildtype) mice that were infected with Streptococcus (S.) pneumoniae, the 
most common causative pathogen of pneumonia.

Next to their insulin-sensitizing ability, TZDs also have immune modulating effects 
in vitro and in vivo, however so far these effects have not been evaluated in a model of 
infectious disease. As type 2 diabetes patients have an increased risk for pneumonia, 
we evaluated the influence of the TZD ciglitazone on markers of inflammation and 
outcome during pneumonia caused by S. pneumoniae in mice. The results of this 
investigation are presented in chapter 6. Subsequently, short-term immune-modulating 
properties of the TZD rosiglitazone were investigated in healthy human volunteers 
in a placebo-controlled study with a crossover model (chapter 7). This part of the 
thesis is concluded by a retrospective analysis of severe sepsis patients to investigate 
the influence of pre-existing diabetes and acute hyperglycemia on admission to the 
intensive care unit (ICU), on disease outcome and markers of inflammation and 
hemostasis (chapter 8). We stratified patients with severe sepsis into diabetic and non-
diabetic patients, and assessed mortality, causative micro-organisms, and markers of 
coagulation, fibrinolysis and inflammation. Additionally we stratified all non-diabetic 
patients into a group with and without hyperglycemia on admission to the ICU, to 
assess the influence of acute hyperglycemia on severe sepsis mortality. The results of 
all parts are summarized and discussed in chapter 9.
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