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Introduction and outline of the thesis

proefschrift.indb   9 28-4-2008   12:26:42



proefschrift.indb   10 28-4-2008   12:26:42



11

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 
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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. 
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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 
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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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Hyperglycemia stimulates coagulation whereas 
hyperinsulinemia impairs fibrinolysis in healthy humans
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Abstract
Type 2 diabetes and insulin resistance syndromes are associated with an increased 
risk for cardiovascular and thrombotic complications. A disturbed balance between 
coagulation and fibrinolysis has been implicated in the pathogenesis hereof. To 
determine the selective effects of hyperglycemia and hyperinsulinemia on coagulation 
and fibrinolysis, six healthy humans were studied on four occasions for six hours: (1) 
lower insulinemic euglycemic clamp, (2) lower insulinemic hyperglycemic clamp, (3) 
hyperinsulinemic euglycemic clamp and (4) hyperinsulinemic hyperglycemic clamp. 
In the hyperglycemic clamps target levels of plasma glucose were 12 mmol/l versus 5 
mmol/l in the normoglycemic clamps. In the hyperinsulinemic clamps target plasma 
insulin levels were 400 pmol/l versus 100 pmol/l in the lower insulinemic clamps. 
Hyperglycemia exerted a procoagulant effect irrespective of insulin levels, as reflected 
by mean 2-fold rises in thrombin-antithrombin complexes and soluble tissue factor, 
whereas hyperinsulinemia inhibited fibrinolysis irrespective of glucose levels, as 
reflected by a decrease in plasminogen activator activity levels due to a mean 2.5-fold 
rise in plasminogen activator inhibitor type 1. The differential effects of hyperglycemia 
and hyperinsulinemia suggest that patients with hyperglycemia due to insulin 
resistance are especially susceptible to thrombotic events by a concurrent insulin-
driven impairment of fibrinolysis and a glucose-driven activation of coagulation.
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Effect of glucose and insulin on hemostasis

Introduction
Type 2 diabetes mellitus and its antecedents impaired glucose tolerance and syndromes 
of insulin resistance are associated with a profoundly increased risk for thrombosis. 
Eighty percent of type 2 diabetes patients die a thrombotic death and cardiovascular 
disease (CVD) is by far the leading cause of mortality in this patient population.1-3 
Remarkably, although cardiovascular mortality in the general population has declined 
precipitously in recent years, diabetes patients have not experienced such a favorable 
decrease.4 Although the prevalence of traditional risk factors for atherosclerosis, 
such as hypertension and hypercholesterolemia, is increased in type 2 diabetes, 
these factors account for only half of the observed excess risk for CVD.5 Therefore, 
additional risk factors have been implicated in the pathogenesis of CVD in type 2 
diabetes. In this respect disturbances in fibrinolysis and coagulation secondary to 
insulin resistance have emerged as likely mechanisms contributing to the increased 
cardiovascular risk.2,3,6 Indeed, impaired fibrinolysis, in particular due to elevated 
levels of plasminogen activator inhibitor type I (PAI-1), is a consistent finding in 
type 2 diabetes.7,8 In addition, coagulation activation markers, including thrombin-
antithrombin complexes (TATc), have been found elevated in patients with type 2 
diabetes.9-11 

The question remains how type 2 diabetes and insulin resistance syndromes influence 
the balance between fibrinolysis and coagulation. Several experimental studies have 
addressed the question whether hyperglycemia or hyperinsulinemia per se influence 
fibrinolysis or coagulation.12-17 These studies, in which plasma glucose and/or insulin 
levels were artificially increased by exogenous infusion, have been inconclusive 
in particular since in none of these studies both plasma glucose and insulin were 
concurrently maintained at either normal levels or at levels found in type 2 diabetes. 
Here we report on a controlled cross-over study in which healthy humans were exposed 
during six hours to either hyperglycemia (targeted at 12 mmol/l) in the presence of 
basal insulin levels, to hyperinsulinemia (targeted at 400 pmol/l) in the presence of 
normal glucose levels or to combined hyperglycemia and hyperinsulinemia. We 
demonstrate for the first time that hyperinsulinemia inhibits fibrinolysis irrespective 
of glucose concentrations, whereas hyperglycemia stimulates coagulation irrespective 
of insulin concentrations. 
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Research design and methods

Subjects
Six healthy, non smoking, male volunteers (age (mean ± SD) 21.7 ± 1.2 years; weight 
73.2 ± 4.8 kg; body mass index: 21.8 ± 0.9) were studied. None of them used medication 
or had a positive family history of diabetes. All volunteers had normal plasma values 
of fasting glucose, insulin, erythrocyte sedimentation rate, complete blood count, lipid 
profile, renal and hepatic function and all had a normal oral glucose tolerance test. 
The study was approved by the Medical Ethical Committee of the Academic Medical 
Center in Amsterdam and all subjects gave written informed consent.

Study Protocol
The study protocol had a crossover design, with a wash-out period of 4 weeks and 
was done in balanced assignment. Each volunteer served as his own control and 
was studied on four occasions, during a lower insulinemic euglycemic (LinsuEgluc) 
clamp (target insulin level 100 pmol/l, target glucose level 5 mmol/l), a lower 
insulinemic hyperglycemic (LinsuHgluc) clamp (insulin 100 pmol/l, glucose 12 mmol/l), 
a hyperinsulinemic euglycemic (HinsuEgluc) clamp (insulin 400 pmol/l, glucose 5 
mmol/l) and a hyperinsulinemic hyperglycemic (HinsuHgluc) clamp (insulin 400 
pmol/l, glucose 12 mmol/l). For 3 days prior to the study, all volunteers consumed a 
weight-maintaining diet containing at least 250 g of carbohydrates. After an overnight 
fast the subjects were admitted to the clinical research unit and confined to bed. The 
study started at 8:45 AM with placement of a catheter into an antecubital vein for 
infusion of insulin, somatostatin, glucagon and glucose 10 or 20%. Another catheter 
was inserted retrogradely into a contralateral hand vein kept in a thermoregulated (60 
ºC) plexiglas box for sampling of arterialized venous blood. Saline (NaCl 0.9 %) was 
infused with a slow drip to keep the catheters patent. 
At T= 0 (9 AM), infusions of somatostatin (250 µg/h; Somatostatine-ucb; UCB 
Pharma B.V, Breda, the Netherlands) to suppress endogenous insulin and glucagon 
secretion, and glucagon (1 ng·kg-1·min-1; Glucagen; Novo Nordisk, Alphen aan den 
Rijn, the Netherlands) to replace endogenous glucagon concentrations were started; 
concurrently infusions of insulin (Actrapid/L; Novo Nordisk) at a rate of 10 or 40 
mU·m-2 body surface area (BSA) ·min-1 (lower or hyperinsulinemic clamp respectively) 
and glucose 10 or 20 % at a variable rate to obtain eu- or hyperglycemia were started. 
Glucose 20% was used during the LinsuEgluc clamp; in the other clamps glucose 10% 
was used to prevent the possibility of phlebitis induced by the high infusion rates that 
were required. All infusions were administered by calibrated syringe pumps (Perfusor 
fm, Braun, Melsungen AG, Germany). To clamp glucose at 5 or 12 mmol/l (eu- or 
hyperglycemic) from T = 0:00 until T = 6:00, every 5 minutes bedside plasma glucose 
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concentration was measured on a Beckman glucose analyzer 2 (Beckman, Palo Alto, 
CA). From T = 2:40 till T = 3:00 and from T = 5:40 till T = 6:00 every ten minutes 
blood samples were drawn for determination of the concentration of plasma insulin. 
In the Results section the mean values of these three measurements are presented. 
Blood for measurement of coagulation and fibrinolysis parameters was collected 
directly before the initiation of the infusions (T = 0), three hours into the infusions 
(T = 3) and at the end of the infusions (T = 6) in siliconized vacutainer tubes (Becton 
Dickinson, Plymouth, England) containing 0.105 M sodium citrate in a 1:9 (v/v) 
anticoagulant:blood ratio.

Assays
All measurements in each individual subject were performed in the same run. Plasma 
insulin concentration was determined by a chemiluminescent immunometric assay 
(Immulite, Diagnostic Products Corporation, LA). TATc, soluble tissue factor, PAI-1 
and tissue-type plasminogen activator (tPA) were measured using ELISAs (TATc: 
Beh ringwerke AG, Marburg, Germany; soluble tissue factor: American Diagnostics, 
Greenwich, CT; PAI-1: TintElize PAI-1, Biopool, Umea, Sweden; tPA: Asserachrom 
tPA, Diagnostica Stago, Asnieres-sur-Seine, France). PAI-1 activity  and plasminogen 
activator activity (PA activity) were measured by amidolytical assays.18,19 In brief, 
PA activity is measured by incubating the sample with digested fragments of fibrin 
in the presence of an excess concentration of plasminogen and a synthetic plasmin 
substrate which is cleaved into a chromogenic product. For PAI-1 measurements, a 
standard amount of tPA is added to the sample and the products described above; 
and subsequently residual tPA (which amount is dependent on the amount of PAI-1 
activity in the sample) can now be detected by measuring the chromogenic activity. By 
means of a standard curve using the international standard preparation for PAI-1, this 
chromogenic activity is then recalculated to plasma levels (in IU/ml).

Statistical analysis
To analyze the effect of hyperinsulinemia and/or hyperglycemia, their interactions 
and the effect of time, results of the four clamps were compared using a repeated 
measures analysis of variance. Data were checked for normal distribution and equal 
variances of the residuals. Depending on the results of these tests data were analyzed 
either parametrically or non-parametrically. Results are presented as mean (± SD). 
Probability values of < 0.05 were considered statistically significant. SPSS statistical 
software version 12.0.1 (SPSS Inc, Chicago, IL) was used to analyze the data.
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Results

Glucose and insulin
The clamps were carried out successfully (Figure 1). In the two hyperglycemic clamps 
plasma glucose levels rapidly increased during the first hour and from 3 hours onward 
the extent of hyperglycemia was virtually identical in the LinsuHgluc and HinsuHgluc 
clamps. At the end of the 6-hour study period plasma glucose levels were 12.2 ± 0.5 and 
12.4 ± 0.1 mmol/l in the LinsuHgluc and HinsuHgluc clamps respectively. Plasma glucose 
levels remained at approximately 5 mmol/l throughout the euglycemic clamps; at 6 
hours after the initiation of the study plasma glucose concentrations were 5.1 ± 0.1 and 
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Figure 1: Plasma concentrations of glucose and insulin. Data are presented as means ± SD from six subjects 
studied on four separate occasions: during a lower insulinemic euglycemic (LinsuEgluc) clamp (white squares), a lower 
insulinemic hyperglycemic (LinsuHgluc) clamp (white circles), a hyperinsulinemic euglycemic (HinsuEgluc) clamp (black 
squares) and a hyperinsulinemic hyperglycemic (HinsuHgluc) clamp (black circles). Glucose (mmol/l, left axis) was 
measured every 5 minutes; insulin (pmol/l, right axis) was measured at 0, 3 and 6 hours. 

5.0 ± 0.2 mmol/l in the LinsuEgluc and HinsuEgluc clamps respectively (both P < 0.05 for the 
difference with either of the two hyperglycemic clamps). In the two hyperinsulinemic 
clamps plasma insulin concentrations had reached the target levels at 3 hours after the 
start of the infusion, which were maintained throughout the remainder of the 6-hour 
study. At this time point, plasma insulin levels were 408 ± 61 and 443 ± 34 pmol/l in the 
HinsuEgluc and HinsuHgluc clamps respectively, whereas plasma insulin concentrations 
were 89 ± 6 and 127 ± 19 pmol/l in the LinsuEgluc and LinsuHgluc clamps (both P < 0.05 
for the difference with either of the two hyperinsulinemic clamps). Of note, insulin 
levels were modestly higher in the LinsuHgluc than in the LinsuEgluc clamp (P < 0.05). 
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Coagulation
Hyperglycemia resulted in a marked activation of coagulation as reflected by rises in 
the plasma levels of the thrombin generation marker TATc and soluble tissue factor, 
whereas hyperinsulinemia had no effect on these parameters, as demonstrated by the 
non-significant interaction (Figure 2). Indeed, both coagulation activation markers 
remained constant during the LinsuEgluc and HinsuEgluc clamps. During the LinsuHgluc 
and the HinsuHgluc clamps, however, TATc and soluble tissue factor levels displayed a 
gradual increase, peaking at the end of the 6-hours hyperglycemic period (both P < 
0.05 for the difference with either of the two euglycemic clamps). At this time point 
TATc concentrations had increased 2.1-fold (relative to baseline) in both hyperglycemic 
clamps, to 10.9 ± 1.5 ng/ml in the LinsuHgluc clamp and 10.8 ± 0.9 ng/ml in the HinsuHgluc 
clamp. Plasma levels of soluble tissue factor increased 1.8-fold during the LinsuHgluc 
clamp (to 152.5 ± 27.0 pg/ml) and 1.9-fold during the HinsuHgluc clamp (to 159.8 ± 
14.5 pg/ml). Hence, these results suggest that hyperglycemia stimulates coagulation 
regardless of insulin concentrations. 
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Figure 2: Hyperglycemia activates coagulation irrespective of insulin levels. Mean (± SD) plasma concentrations 
of thrombin-antithrombin complexes (TATc, left panel) and soluble tissue factor (right panel) measured in six subjects 
studied on four separate occasions: during a lower insulinemic euglycemic (LinsuEgluc) clamp (white squares), a lower 
insulinemic hyperglycemic (LinsuHgluc) clamp (white circles), a hyperinsulinemic euglycemic (HinsuEgluc) clamp (black 
squares) and a hyperinsulinemic hyperglycemic (HinsuHgluc) clamp (black circles).* P < 0.001 vs. both euglycemic 
clamps.

Fibrinolysis
Fibrinolytic activity was profoundly affected by hyperinsulinemia, but not by 
hyperglycemia (Figure 3). Plasma PA activity decreased during the HinsuEgluc (to 83.0 
± 4.3%) and the HinsuHgluc clamps (to 82.5 ± 3.6%; both P < 0.05 for the difference with 
either of the two lower insulin clamps). The insulin-induced inhibition of PA activity 
was completely due to an increase in PAI-1 levels, whereas tPA antigen levels did not 
change during any of the four clamps. During the HinsuEgluc and the HinsuHgluc clamps 
PAI-1 antigen and activity levels showed a marked increase that peaked at the end of 
the 6-hours hyperinsulinemic period (both P < 0.05 for the difference with either of 
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the two lower insulin clamps). At this time point PAI-1 antigen levels had increased to 
15.8 ± 2.7 ng/ml in the HinsuEgluc clamp (a mean 2.5-fold increase relative to baseline) 
and to 18.2 ± 2.1 ng/ml in the HinsuHgluc clamp (a mean 2.9-fold increase); peak PAI-1 
activity levels had increased to 16.4 ± 2.0 ng/ml in the HinsuEgluc clamp (a mean 
2.5-fold rise) and to 17.1 ± 1.9 ng/ml in the HinsuHgluc clamp (a mean 2.8-fold rise). In 
contrast, during the LinsuEgluc clamp all fibrinolytic parameters remained constant. 
During the LinsuHgluc clamp, both PAI-1 antigen and PAI-1 activity demonstrated a 
modest increase when compared with the LinsuEgluc clamp, peaking at 8.9 ± 0.7 and 
9.0 ± 1.3 ng/ml respectively (corresponding with a mean 1.5- and 1.4-fold rise relative 
to baseline respectively), which was accompanied by a slight decrease in plasma PA 
activity reaching a nadir of 93.8 ± 2.2% (all P < 0.05 versus the LinsuEgluc clamp). Hence, 
these data suggest that hyperinsulinemia inhibits fibrinolysis by stimulating PAI-1 
secretion regardless of glucose concentrations.
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Figure 3: Hyperinsulinemia inhibits fibrinolysis irrespective of glucose levels. Mean (± SD) plasma 
concentrations of tissue-type plasminogen activator antigen (tPA, upper left panel), plasminogen activator activity 
(PA activity, upper right panel), plasminogen activator inhibitor type I (PAI-1) antigen (lower left panel) and PAI-1 
activity (lower right panel) measured in six subjects studied on four separate occasions: during a lower insulinemic 
euglycemic (LinsuEgluc) clamp (white squares), a lower insulinemic hyperglycemic (LinsuHgluc) clamp (white circles), a 
hyperinsulinemic euglycemic (HinsuEgluc) clamp (black squares) and a hyperinsulinemic hyperglycemic (HinsuHgluc) 
clamp (black circles).* P < 0.01 vs. both lower insulinemic clamps; † P < 0.05 vs. LinsuEgluc clamp.
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Discussion
Impaired fibrinolysis and increased coagulation have been implicated in the 
pathogenesis of CVD in type 2 diabetes and insulin resistance syndromes.2,3,6 We 
here demonstrate in healthy subjects that hyperglycemia and hyperinsulinemia 
exert differential effects on the coagulation and the fibrinolytic systems respectively. 
Moreover, via its design this study is the first to test the interaction between 
hyperglycemia and hyperinsulinemia within a subject. Indeed, the main finding of 
our study is that hyperglycemia selectively stimulates coagulation irrespective of 
insulin levels, whereas hyperinsulinemia inhibits fibrinolysis (primarily by enhancing 
PAI-1 secretion) irrespective of glucose concentrations. Hence, the presence of both 
hyperglycemia and hyperinsulinemia (such as in type 2 diabetes patients) has a strong 
procoagulant effect by enhancement of coagulation and simultaneous inhibition of 
fibrinolysis.

Our results indicate that a 1.5-2-fold increase in levels of PAI-1 inhibits endogenous 
fibrinolysis. This is a consistent finding in comparable studies on this subject.20,21

Several investigations studied the influence of hyperinsulinemia on the fibrinolytic 
system. Although in rabbits infusion of insulin increased PAI-1 activity,15 exogenous 
insulin administration under euglycemic and hyperglycemic conditions did not 
influence plasma PAI-1 activity in investigations in human subjects.12-14 Although 
in these human studies plasma insulin concentrations were raised to approximately 
575-650 pmol/l, these levels were maintained rather briefly considering that insulin 
was infused for only one to three hours; our investigation clearly shows that alterations 
in PAI-1 levels occur in a time dependent way with the strongest change recorded at 
the end of the 6-hour observation period. In addition, in none of the previous human 
studies12-14 somatostatin was used to suppress endogenous glucagon secretion. In 
the present study insulin concentrations around 400 pmol/l clearly enhanced PAI-1 
antigen and activity levels, which was associated with a diminished PA activity. Of note, 
during the LinsuHgluc clamp insulin release was not completely prevented, as indicated 
by the modestly higher insulin levels during this study period when compared with 
the LinsuEgluc clamp. Interestingly, even these slightly elevated insulin levels elicited 
modest increases in PAI-1 antigen and activity together with a decline in PA activity, 
suggesting that under the tightly controlled conditions of the current study, wherein 
every subject served as his own control, the effect of circulating insulin on plasma 
fibrinolytic activity was dose dependent. The production of tPA was not reduced by 
hyperinsulinemia, indicating that the increased synthesis and release of PAI-1 was 
responsible for the impaired fibrinolytic response. These insulin effects are in line with 
laboratory studies demonstrating that both insulin and proinsulin can augment PAI-1 
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expression in endothelial cells,22 vascular smooth muscle cells23 and hepatocytes24 
in vitro. In addition, even in subjects with normal glucose tolerance elevated levels 
of fasting insulin are associated with increased circulating PAI-1 levels,6 providing 
further evidence for a link between hyperinsulinemia and impaired fibrinolysis. Of 
considerable interest, atherosclerotic plaques of type 2 diabetes patients demonstrated 
enhanced PAI-1 protein levels compared with plaques from nondiabetic subjects,25 
suggesting that in patients circulating PAI-1 may partially reflect an attenuated 
intramural fibrinolytic system within arteries. In our experiments hyperinsulinemia 
influenced fibrinolysis independently from plasma glucose levels. Elevated insulin 
levels did not affect coagulation parameters. Hence, our data strongly implicate 
hyperinsulinemia (and not hyperglycemia) in impairment of fibrinolysis associated 
with type 2 diabetes and insulin resistance syndromes.

Knowledge of the selective effect of hyperglycemia on hemostasis is quite limited and 
in all instances derived from studies in which endogenous insulin secretion (occurring 
in response to artificially elevation of plasma glucose levels) was not controlled. In 
one study, plasma levels of the prothrombin fragment F1+2, indicative for thrombin 
generation, increased during an oral glucose tolerance test in both diabetic and 
healthy subjects.26 Prolonged hyperglycemia (12 mmol/l during 18-72 hours) 
induced by intravenous infusion of glucose resulted in activation of the tissue factor 
pathway of coagulation without evidence of enhanced thrombin generation; insulin 
levels were highly variable in that study.17 In the present investigation endogenous 
insulin secretion was inhibited by somatostatin,27 allowing assessment of the specific 
effect of hyperglycemia on coagulation and fibrinolysis. Our data clearly show that 
hyperglycemia causes a time dependent activation of coagulation, here measured as 
the plasma concentrations of TATc and soluble tissue factor. These alterations were 
independent of insulin levels, strongly suggesting that glucose, not insulin, triggers 
coagulation. The mechanisms by which hyperglycemia affects thrombin generation 
remain to be established. Tissue factor is the main initiator of the coagulation system.28 
Prolonged exposure (10-12 days) to high glucose levels (30 mmol/l) of human vascular 
endothelial cells did not alter tissue factor mRNA or protein expression.29 The 
previous observation that glycated albumin causes blood monocytes to produce tissue 
factor mRNA suggests that glucose may indirectly influence tissue factor function.30 
Although the precise role of soluble tissue factor is not known, the presence of increased 
levels of this marker has been shown to correlate well with increased cellular tissue 
factor expression in various conditions.31

Recently, lowering blood glucose levels by intensive insulin therapy in patients admitted 
to a surgical intensive care unit was found to reduce mortality by 34% when compared 
to patients who were conventionally treated; this reduction was primarily due to a 
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decreased mortality caused by multiple organ failure with a proven infectious focus.32 
In patients treated with insulin blood glucose levels were maintained between 4.4 and 
6.1 mmol/l, whereas in the control group glucose levels were > 10 mmol/l. Maintaining 
normoglycemia with intensive insulin therapy was found to protect the vascular 
endothelium;33 the effect of intensive insulin therapy on coagulation and fibrinolysis 
has not been reported thus far. In light of our current findings and the accepted role 
of coagulation activation in the pathogenesis of critical illness and sepsis,28,34 it would 
be of considerable interest to determine the effect of reducing glucose levels in the 
critically ill on activation of the coagulation system.  

Our study is the first to provide firm evidence for the distinct effect of elevated glucose 
and insulin levels on coagulation and fibrinolysis. It should be noted that it is only 
feasible to investigate the short term effects of hyperglycemia and/or hyperinsulinemia 
(here up to six hours) in healthy humans in a tightly controlled design such as 
implemented here; obviously type 2 diabetes and insulin resistance syndromes are 
more chronic. Nonetheless, the present data strongly suggest that hyperglycemia 
due to insulin resistance renders the patient more susceptible to thrombotic events 
by an insulin-driven impairment of fibrinolysis and a glucose-driven activation of 
coagulation.
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Abstract
Type 2 diabetes is frequently associated with infectious complications. Swift 
activation of leukocytes is important for an adequate immune response. We 
determined the selective effects of hyperglycemia and hyperinsulinemia on 
lipopolysaccharide (LPS) induced proinflammatory gene expression and cytokine 
production in leukocytes and on neutrophil functions. Six healthy humans were 
studied on four occasions for six hours: (1) lower insulinemic euglycemic clamp, 
(2) lower insulinemic hyperglycemic clamp, (3) hyperinsulinemic euglycemic 
clamp and (4) hyperinsulinemic hyperglycemic clamp. Target levels of plasma 
glucose were 12 mmol/l (hyperglycemic clamps) or 5 mmol/l (euglycemic clamps). 
Target plasma insulin levels were 400 pmol/l (hyperinsulinemic clamps) or 100 
pmol/l (lower insulinemic clamps). Hyperglycemia reduced LPS-induced mRNA 
expression of nuclear factor of kappa light polypeptide gene enhancer in B-cells 
inhibitor, alpha (NFKBIA), interleukin 1, alpha (IL1A) and chemokine (C-C motif) 
ligand 3 (CCL3), whereas hyperinsulinemia was associated with enhanced mRNA 
levels in 6 out of 8 measured inflammation related genes, irrespective of plasma 
glucose levels. Combined hyperglycemia and hyperinsulinemia led to enhanced 
IL1A, interleukin 1, beta (IL1B) and CCL3 mRNA levels upon LPS stimulation. 
Neither hyperglycemia nor hyperinsulinemia altered cytokine protein production, 
neutrophil migration, phagocytic capacity or oxidative burst activity. These 
results suggest that short-term hyperglycemia and hyperinsulinemia influence the 
expression of several inflammatory genes in an opposite direction, that the acute 
effects of hyperinsulinemia on inflammatory mRNA levels may be stronger than 
those of hyperglycemia, and that the effects of insulin may in particular be relevant 
in the concurrent presence of hyperglycemia.
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Introduction
Infection is a common and serious complication of diabetes mellitus and a well 
recognized cause of morbidity and mortality in that patient population.1-3 It has been 
estimated that infections account for up to 22% of deaths of patients with diabetes. 

One explanation for this increased sensitivity to infections may be an impaired innate 
immune response in diabetes patients. Both elevated plasma glucose and insulin, 
common features of type 2 diabetes, influence the immune system.4,5 Neutrophils play 
an important role during the early host response to infection by a coordinated series 
of effector functions that include chemotaxis, phagocytosis and the generation of 
reactive oxygen species (respiratory burst). Neutrophil chemotaxis has been reported 
to be hampered in diabetes patients.6,7 In one study, hyperglycemia has been found to 
account for this impairment,8 although another study showed no correlation between 
chemotaxis and glycemic levels in diabetes patients.9 Also, neutrophil phagocytic 
capacity of diabetes patients was reduced in some studies,7,10 although this could not 
be confirmed in other investigations.9,11 In addition, most studies12-16 except one17 
documented a negative impact of hyperglycemia on the respiratory burst capacity of 
neutrophils.

Besides neutrophil functions, the production of cytokines may also be altered by the 
presence of hyperglycemia and/or hyperinsulinemia. Diabetes patients displayed 
elevated resting levels of tumor necrosis factor (TNF)-α, interleukin (IL)-6 and 
IL-8;18-20 however, effects of glucose and insulin on lipopolysaccharide (LPS)-induced 
proinflammatory cytokine responses in vitro and in vivo are contradictory.21-25 
Hyperglycemia up-regulated the expression of several pro-inflammatory genes, 
including those encoding for  IL-1β and TNF-α in vitro;26 the latter gene via an 
increased recruitment of nuclear factor kappa-B (NFκB) p65 to the TNF-α promoter. 
These results have been confirmed in a porcine model of diabetes.27 

Studies on the effect of hyperglycemia and hyperinsulinemia on neutrophil functions 
and proinflammatory gene expression in type 2 diabetes patients do not provide 
insight in the distinct effects of elevated glucose and insulin concentrations since 
both are present at the same time. Moreover, diabetes patients almost invariably have 
other metabolic disturbances such as hyperlipidemia and increased levels of advanced 
glycation end products. In addition, to our knowledge there are no studies in humans 
investigating separate hyperglycemia without hyperinsulinemia, as experimental 
glucose infusion will induce a rapid production of insulin. Therefore, we sought to 
determine the distinct effects of short term hyperinsulinemia and/or hyperglycemia on 
inflammatory mRNA levels and neutrophil functions in healthy human volunteers.
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Methods

Subjects and Design
The present study was performed simultaneously with an investigation that 
determined the effects of short term hyperglycemia and/or hyperinsulinemia on 
coagulation and fibrinolysis. The results of that previous study have been published 
elsewhere.28 In brief, six healthy, non-smoking, male volunteers (age [mean ± SEM] 
21.7 ± 0.5 years; weight 73.2 ± 2.0 kg; body mass index: 21.8 ± 0.4 kg/m2) were studied. 
All volunteers had normal plasma values of fasting glucose and insulin, and all had 
a normal oral glucose tolerance test. The study was approved by the Medical Ethical 
Committee of the Academic Medical Center in Amsterdam and all subjects gave 
written informed consent. The study had a cross-over design, with a wash-out period 
of 4 weeks and was done in balanced assignment. Each volunteer served as his own 
control and was studied on four occasions, during a lower insulinemic euglycemic 
(LinsuEgluc) clamp (target insulin level 100 pmol/l, target glucose level 5 mmol/l), 
a lower insulinemic hyperglycemic (LinsuHgluc) clamp (insulin 100 pmol/l, glucose 
12 mmol/l), a hyperinsulinemic euglycemic (HinsuEgluc) clamp (insulin 400 pmol/l, 
glucose 5 mmol/l) and a hyperinsulinemic hyperglycemic (HinsuHgluc) clamp (insulin 
400 pmol/l, glucose 12 mmol/l). After an overnight fast the subjects were admitted to 
the clinical research unit and confined to bed. At 8:45 AM a catheter was placed into 
an antecubital vein for infusion of insulin, somatostatin, glucagon and glucose 10 or 
20%. Another catheter was inserted retrogradely into a contralateral hand vein kept in 
a thermoregulated (60 ºC) Plexiglas box for sampling of arterialized venous blood. At T 
= 0 (9 AM), infusions of somatostatin (250 µg/h; Somatostatine-ucb, UCB Pharma BV, 
Breda, the Netherlands) to suppress endogenous insulin and glucagon secretion, and 
glucagon (1 ng∙kg-1∙min-1; Glucagen, Novo Nordisk, Alphen a/d Rijn, the Netherlands) 
to replace endogenous glucagon concentrations were started; concurrently infusions of 
insulin (Actrapid, Novo Nordisk, Alphen a/d Rijn, the Netherlands) at a rate of 10 or 40 
mU∙m-2 body surface area (BSA)∙min-1 (lower or hyperinsulinemic clamp respectively) 
and glucose 10 or 20 % at a variable rate to obtain eu- or hyperglycemia were started. 
Glucose 20% was used during the LinsuEgluc clamp; in the other clamps glucose 10% 
was used to prevent the possibility of phlebitis induced by the high infusion rates that 
were required. All infusions were administered by calibrated syringe pumps (Perfusor 
fm, Braun, Melsungen AG, Germany). To clamp glucose at 5 or 12 mmol/l (eu- or 
hyperglycemic) from T = 0:00 until T = 6:00, every 5 minutes bedside plasma glucose 
concentration was measured on a Beckman glucose analyzer 2 (Beckman, Palo Alto, 
CA, USA). At T = 0:00, T = 3:00 and from T = 5:40 till T = 6:00 every ten minutes 
blood samples were drawn for determination of the concentration of plasma insulin. 

proefschrift.indb   36 28-4-2008   12:26:45



37

Hyperglycemia and hyperinsulinemia alter immune responses

Blood collection
Blood was collected directly before the initiation of the infusions (T = 0) and at the 
end of the infusions (T = 6) Leukocyte counts and differentials were determined in 
EDTA-anticoagulated blood using a Stekker analyzer (counter STKS, Coulter Counter, 
Bedfordshire, UK). Heparin-anticoagulated blood was used for all other assays. Plasma 
insulin concentrations were determined with a chemiluminiscent immunometric 
assay (Immulite 2000, Diagnostic Products Corporation, Los Angeles, CA, USA).
Whole blood stimulation and determination of mRNA expression
In order to study whole blood mRNA levels of inflammatory genes, we chose to do 
so after LPS stimulation, because non-stimulated whole blood yields very low or 
undetectable levels of inflammatory genes’ mRNA (own unpublished observations). 
Heparinized whole blood (1 ml) was diluted with an equal volume of RPMI-1640 
(GibcoBRL, Invitrogen, Breda, the Netherlands) or RPMI-1640 containing LPS 
(from E. coli O111:B4; Sigma, St Louis, MO, USA) in a final concentration of 10 
ng/ml and incubated in polypropylene tubes for 2 h at 37°C. RNA isolation and 
the mRNA expression of nuclear factor of kappa light polypeptide gene enhancer 
in B-cells 1 (p105;gene symbol NFKB1), nuclear factor of kappa light polypeptide 
gene enhancer in B-cells inhibitor, alpha (NFKBIA), interleukin 1, alpha (IL1A), 
interleukin 1, beta (IL1B), TNF-α (TNF), IL-6 (IL6), IL-8 (IL8) and chemokine (C-C 
motif) ligand 3 (CCL3) was determined using the Multiplex Ligation-dependent 

Probe Amplification (MLPA) method exactly as described before.29-31 All samples 
were tested with the same batch of reagents. The levels of mRNA for each gene 
were expressed as a normalized ratio of the peak area divided by the peak area 
of the beta-2-microglobulin gene (B2M), resulting in the relative abundance of 
mRNAs of the genes of interest.29-31

Cytokine production
Whole blood was stimulated exactly as described above, except that we stimulated 
all samples for 24 hours. Protein concentrations of TNF-α, IL-1β, IL-6 and IL-8 were 
measured in supernatants by cytometric beads array (CBA) multiplex assay (BD 
Biosciences, San Jose, CA, USA).

Neutrophil migration assay
Erythrocytes of heparinized whole blood were lysed with an ice-cold lysis buffer 
containing 155 mM NH4Cl, 10 mM KHCO3 and 0.1 mM EDTA (pH 7.4). Leukocytes 
were resuspended at 5 x 106/ml, incubated with 4 µg/ml Calcein-AM (Molecular 
Probes, Eugene, OR, USA) for 30 minutes at 37 ˚C and washed with PBS, after which 
they were resuspended at 2 x 106/ml. The chemoattractants Complement factor 5a 
(C5a) and Platelet-Activating Factor (PAF; both from Sigma, St Louis, MO, USA) were 
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both prepared in HEPES buffer at concentrations of 10 nM and 100 nM, respectively. A 
24-well plate (Multiwell, Becton Dickinson, Le Pont De Claix, France) was prefilled with 
800 μl of these chemoattractant solutions or HEPES buffer without chemoattractant. 
One well was filled with 800 μl of cell suspension. The plate was preheated at 37 ˚C 
for 5 minutes. Transwell inserts with a pore size of 3.0 μm (HTS Fluoroblok, Becton 
Dickinson, Le Pont De Claix, France) were filled with 300 μl of calcein-labeled cells 
and were placed into the Multiwell plate. The plate was placed into a Cytofluor 4000 
reader (Applied Biosystems, Foster City, CA, USA). Measurements were performed 
in triplicate every 2 minutes for 46 minutes, using excitation/emission wavelengths 
of 485/530 nm. The end point was defined as the total cell migration after 46 minutes 
and was calculated as the total extent of fluorescence increase. We also calculated 
the maximal migration velocity per minute by dividing the maximal increase in 
fluorescence observed between two measurements by two. Both measurements were 
corrected for the mean fluorescence of 800 μl of cell suspension, and for the percentage 
of neutrophilic granulocytes in the whole blood of the volunteer, and were calculated 
either as relative fluorescence units (RFU), or as delta RFU per minute (dRFU/min). 

Respiratory burst assay
NADPH-oxidase activity was assessed as hydrogen peroxide release determined 
by an Amplex Red kit (Molecular Probes, Eugene, OR, USA). Neutrophils (0.25 
x 106 /ml) were stimulated with buffer or with 100 ng/ml Phorbol 12-Myristate 
13-Acetate (PMA; Sigma, St Louis, MO, USA), in the presence of Amplex Red (0.5 
µM) and horseradish peroxidase (1 U/ml), in a black 96-well plate with a clear 
bottom (Greiner, Alphen a/d Rijn, the Netherlands). Fluorescence was measured 
with a Cytofluor 4000 platereader (Applied Biosystems, Foster City, CA, USA) using 
excitation/emission wavelengths of 530/580 nm. Measurements were performed in 
triplicate every minute for 35 minutes. The results were calculated as the maximal 
increase in fluorescence per minute. The results were corrected for the percentage of 
neutrophilic granulocytes in the whole blood of the volunteer and for the negative 
control, and depicted as increase of relative fluorescence units per minute (dRFU/
min).

Phagocytosis
The uptake of E. coli by neutrophils was analyzed essentially as described 
previously.32,33 Heat-killed E. coli were labeled with fluorescein isothiocyanate 
(FITC) (Sigma-Aldrich, St. Louis, MO, USA) and added to 100 μl of heparinized 
whole blood (bacterium/neutrophil ratio of 25:1). Bacteria and cells were incubated 
for 12 minutes at 37°C and also at 4°C as a negative control. Phagocytosis was 
stopped by immediately transferring the cells to 4°C and washing them with ice-
cold FACS buffer (phosphate-buffered saline supplemented with 0.01% NaN3, 0.5% 
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bovine serum albumin, and 0.35 mM EDTA). The cells were treated with vital 
blue stain (Orpegen, Heidelberg, Germany) to quench extracellular fluorescence, 
washed with FACS buffer, and analyzed using a FACS Calibur flow cytometer 
(Becton Dickinson, Mountain View, CA, USA). Neutrophils were gated based on 
forward and side scatter. Results are expressed as phagocytosis index, defined as the 
percentage of cells with internalized E. coli times the mean fluorescence intensity 
(corrected for the negative controls).

Statistical analysis
To analyze the effect of hyperinsulinemia and/or hyperglycemia and their interaction, 
results of the four clamps were compared using a repeated measures analysis of 
variance (repeated covariance type: compound symmetry). Data were checked for 
normal distribution and equal variances of the residuals. Depending on the results 
of these tests data were analyzed either parametrically or non-parametrically (rank-
transformed data).34 Results are presented as percentage change relative to T = 0 as 
mean (± SEM). Probability values of < 0.05 were considered statistically significant. 
Probability values of overall insulin, glucose and interaction effects are stated as 
pinsu, pgluc and pinteraction, respectively. SPSS statistical software version 12.0.1 (SPSS 
Inc, Chicago, IL, USA) was used to analyze the data.

Results

Glucose and insulin
Glucose and insulin levels during the four clamps have been reported previously.28

White blood cell count and differentiation
During all clamps a small but statistically significant decrease in total leukocyte 
counts occurred, which was primarily caused by a small decrease in neutrophil 

Table 1. Leukocyte counts and differentials
LinsuEgluc HinsuEgluc LinsuHgluc HinsuHgluc

Cell subset (106/ml) T = 0 T = 6 T = 0 T = 6 T = 0 T = 6 T = 0 T = 6
Leukocytes 5.3 ± 0.6 4.2 ± 0.3* 4.9 ± 0.3 4.0 ± 0.2* 6.0 ± 0.5 4.8 ± 0.4* 5.3 ± 0.5 4.0 ± 0.5*
Neutrophils 2.9 ± 0.6 1.8 ± 0.2* 2.5 ± 0.3 1.8 ± 0.2* 3.5 ± 0.4 2.4 ± 0.2* 2.9 ± 0.3 2.0 ± 0.4*
Lymphocytes 1.7 ± 0.2 1.8 ± 0.2 1.7 ± 0.2 1.6 ± 0.1 1.7 ± 0.2 1.7 ± 0.2 1.7 ± 0.1 1.5 ± 0.1*†
Monocytes 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.5 ± 0.1 0.4 ± 0.0 0.5 ± 0.1 0.4 ± 0.1*
Absolute leukocyte and subset counts at T = 0 and T = 6 hours, i.e. the time points at which proinflammatory gene 
expression and neutrophil functions were investigated. Results are shown as mean ± SEM. * p < 0.05 versus baseline 
of clamp; † p < 0.05 versus LinsuEgluc clamp.
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counts (p < 0.05 in all four clamps, Table 1). Importantly, leukocyte counts and 
differentials did not differ between the four clamps, with the exception of 
lymphocyte counts, which were slightly but statistically significantly lower at the 
end of the HinsuHgluc clamp. 

Proinflammatory gene expression
Whole blood that was incubated with control medium yielded very low or 
undetectable mRNA levels at both T = 0 and 6 hours (data not shown). As expected, 
LPS stimulation of blood leukocytes of all subjects at T = 0 h (Table 2) and 6 h (data 
not shown) induced a strong up-regulation of NFKB1, NFKBIA, IL1A, IL1B, TNF, 

Table 2. LPS-induced inflammatory gene expression in blood leukocytes
mRNA Genbank Expression (fold over B2M)

Med LPS
NFKB1 M58603 0,19 ± 0,01 0,77 ± 0,07*
NFKBIA NM_020529 0,70 ± 0,09 2,34 ± 0,16*
IL1A X02851 0,03 ± 0,01 1,64 ± 0,10*
IL1B M15330 0,51 ± 0,12 4,78 ± 0,19*
TNF M10988 0,06 ± 0,01 0,51 ± 0,06*
IL6 M14584 0,03 ± 0,01 2,39 ± 0,20*
IL8 M17017 0,61 ± 0,07 2,98 ± 0,25*
CCL3 NM_002983 0,33 ± 0,09 5,97 ± 0,35*
Influence of LPS stimulation on whole blood mRNA expression profiles. Whole blood drawn from untreated 
volunteers at T = 0 hours was incubated for 2 hours with either medium control (Med) or LPS. mRNA profiles of all 
samples were determined with the MLPA method. Values represent relative expression of indicated mRNA levels 
compared to mRNA levels of β2 microglobulin. Results are shown as mean ± SEM. * p < 0.0001 versus negative 
control. For samples that were below detection level (only present in the medium-stimulated group), the detection 
level was used in calculations. Differences between medium and LPS stimulation are therefore underestimated.

IL6, IL8 and CCL3 expression. To determine the effect of hyperglycemia and/or 
hyperinsulinemia on leukocyte responsiveness to LPS we expressed the extent of 
LPS-induced up-regulation of various genes at T = 6 hours as a percentage of the 
extent of LPS-induced up-regulation at T = 0 hours for each individual. Considering 
that each volunteer was studied in all four clamps, we then compared the changes 
in LPS-induced gene expression as measured at the end of each clamp (T = 6 hours) 
for each individual (Figure 1). The extent of proinflammatory gene expression did 
not change during the LinsuEgluc clamp. Hyperglycemia and hyperinsulinemia had 
distinct effects on LPS-induced proinflammatory gene expression. Hyperglycemia 
per se (in the absence of hyperinsulinemia) in general resulted in an attenuated 
LPS-induced gene expression when compared to the other three clamps; in 
particular the expression of NFKB1 (p = 0.09), NFKBIA, IL1A and CCL3 (all p < 0.05) 
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Figure 1. Influence of hyperinsulinemia and/or hyperglycemia on proinflammatory mRNA levels. Six 
subjects were studied on four separate occasions: during a lower insulinemic euglycemic (LinsuEgluc) clamp (A), a 
hyperinsulinemic euglycemic (HinsuEgluc) clamp (B), a lower insulinemic hyperglycemic (LinsuHgluc) clamp (C)  and a 
hyperinsulinemic hyperglycemic (HinsuHgluc) clamp (D). Whole blood obtained at T = 0 and T = 6h was stimulated for 
2h with LPS. White blood cells were analyzed for mRNA levels relative to mRNA levels of the B2M household gene. 
Data are the mean (± SEM) changes in mRNA level ratios at the end of the clamps relative to the change detected at 
baseline. * p < 0.05; ** p < 0.01 and *** p < 0.001; † p < 0.05 for interaction hyperglycemia and hyperinsulinemia.
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decreased when compared to the LinsuEgluc clamp. In contrast, hyperinsulinemia 
enhanced LPS-induced gene expression of several cytokine genes, and its effect on 
mRNA induction of IL1A, IL1B and CCL3 was especially clear in the concurrent 
presence of hyperglycemia. To check for an overall insulin effect, LPS-induced 
gene expression at the end of the lower insulinemic clamps was compared to gene 
expression at the end of both high insulinemic clamps. Hyperinsulinemia either 
in the presence or absence of hyperglycemia induced enhanced mRNA levels of all 
measured genes (pinsu < 0.05), except for NFKB1 (pinsu = 0.09) and TNF (pinsu = 0.16). 
Thus, hyperinsulinemia enhanced levels of several inflammation-related genes, 
and this effect was irrespective of simultaneous glucose levels for NFKBIA, IL1B, 
IL6 and IL8. We did not find an overall glucose effect on LPS-stimulated whole 
blood mRNA (pgluc > 0.05 for all measured genes). Finally, there was a significant 
interaction between hyperglycemia and hyperinsulinemia on post-clamp mRNA 
levels of IL1A and CCL3 (pinteraction < 0.05).

Figure 2. Influence of hyperinsulinemia and/or hyperglycemia on neutrophil migration, respiratory burst and 
phagocytic capacity. Six subjects were studied on four separate occasions: during a lower insulinemic euglycemic 
(LinsuEgluc) clamp (A), a hyperinsulinemic euglycemic (HinsuEgluc) clamp (B), a lower insulinemic hyperglycemic 
(LinsuHgluc) clamp (C)  and a hyperinsulinemic hyperglycemic (HinsuHgluc) clamp (D). Upper panels: neutrophil migration 
toward PAF and C5a. Lower left panel: respiratory burst induced by PMA. Lower right panel: phagocytosis of E. coli. 
Data are the mean (± SEM) values at the end of the clamps relative to the values measured at baseline. * p < 0.05; 
† p < 0.05 for interaction hyperglycemia and hyperinsulinemia.
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Cytokine expression
In a similar way as we analyzed mRNA expression, we investigated changes in LPS-
induced production of TNF-α, IL-1β, IL-6 and IL-8 as measured at T = 6 hours, for 
each individual (data not shown). There was no difference in cytokine production 
between any of the four separate clamps (p > 0.05 for all cytokines). Also, we did 
not observe any overall effect of insulin, glucose or interaction of both conditions 
on cytokine levels (pinsu, pgluc and pinteraction > 0.05 for all cytokines).

Neutrophil functions
We studied three neutrophil functions considered important for an adequate 
innate immune response to invading bacteria: migration, respiratory burst and 
phagocytosis (Figure 2). All measurements performed at T = 6 hours were expressed 
as a percentage of the values measured at T = 0 hours, and the changes in neutrophil 
functions as measured at the end of each clamp (T = 6 hours) were compared 
for each individual in the four different clamps. Neither hyperglycemia nor 
hyperinsulinemia per se influenced neutrophil functions. The only effect measured 
was an increased neutrophil migration toward PAF at the end of the HinsuHgluc 
clamp, when compared to the clamps with hyperglycemia or hyperinsulinemia 
alone. This effect was not seen when C5a was used as chemoattractant, although 
concurrent hyperglycemia and hyperinsulinemia tended to increase the maximal 
migration velocity to C5a (not shown).

Discussion
In this study we investigated the acute influence of hyperglycemia and/or 
hyperinsulinemia, using 6-hour clamps in healthy humans, on mRNA levels 
of inflammation-related genes and neutrophil function assays. In this strictly 
controlled setting, in which each subject served as his own control in four different 
conditions, hyperglycemia led to slightly decreased LPS-stimulated mRNA levels 
of NFKBIA, IL1A and CCL3 compared to euglycemia, whereas hyperinsulinemia 
caused increased mRNA levels in the majority of measured inflammatory genes. 
Relative to the effect of hyperinsulinemia alone, combined hyperglycemia and 
hyperinsulinemia led to a further increase in IL1A, IL1B and CCL3 mRNA levels. 
Six hours of hyperinsulinemia and/or hyperglycemia had no significant effects 
on cytokine protein production or on crucial neutrophil functions, although the 
combined presence of hyperinsulinemia and hyperglycemia enhanced neutrophil 
migration when PAF was used as chemoattractant. 
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The number of studies investigating the role of hyperglycemia or hyperinsulinemia 
on inflammatory gene expression is limited. In monocyte-like THP-1 cells, 72 
hours of hyperglycemia induced gene expression of several cytokines, chemokines 
and adhesion molecules.26 In the same cell line and in human monocyte-
derived macrophages, supraphysiological insulin concentrations stimulated the 
production of TNF-α mRNA and protein.22 Also in cultured human myotubes, 
supraphysiological doses of insulin induced an inflammatory transcriptional 
response.35 These last three mentioned studies examined the direct effects of either 
hyperglycemia or hyperinsulinemia, and report (with the exception of 2 out of 41 
measured genes26) small to moderate increases in proinflammatory gene expression 
profiles (from 1.5 to 5 times gene expression compared to control). Our observation 
that hyperglycemia induced lower mRNA levels of NFKBIA, which encodes the 
NFκB-inhibitor protein “inhibitor of kappa-Bα” (IκBα), is in line with observations 
that IκBα protein levels decreased in healthy humans after an oral glucose load, 
although in this last study insulin levels were not suppressed by somatostatin.36 
Despite this, mRNA levels of the pro-inflammatory genes IL1A and CCL3 were 
also lower, and NFKB1 was also not up-regulated after hyperglycemia. We do not 
have an explanation for this apparent distinction. Yet, the observed changes on 
mRNA level were not accompanied by any change in concentrations of cytokine 
proteins. The induction of acute hyperglycemia in healthy humans has previously 
been reported to induce elevations in the circulating levels of TNF-α and IL-6,37 
although these elevations were very modest, especially when compared to cytokine 
increases observed during inflammatory reactions. Plasma protein levels of 
TNF-α and IL-6 in type 2 diabetes patients are only moderately higher (1.5 – 2 
times the concentration of non-diabetic controls).38,39 To examine the effects of 
hyperglycemia and/or hyperinsulinemia after a proinflammatory stimulus, we 
studied gene expression profiles in unfractionated blood leukocytes during LPS 
stimulation. We intentionally chose to examine whole blood leukocytes in order to 
keep the cells in their hyperglycemic and/or hyperinsulinemic environment during 
the stimulation and to avoid artificial gene expression due to procedures to isolate 
specific cell types. Considering that leukocyte counts were not influenced by the 
presence of hyperglycemia and/or hyperinsulinemia, it is valid to compare LPS-
induced mRNA expression in the different clamps. Our results show that 6 hours of 
hyperglycemia and/or hyperinsulinemia lead to changes in LPS-induced expression 
of some but not all inflammatory genes evaluated. Remarkably, hyperglycemia 
seemed to reduce gene expression (significantly so for NFKBIA, IL1A and CCL3), 
whereas hyperinsulinemia enhanced the expression of 6 out of 8 measured 
inflammatory genes. The hyperinsulinemic effects on gene expression occurred 
irrespective of simultaneous plasma glucose concentrations, except for IL1A and 
CCL3. This remarkable finding implicates that in our tightly controlled setting, 
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the effects of hyperinsulinemia overrule those observed in sole hyperglycemia. 
At the same time, hyperinsulinemia enhanced expression of some of these genes 
particularly in the presence of hyperglycemia. These results suggest that: short-
term hyperglycemia and hyperinsulinemia influence the expression of several 
inflammatory genes in an opposite direction; the acute effect of hyperinsulinemia 
may be more powerful compared to hyperglycemia in vivo on inflammatory 
mRNA levels; and that the effects of insulin may in particular be relevant in the 
concurrent presence of hyperglycemia. Recently, two studies examined the effects 
of hyperinsulinemia on LPS-induced cytokine release in healthy humans in 
vivo.40,41 In both studies hyperinsulinemia modestly increased LPS-induced IL-6 
release while not influencing TNF-α levels. Other cytokines were not evaluated 
in these studies. Of note, the insulin levels achieved in these studies were much 
higher (800 – 1200 pmol/l) than in our current investigation (around 400 pmol/l). 

Type 2 diabetes has been associated with a number of neutrophil dysfunctions. 
Most (albeit not all) investigations in type 2 diabetes patients reported reduced 
neutrophil migration, phagocytic capacity and respiratory burst.4,7,9-11 Our findings 
strongly argue against an acute effect of hyperglycemia and/or hyperinsulinemia 
on these neutrophil functions, which are considered important for antibacterial 
defense. Indeed, neither hyperglycemia nor hyperinsulinemia influenced neutrophil 
migration, respiratory burst activity or phagocytic capacity, and the combined 
presence of hyperglycemia and hyperinsulinemia had an enhancing (if any) effect 
on neutrophil migration. While our studies were in progress, Fejfarova et al. also 
reported a lack of influence of short-term hyperglycemia and/or hyperinsulinemia 
on neutrophil phagocytic and respiratory burst capacity.42 Together these 
findings suggest that either chronic hyperglycemia and/or hyperinsulinemia 
impact on neutrophil functions and/or that other metabolic disturbances, such as 
hyperlipidemia or elevated levels of advanced glycation end products affect these 
functions. 

Our study examined the acute effects of hyperglycemia and/or hyperinsulinemia 
and can therefore not directly be extrapolated to chronic conditions such as type 
2 diabetes and other insulin resistance syndromes. However, it is not feasible to 
study the chronic effects of isolated hyperglycemia or isolated hyperinsulinemia, 
in particular when using a tightly controlled design, such as implemented here, in 
healthy humans. Instead, this study setup has the exclusive ability to investigate 
two key components of type 2 diabetes (hyperglycemia and hyperinsulinemia) 
unrelated from each other and from other metabolic disturbances that are part of 
type 2 diabetes. We show that acute elevations in plasma glucose and/or insulin 
levels lead to alterations in an otherwise normally functioning immune system.
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In conclusion, we here demonstrate that short-term hyperglycemia reduced 
whereas combined hyperglycemia and hyperinsulinemia stimulated several, 
but not all proinflammatory mRNA levels in blood leukocytes upon stimulation 
with LPS. Neither hyperglycemia nor hyperinsulinemia acutely affected cytokine 
concentrations or neutrophil functions.
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Abstract
Type 2 diabetes is associated with altered immune and hemostatic responses. We 
investigated the selective effects of hyperglycemia and hyperinsulinemia on innate 
immune, coagulation and fibrinolytic responses during systemic inflammation. 
Twenty-four healthy humans were studied for eight hours during clamp experiments 
in which either plasma glucose, insulin, both or none were increased, depending on 
randomization. Target plasma concentrations were 5 versus 12 mmol/L for glucose, and 
100 versus 400 pmol/L for insulin. After three hours, 4 ng/kg of E. coli endotoxin was 
injected intravenously to induce a systemic inflammatory and procoagulant response. 
Endotoxin administration induced cytokine release, activation of neutrophils, 
endothelium and coagulation, and inhibition of fibrinolysis. Hyperglycemia reduced 
neutrophil degranulation (plasma elastase levels, P < 0.001), and exaggerated 
coagulation (plasma concentrations of thrombin-antithrombin complexes and soluble 
tissue factor, both P < 0.001). Hyperinsulinemia attenuated fibrinolytic activity due to 
elevated plasminogen activator-inhibitor-1 levels (P < 0.001). Endothelial cell activation 
markers and cytokine concentrations did not differ between clamps. We conclude 
that in humans with systemic inflammation induced by intravenous endotoxin 
administration hyperglycemia impairs neutrophil degranulation and potentiates 
coagulation, whereas hyperinsulinemia inhibits fibrinolysis. These data suggest that 
type 2 diabetes patients may be especially vulnerable to prothrombotic events during 
inflammatory states.
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Introduction
Type 2 diabetes is associated with an increased risk for thrombotic complications.1 It 
has been estimated that 80% of diabetic patients die from acute arterial thrombosis, 
such as myocardial infarction and ischemic cerebrovascular events.2 Apart from the 
accelerated development of atherosclerosis in patients with diabetes, these patients were 
also found to have an increased risk of thrombotic events, explained by an increased 
procoagulant activity combined with a decreased fibrinolytic capacity.1 In addition, 
diabetic patients are prone to develop infectious diseases and more frequently die from 
infections than non-diabetic controls.3 The enhanced infection risk is, at least in part, 
related to an impaired innate immune system. Concentrations of cytokines, molecules 
that orchestrate the innate immune response, are altered in diabetic patients4,5 and 
several functions of neutrophils, specialized in the killing of invading bacteria, are 
suppressed.6

A prominent feature of type 2 diabetes is the concurrent existence of hyperglycemia 
and hyperinsulinemia. We recently demonstrated that hyperglycemia and 
hyperinsulinemia have differential and selective effects on the hemostatic balance in 
healthy humans.7 In a strictly controlled setting we showed that acute hyperglycemia 
activates coagulation independent of insulin levels, whereas hyperinsulinemia inhibits 
fibrinolysis irrespective of plasma glucose levels.7 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.8 Although diabetes and inflammatory diseases are 
procoagulant conditions by themselves, knowledge of the impact of diabetes on 
activation of coagulation during infection and inflammation is limited. Moreover, the 
influence of hyperglycemia and/or hyperinsulinemia on the hemostatic and immune 
response during systemic inflammation is not known. Such knowledge is of additional 
interest considering the recent trials in critically ill patients showing a survival benefit 
in those in whom plasma glucose concentrations were maintained within the normal 
range by intensive insulin treatment.9,10

The primary objective of the current study was to determine the distinct effects of 
hyperglycemia and hyperinsulinemia on immune and hemostatic responses during 
systemic inflammation. We used the well established model of human endotoxemia 
to elicit a reproducible inflammatory and procoagulant response in healthy subjects.11 
These subjects were challenged with intravenous lipopolysaccharide (LPS) in the 
presence of either (i) normal glucose and insulin concentrations, (ii) hyperglycemia 
(targeted at 12 mmol/L) with low insulin levels, (iii) hyperinsulinemia (targeted 
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at 400 pmol/L) with normal glucose levels or (iv) combined hyperglycemia and 
hyperinsulinemia.

Materials and Methods

Subjects
Twenty-four healthy, non smoking, male volunteers (age (mean ± SEM) 22.8 ± 
0.5 years; weight 74.4 ± 1.4 kg; body mass index: 22.2 ± 0.3) were studied. None of 
them used medication or had a positive family history of diabetes. All volunteers 
had normal plasma values of fasting glucose, insulin, erytrocyte sedimentation rate, 
complete blood count, lipid profile, renal and hepatic function and all had a normal 
oral glucose tolerance test. The study was approved by the Medical Ethical Committee 
of the Academic Medical Center in Amsterdam and all subjects gave written informed 
consent. 

Study Protocol
The clamps were performed essentially as described before.7 Each volunteer was studied 
during one of the following clamps: a lower insulinemic euglycemic (LinsuEgluc) clamp 
(target insulin level 100 pmol/L, target glucose level 5 mmol/L), a lower insulinemic 
hyperglycemic (LinsuHgluc) clamp (insulin 100 pmol/L, glucose 12 mmol/L), a 
hyperinsulinemic euglycemic (HinsuEgluc) clamp (insulin 400 pmol/L, glucose 5 
mmol/L) or a hyperinsulinemic hyperglycemic (HinsuHgluc) clamp (insulin 400 pmol/L, 
glucose 12 mmol/L). For 3 days prior to the study, all volunteers consumed a weight-
maintaining diet containing at least 250 g of carbohydrates. After an overnight fast 
the subjects were admitted to the clinical research unit and confined to bed. The study 
started at 7:30 AM with insertion of a catheter into an antecubital vein for infusion of 
insulin, somatostatin, glucagon and glucose 10 or 20%. Another catheter was inserted 
retrogradely into a contralateral hand vein kept in a thermoregulated (60 ºC) plexiglas 
box for sampling of arterialized venous blood. Saline (NaCl 0.9 %) was infused with a 
slow drip to keep the catheters patent. Figure 1 shows all infusions and measurements 
that were performed during the study. At T=-3 (8 AM), infusions of somatostatin 
(250 µg/h; Somatostatine-ucb, UCB Pharma B.V, Breda, the Netherlands) to suppress 
endogenous insulin and glucagon secretion, and glucagon (1 ng∙kg-1∙min-1; Glucagen; 
Novo Nordisk, Alphen aan den Rijn, the Netherlands) to replace endogenous 
glucagon concentrations were started; concurrently infusions of insulin (Actrapid; 
Novo Nordisk) at a rate of 10 or 40 mU∙m-2 body surface area (BSA)∙min-1 (lower 
or hyperinsulinemic clamp respectively) and glucose 10 or 20% at a variable rate 
to obtain eu- or hyperglycemia were started. Glucose 20% was used during the 
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LinsuEgluc clamp; in the other clamps glucose 10% was used to prevent the possibility 
of phlebitis induced by the high infusion rates that were required. The HinsuEgluc 
clamp had a slightly different insulin infusion regime after an interim analysis of 
glucose and insulin in 3 subjects had indicated that during the hyperglycemic clamps, 
somatostatin infusions appeared insufficient to achieve complete suppression of 
endogenous insulin production between 2 and 4 h after LPS administration (data not 
shown and not included in further analyses). In order to keep distinct lower and high 
insulin concentrations from T=2 h onwards, we included 6 new subjects in whom 
insulin infusion in the HinsuEgluc clamp was increased at this time point to 100 mU∙m-2 
BSA∙min-1. All infusions were administered by calibrated syringe pumps (Perfusor fm, 
Braun, Melsungen AG, Germany). To clamp glucose at 5 or 12 mmol/L from T=-3 
until T=5, every 5 minutes bedside plasma glucose concentration was measured on a 
Beckman glucose analyzer 2 (Beckman, Palo Alto, CA). For determination of plasma 
insulin concentration, blood samples were drawn at T=-3 and hourly from T=0 until 
T=5. From T=1:20 till T=2:00 and from T=4:40 till T=5:00 every ten minutes blood 
samples were drawn for determination of the concentration of plasma insulin. In the 
Results section the mean values of these measurements are presented for T=2 and T=5. 
At T=0, LPS (Escherichia coli lipopolysaccharide, lot G, United States Pharmacopeial 
Convention, Rockville, MD) was administered as a bolus intravenous injection at a 
dose of 4 ng/kg body weight. Oral temperature, blood pressure, heart rate, and oxygen 
saturation were measured at half-hour intervals. For all measurements except plasma 

T (hours)

Glucose

Insulin

Somatostatin 250 μg/h

All other measurements

-3          -2 -1           0 1           2 3           4 5           6 8                24

T (clock) 8            9 10          11 12         13 14         15 16         17 19 8

LPS
4 ng/kg

Glucagon 1 ng·kg -1·min -1

Insulin 40 mU·m-2 BSA·min -1

Glucose ( variable rate)

100 mU·m-2 BSA·min -1Insulin 40 mU·m-2 BSA·min -1

Insulin 10 mU·m-2 BSA·min -1Lower insulinemic clamps

Hinsu Hgluc clamp

Hinsu Egluc clamp

Every 5 minutes

Figure 1. Study design. Twenty-four subjects were studied (4 groups of 6). Somatostatin and glucagon were 
administered to all subjects using the same doses regardless of clamp type. Glucose was infused at variable rates to 
achieve plasma concentrations of 5 mmol/L (euglycemic clamps) or 12 mmol/L (hyperglycemic clamps). Insulin was 
infused at 10 mU∙m-2 BSA∙min-1 (lower insulinemic clamps) or 40 mU∙m-2 BSA∙min-1 (high insulinemic clamps). In the 
HinsuEgluc clamp, insulin infusion was increased to 100 mU∙m-2 BSA∙min-1 at T=2 h (see methods section). LPS was 
infused at T=0 h. Measurements were performed at indicated time points.
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glucose and insulin concentrations (see above), blood was collected before the initiation 
of the infusions (T=-3), directly before LPS administration (T=0) and at 0.5, 1, 1.5, 2, 3, 
4, 5, 6, 8 and 24 h thereafter. All blood samples, except those for the determination of 
leukocyte counts and differentials, were centrifuged at 3000 rpm for 10 minutes at 4°C, 
and plasma was stored at -20°C until assays were performed.

Assays
Insulin was determined by a chemiluminescent immunometric assay (Immulite, 
Diagnostic Products, Los Angeles, CA), using heparin-anticoagulated plasma. 
Coagulation and fibrinolysis assays were done using citrated plasma, with all other 
assays using EDTA plasma. Tumor necrosis factor (TNF)-α, interleukin (IL)-6, 
IL-8 and IL-10 were measured by cytometric beads array (CBA) multiplex assay 
(BD Biosciences, San Jose, CA). Soluble forms of E-selectin, intercellular adhesion 
molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1, von Willebrand 
factor, elastase12 and myeloperoxidase (MPO),13 thrombin-antithrombin complexes 
(TATc), soluble tissue factor, plasminogen activator inhibitor type 1 (PAI-1), tissue-
type plasminogen activator (tPA) and plasmin-a2-antiplasmin complexes (PAPc) 
were measured using ELISAs (E-selectin, ICAM-1 and VCAM-1: Eli-pair, Diaclone, 
Besançon, France; von Willebrand factor: Dako, Glostrup, Denmark; TATc and PAPc: 
Dade Behring, Marburg, Germany; soluble tissue factor: American Diagnostics, 
Greenwich, CT; PAI-1: TintElize PAI-1, Biopool, Umea, Sweden; tPA: Asserachrom 
tPA, Diagnostica Stago, Asnieres-sur-Seine, France). PAI-1 activity and plasminogen 
activator activity (PA activity) were measured by amidolytical assays.14,15 

Statistical analysis
All variables, except cytokines TNF-α, IL-6, IL-8 and IL-10 were normally distributed 
and are presented as mean (± SEM). Cytokines are presented as medians and 
interquartile range (IQR). All variables were rank transformed for subsequent analysis. 
To analyze the effect of hyperinsulinemia and/or hyperglycemia, their interactions and 
the effect of time, results of the four clamps were compared using a repeated measures 
analysis of variance (ANOVA). In case of the existence of an overall-effect, differences 
between clamps on separate time points were analyzed using an ANOVA followed 
by LSD post-hoc analyses. Probability values of < 0.05 were considered statistically 
significant. SPSS statistical software version 12.0.1 (SPSS Inc, Chicago, IL) was used to 
analyze the data.
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Results

Glucose and insulin
The plasma glucose and insulin levels during all clamps are depicted in Figure 2. In the 
two hyperglycemic clamps plasma glucose levels rapidly increased during the first hour 
and from -2 hours onward the extent of hyperglycemia was similar in the LinsuHgluc 
and HinsuHgluc clamps: plasma glucose levels were ~12 mmol/L, except for a temporary 
small drop between 2 and 4 h after LPS. Throughout the euglycemic clamps, plasma 
glucose levels remained at ~5 mmol/L (both P < 0.001 for the difference with either of 
the two hyperglycemic clamps). 
During clamping, insulin concentrations were statistically different between the lower 
insulinemic and hyperinsulinemic clamps, except between 2 and 4 hours after LPS 
injection when insulin concentrations increased in all clamps except the LinsuEgluc 
clamp (P < 0.001 for all time points except from T=2 until T=4 h).

Glucose

-3 -2 -1 0 1 2 3 4 5
0.0

2.5

5.0

7.5

10.0

12.5

15.0

time (h)

m
m

ol
/l

Insulin

-3 -2 -1 0 1 2 3 4 5
0

400

800

1200

1600
LinsuEgluc
HinsuEgluc
LinsuHgluc
HinsuHgluc

time (h)

pm
ol

/l

BA

Figure 2. Plasma glucose and insulin concentrations. Mean (± SE) plasma levels of glucose (A) and insulin 
(B), after LPS administration (4 ng/kg i.v., T=0 h), during one of the following conditions: an LinsuEgluc clamp (□), an 
LinsuHgluc clamp (○), an HinsuEgluc clamp (■), and an HinsuHgluc clamp (●). Glucose was measured every 5 min; insulin 
was measured at time points as described in the Methods section.

Neutrophil activation
LPS administration led to degranulation of neutrophils, as reflected by increased 
plasma concentrations of elastase and MPO (Figure 3). Hyperglycemia attenuated 
the LPS-induced increases in elastase (panel A; overall P < 0.001) and MPO (panel 
B; overall P = 0.009) levels irrespective of insulin concentrations. For elastase, these 
differences became apparent at 2 hours after LPS and were maximal at T=4 h, when peak 
elastase levels were measured. Increases in MPO concentrations were more gradual, 
with peak levels achieved during our latest measurement (T=24 h). The observed effect 
of hyperglycemia on MPO concentrations became apparent at T=5 h. LPS injection 
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induced a neutrophilic leukocytosis, which was not influenced by either glucose or 
insulin concentrations (panel C; P = 0.232 and 0.230, respectively). Therefore, acute 
hyperglycemia reduced LPS-induced neutrophil degranulation irrespective of insulin 
concentrations.
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Figure 3. Neutrophil functions. Mean (± SE) plasma levels of elastase (A) and MPO (B), and whole blood neutrophil 
numbers (C) after LPS administration (4 ng/kg i.v., T=0 h), during one of the following conditions: an LinsuEgluc clamp 
(□), an LinsuHgluc clamp (○), an HinsuEgluc clamp (■), and an HinsuHgluc clamp (●). * P < 0.05, ** P < 0.01 and *** P < 
0.001 hyperglycemic vs. euglycemic clamps.
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Figure 4. Cytokine concentrations. Median (± IQR) plasma levels of TNF-α (A), IL-6 (B), IL-8 (C), and IL-10 (D) 
after LPS administration (4 ng/kg i.v., T=0 h), during one of the following conditions: an LinsuEgluc clamp (□), an 
LinsuHgluc clamp (○), an HinsuEgluc clamp (■), and an HinsuHgluc clamp (●). P = NS.
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Cytokine concentrations
As expected, LPS administration was followed by transient rises in plasma cytokine 
concentrations (Figure 4). Throughout the experiment, neither hyperinsulinemia nor 
hyperglycemia influenced concentrations of TNF-α (P = 0.405 and 0.768, respectively), 
IL-6 (P = 0.279 and 0.818) or IL-8 (P = 0.255 and 0.167). Although IL-10 levels tended 
to be higher in the HinsuEgluc clamp, the difference with other clamps was explained 
by one subject with very high IL-10 concentrations (peak level 1392 pg/mL), and no 
differences in IL-10 levels were found upon exclusion of this one subject.

Endothelial cell activation
To assess the influence of hyperinsulinemia and hyperglycemia on endothelial cell 
activation during inflammation, we measured the plasma levels of soluble E-selectin, 
soluble ICAM-1, soluble VCAM-1 and von Willebrand factor. As anticipated, LPS 
administration elicited profound rises in the plasma levels of these proteins, which 
were not influenced by either hyperinsulinemia (P ≥ 0.289 for all parameters) or 
hyperglycemia (P ≥ 0.201 for all parameters; shown for soluble E-selectin and von 
Willebrand factor in Figure 5). 
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Figure 5. Endothelial cell activation. Mean (± SE) plasma levels of soluble E-selectin (A) and von Willebrand 
Factor (B) after LPS administration (4 ng/kg i.v., T=0 h), during one of the following conditions: an LinsuEgluc clamp (□), 
an LinsuHgluc clamp (○), an HinsuEgluc clamp (■), and an HinsuHgluc clamp (●). P = NS.

Coagulation
To investigate the influence of hyperinsulinemia and hyperglycemia on the coagulation 
system, we measured TATc and soluble TF (Figure 6). Hyperglycemia strongly elevated 
levels of TATc and soluble TF (both P < 0.001). This was already found after 3 h of 
hyperglycemia, just before LPS administration (both P < 0.001). As expected, LPS 
administration was followed by sharp increases of TATc and soluble TF. Remarkably, 
hyperglycemia led to even higher levels of both parameters compared to normoglycemia 
(P < 0.001 for overall glucose effect). Besides hyperglycemia, hyperinsulinemia also 
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potentiated the LPS-induced rises in TATc (P < 0.001 for overall insulin effect), albeit 
to a much lesser extent; soluble TF was not affected by hyperinsulinemia. Thus, 
hyperglycemia induced coagulation and aggravated LPS-induced coagulation, whereas 
hyperinsulinemia modestly enhanced the LPS-induced rise in TATc concentrations 
without influencing soluble TF levels.
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Figure 6. Coagulation markers. Mean (± SE) plasma levels of TATc (A) and soluble TF (B) after LPS administration 
(4 ng/kg i.v., T=0 h), during one of the following conditions: an LinsuEgluc clamp (□), an LinsuHgluc clamp (○), an 
HinsuEgluc clamp (■), and an HinsuHgluc clamp (●). * P < 0.05 and *** P < 0.001 hyperglycemic vs. euglycemic clamps; 
† P < 0.05 hyperinsulinemic vs. lower insulinemic clamps.

Fibrinolysis activation
To investigate the influence of hyperinsulinemia and hyperglycemia on inflammation-
induced activation of fibrinolysis, we measured markers of the fibrinolytic system 
(Figure 7). Hyperinsulinemia strongly influenced all measured parameters (P < 0.001 
for overall insulin effect for all fibrinolytic parameters). LPS injection was followed 
by a rapid and transient increase in PA activity. Hyperinsulinemia was associated 
with a reduced PA activity, especially in the first 3 hours after LPS administration. 
Analysis of PAPc levels revealed a similar insulin effect. Although peak levels were 
not significantly different, hyperinsulinemia was accompanied by lower PAPc levels, 
especially from 2 till 6 h after LPS. Antigen concentrations of t-PA and PAI-1, and PAI-1 
activity were more increased in both hyperinsulinemic clamps compared to the lower 
insulinemic clamps. The influence of hyperinsulinemia was most profound on PAI-1 
antigen and activity. Already before LPS injection, hyperinsulinemia almost doubled 
plasma levels and activity, whereas the differences in peak levels and activity (at T=4 h) 
were almost of the same magnitude. Thus, hyperinsulinemia increased both activation 
and inhibition of fibrinolysis during endotoxemia; the net effect of hyperinsulinemia 
was a reduced LPS-induced activation.
Besides the insulin effects on fibrinolysis, an overall glucose effect appeared to be 
present with regard to LPS-induced PA activity (inhibitory effect; P < 0.001) and PAI-1 
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release (stimulatory effect; P = 0.008). However, this effect was visible at fewer separate 
time points compared to the hyperinsulinemia effect. Also, differences between 
average euglycemic and hyperglycemic plasma levels of PA activity and PAI-1 were not 
as big as differences between average lower and high insulin plasma levels.

Discussion
This study demonstrates for the first time that, during a systemic inflammatory 
response induced by an intravenous injection of endotoxin, acute hyperglycemia and/
or hyperinsulinemia have differential effects on several aspects of innate immunity, 
coagulation and fibrinolysis. We show that hyperglycemia attenuates inflammation-
induced neutrophil activation and aggravates coagulation, whereas hyperinsulinemia 
strongly reduced fibrinolytic activity induced by inflammation, due to an exaggerated 
PAI-1 induction and despite higher t-PA concentrations. Hyperglycemia and 
hyperinsulinemia did not influence cytokine release or endothelial activation in this 
model of human endotoxemia.
Several studies investigated the effects of hyperglycemia and/or hyperinsulinemia on 
innate immune responses. Not only in diabetes,6 but also during acute hyperglycemia16 
leukocyte functions are decreased. These studies did not investigate separate effects 
of hyperglycemia and/or hyperinsulinemia, and none assessed leukocyte functions in 
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Figure 7. Fibrinolysis markers. Mean (± SE) plasma levels of PA activity (A), PAPc (B), t-PA antigen (C), PAI-1 
antigen (D) and PAI-1 activity (E) after LPS administration (4 ng/kg i.v., T=0 h), during one of the following conditions: 
an LinsuEgluc clamp (□), an LinsuHgluc clamp (○), an HinsuEgluc clamp (■), and an HinsuHgluc clamp (●). * P < 0.05, ** P 
< 0.01 and *** P < 0.001 hyperinsulinemic vs. lower insulinemic clamps; † P < 0.05 hyperglycemic vs. euglycemic 
clamps.
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an in vivo model of enhanced leukocyte activity, i.e. under inflammatory conditions. 
Our finding that hyperglycemia impaired LPS-induced elastase and MPO release, 
suggests that an acute elevation of circulating glucose concentrations under systemic 
inflammatory conditions diminishes the capacity of neutrophils to secrete protease 
contained within their (azurophilic) granules. Indeed, proteases within azurophilic 
granules are important for the antimicrobial action of neutrophils, and proteases 
secreted from neutrophils can form neutrophil extracellular traps with chromatin that 
facilitate the elimination of bacteria.17 The decreased elastase and MPO concentrations 
during acute hyperglycemia could not be explained by neutrophil counts, as clamping 
did not influence these cell numbers. Some evidence exists that diabetic patients have 
higher neutrophil counts compared to non-diabetic subjects18 and that total leukocyte 
and neutrophil counts are correlated to insulin levels in diabetic patients.19 Of note, 
hyperinsulinemia tended to increase the neutrophilic leukocytosis at 24 hours after 
LPS injection (non significant).

Diabetes is regarded as a proinflammatory state based on findings of mildly elevated 
basal plasma cytokine levels. In a non-inflammatory state, concentrations of TNF-α 
and IL-6 are usually below 5 pg/mL whereas concentrations in diabetic patients are 
increased up to three-fold.4,5 However, during acute inflammation, concentrations of 
these cytokines can temporarily increase into the ng/mL range. We here sought to 
reproduce an acute inflammatory state in a metabolic background of hyperinsulinemia 
and/or hyperglycemia by intravenous injection of LPS. The assessment of cytokine 
concentrations during combined states of inflammation and metabolic disturbances 
that occur during diabetes has been the subject of previous research, however with 
variable results. In rats, acute hyperglycemia increased IL-6 and TNF-α levels after 
exposure to a low dose of intravenous LPS compared to normoglycemia, but cytokine 
increases were equal after a high LPS dose.20 In human volunteers who received LPS 
intravenously, IL-6 concentrations were augmented during hyperinsulinemia21 and 
during combined hyperglycemia and hyperinsulinemia,22 while TNF-α concentrations 
were unaffected by clamping. Of note, the effect of separate hyperglycemia was not 
evaluated in these human studies, and the insulin levels were outside the physiological 
range and much higher (800 – 1200 pmol/L) than in our current investigation (around 
400 pmol/L for the major part of the clamps), which may explain at least in part why 
we did not find an insulin effect on cytokine levels.

The influence of hyperglycemia and hyperinsulinemia on endothelial cells and 
markers of endothelial cell activation has been investigated previously. Endothelial 
cells in hyperglycemic culture medium expressed increased ICAM-1, VCAM-1 
and E-selectin.23 In type 2 diabetic patients, the concentrations of soluble adhesion 
molecules correlated with fasting plasma glucose and HbA1c values, indicating that 
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endothelial cell activation is present during chronic hyperglycemia.24 The authors also 
showed that soluble E-selectin levels correlated with fasting insulin concentrations. The 
effect of acute hyperglycemia is less clear-cut, as an oral glucose load either increased25 
or decreased26 endothelial cell activation markers in type 2 diabetes patients. 
Endotoxemia27 and sepsis28 are known to induce soluble E-selectin release. To our 
knowledge we are the first to investigate endothelial cell activation under combined 
inflammatory and acute hyperglycemic and/or hyperinsulinemic conditions; in this 
study setup neither hyperglycemia nor hyperinsulinemia contributed further to the 
inflammation-induced activation of the vascular endothelium.

The influence of selective hyperinsulinemia on hemostasis in vivo has been investigated 
earlier. Samad and coworkers demonstrated that insulin increased PAI-1 concentrations 
in mice, and that PAI-1 gene expression and glucose transport are mediated by different 
insulin signaling pathways.29 Indeed, elevated levels of fasting insulin are associated 
with increased circulating PAI-1 (and t-PA antigen) levels in humans, even in subjects 
with normal glucose tolerance.30 Some investigators who infused exogenous insulin 
under euglycemic and hyperglycemic conditions did not measure altered plasma PAI-1 
activity.31,32 In our previous clamp study we demonstrated a time-dependent increase 
in PAI-1 activity during up to 6 h of selective hyperinsulinemia.7 Importantly, this 
latter study is the only one in which glucagon secretion was suppressed by somatostatin, 
which is of relevance considering that glucagon itself may influence PAI-1 activity.33 Our 
current investigation not only reproduced the acute effect of insulin on PAI-1 antigen 
levels and activity in the absence of an inflammatory stimulus (i.e. during the first 3 hours 
of the clamps, directly before LPS was administered), but also shows that the insulin 
effect is of the same magnitude during systemic inflammation, a condition known 
to increase PAI-1 activity by itself.34,35 The fact that hyperinsulinemia induced more 
t-PA during endotoxemia could not prevent that net fibrinolytic activity, as measured 
by PA activity, was relatively inhibited under hyperinsulinemic conditions. Therefore, 
it is likely that during inflammatory states, the presence of hyperinsulinemia leads to 
a decreased fibrinolytic activity, independent of glucose concentrations. Research on 
selective hyperglycemia on hemostasis is scarce, as induction of hyperglycemia almost 
immediately leads to concurrent insulin secretion. In our previous study we also 
used somatostatin to suppress endogenous insulin secretion during hyperglycemia; 
we demonstrated that hyperglycemia induces TATc and soluble TF irrespective of 
insulin levels.7 We here confirmed that acute hyperglycemia enhances coagulation in 
the absence of an inflammatory stimulus and in addition show that combined states 
of inflammation and hyperglycemia have additive effects on the coagulation system. 
This seemed particularly the case for soluble TF. More downstream in the coagulation 
cascade, TATc concentrations were also more increased by hyperglycemia, although 
we also measured extra TATc induction by hyperinsulinemia (albeit this effect was 
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quite weak). Therefore we cannot exclude that hyperinsulinemia may also be capable 
to somewhat potentiate coagulation during a systemic inflammatory response. Of 
note, hyperinsulinemia did not have an effect on coagulation in the absence of an 
inflammatory stimulus (this study and ref. 10). Activation of coagulation in this model 
of human endotoxemia is mediated by TF.34 As such, it would have been of interest 
to measure TF activity in blood. Aras and colleagues demonstrated an increase in TF 
activity associated with microparticles and whole blood after LPS administration to 
healthy humans.36 Samples for these measurements were not collected during our 
study. It should be noted, however, that at least part of TF activity generated upon 
intravenous LPS injection is likely to be produced by cellular sources not present in 
blood drawn by venipuncture (e.g. monocytes attached to activated endothelium, 
endothelial cells and/or tissue macrophages). Together our data indicate that the 
combination of systemic inflammation and acute elevations in plasma glucose and/
or insulin in vivo induces excess coagulation (hyperglycemia and to a lesser extent 
hyperinsulinemia) and reduced fibrinolytic activity due to excess PAI-1 activity 
(hyperinsulinemia and to a lesser extent hyperglycemia).

What is the clinical relevance of our findings and can our results be extrapolated to 
certain patient populations? The tightly controlled study design that we used for this 
investigation, makes it logistically impossible to study distinct effects of hyperglycemia 
and hyperinsulinemia for longer periods of time in humans in vivo. Therefore, it is 
difficult to explain immune defects and hemostatic derangements of patients with 
type 2 diabetes or insulin resistance syndromes by extrapolation of our findings, 
also because these patients frequently have other metabolic disturbances such as 
hyperlipidemia. Nevertheless, our results are in line with the decreased neutrophil 
function and hemostatic imbalance that are found in diabetic patients.1,6 In addition, 
our results can be viewed upon in the context of acute hyperglycemia and acute insulin 
resistance which are very common in various patient populations. In consecutive 
hospitalized patients, hyperglycemia was present in 38% and one third of these 
patients had no history of diabetes before hospital admission. Importantly, mortality 
and morbidity of acute hyperglycemic patients are consistently higher compared 
to those with normoglycemia.37 Furthermore, correction of acute hyperglycemia 
improves the outcome of critically ill patients.9,10 Although in our study, performed 
in healthy humans, some LPS-induced responses were relatively modestly influenced 
by hyperinsulinemia and/or hyperglycemia, the data obtained in patients with 
concurrent diseases and/or other metabolic disturbances1,6,9,10,37 combined with our 
present findings suggest that hyperglycemia and hyperinsulinemia can worsen the 
hypercoagulable state and immune defects that occur during severe illness.
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Although we used somatostatin to suppress endogenous insulin and glucagon 
production during all clamps, we did not achieve complete suppression: from 2 till 4 
hours after LPS administration, somatostatin concentrations did not completely block 
hyperglycemia-driven insulin production in the hyperglycemic clamps. Importantly, 
before and after this time-window somatostatin suppression seemed adequate, as 
indicated by a clear separation between high and low glucose and insulin levels. 
Apparently, factors in the early inflammation phase interfered with the suppressive 
effect of somatostatin. Using a higher dose of somatostatin would have been difficult 
because this can have nausea as a side effect. Using the current dose, the combination 
with endotoxin already induced nausea in 19 out of 24 volunteers. Therefore and 
considering the fact that in the human endotoxemia model the first two hours after LPS 
administration are most important for immune and coagulant responses to develop,11 
we chose to adjust the protocol for the HinsuEgluc clamp to keep sufficient distinction 
between glucose and insulin levels in the four different clamps.

In conclusion, our results provide evidence that during systemic inflammation, 
hyperglycemia and hyperinsulinemia exert acute and differential effects on innate 
immune and hemostatic responses. Hyperglycemia diminishes inflammation-
induced neutrophil degranulation and exacerbates procoagulant responses, whereas 
hyperinsulinemia inhibits fibrinolysis during the early inflammatory reaction due to 
extra stimulation of PAI-1 activity.
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Abstract
Leptin is a pleiotrophic protein mainly produced by adipocytes that has been implicated 
as a link between nutritional status and immune function. Severe bacterial infection 
is associated with elevated plasma levels of leptin. To determine the role of leptin 
in the host response to bacterial pneumonia leptin deficient ob/ob mice and normal 
wild-type (WT) mice were intranasally infected with different doses of the Gram-
positive pathogen Streptococcus (S.) pneumoniae or the Gram-negative bacterium 
Klebsiella (K.) pneumoniae. After infection with lower doses of either pathogen ob/ob 
mice displayed lower pulmonary levels of proinflammatory cytokines, in particular 
tumor necrosis factor-α and chemokines. However, after infection with a higher dose 
of S. pneumoniae or K. pneumoniae the lung concentrations of these inflammatory 
mediators did not differ between ob/ob and WT mice. In addition, the extent and 
severity of lung inflammation, as assessed by semi-quantitative histopathology scores, 
were similar in both mouse strains. Finally, leptin deficiency did not impact on the 
bacterial outgrowth in the lungs during either Gram-positive or Gram-negative 
pneumonia irrespective of the infective dose. These data suggest that although leptin 
may play a modest role in the regulation of inflammation during bacterial pneumonia, 
it does not contribute to host defense mechanisms that act to limit the outgrowth of S. 
pneumoniae or K. pneumoniae in the lower airways. 
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Introduction
Leptin is a 16 kDa pleiotrophic protein encoded by the obese (ob) gene. Leptin belongs 
to the long-chain helical cytokine family that also includes interleukin (IL-)6, IL-2 
and IL-15 and is mainly produced by white adipocytes.  In the circulation, leptin is 
bound to plasma proteins or its soluble receptor ObRe. Leptin signals via the long 
isoform of the leptin receptor ObRb which is present centrally in the hypothalamus. 
Furthermore, ObRb expression has also been demonstrated in a variety of tissues and 
cells like lung, pancreas, hematopoietic stem cells, blood mononuclear cells, T and B 
lymphocytes, endothelial cells and the reproductive organs.1-10 
The most important biological properties attributed to leptin are its effects on feeding, 
metabolism and the neuroendocrine axis.11,12 However, several independent studies 
reported that during the early phase of sepsis, after systemic endotoxin administration 
and during the acute phase response, circulating leptin levels are elevated in humans 
and mice.13-19 Furthermore, leptin deficiency has been associated with an increased 
frequency of infection.6,20-22

Recently, Mancuso et al. investigated the role of leptin in host defense against 
respiratory tract infection in a murine model of Klebsiella (K.) pneumoniae 
pneumonia.23 Leptin deficient ob/ob mice were found to exhibit a reduced resistance 
against Klebsiella pneumonia as reflected by an enhanced bacterial outgrowth and a 
reduced survival. In the current study our primary objective was to determine the role 
of leptin in the immune response to Gram-positive pneumonia caused by Streptococcus 
(S.) pneumoniae, the most commonly isolated pathogen in patients with community-
acquired pneumonia.24,25 When we unexpectedly found that ob/ob mice displayed 
a similar rather than an accelerated outgrowth of pneumococci, we expanded our 
studies to experiments in which ob/ob mice were infected with K. pneumoniae. We here 
report, in contrast to the findings by Mancuso et al.,23 that although ob/ob mice show 
an altered inflammatory response against both Gram-positive and Gram-negative 
pneumonia, leptin deficiency does not influence bacterial growth in the lungs.

Material and Methods

Animals
Ten- to 12-week-old male leptin deficient ob/ob mice on a C57Bl/6 background as 
well as wild-type (WT) C57Bl/6 control mice were obtained from Harlan Nederland 
(Horst, The Netherlands). The Animal Care and Use Committee of the University of 
Amsterdam approved all experiments.
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Induction of pneumonia
Pneumonia was induced as described previously.26-28 Briefly, for Gram-positive 
pneumonia, S. pneumoniae serotype 3 (ATCC 6303) were grown for 6 h to mid-
logarithmic phase at 37°C using Todd-Hewitt broth (Difco, Detroit, MI). In order to 
induce Gram-negative pneumonia, K. pneumoniae serotype 2 (ATCC 43186) was grown 
for 5 h to mid-logarithmic phase at 37°C using Tryptic Soy broth (Difco, Detroit, MI). 
Both strains were harvested by centrifugation at 1500xg for 15 min, and washed twice 
in sterile isotonic saline. Bacteria were then resuspended in sterile isotonic saline at a 
concentration of 3 x 103 to 5 x 105 CFUs/50µl, as determined by plating serial 10-fold 
dilutions on sheep-blood agar plates. Mice were lightly anesthetized by inhalation of 
isoflurane (Upjohn, Ede, The Netherlands) and 50 µl (containing 3 x 103 to 5 x 105 
CFU, depending on the experiment) was inoculated intranasally (i.n.). The infectious 
doses of S. pneumoniae and K. pneumoniae respectively were based on our previous 
investigations.26,27 

Determination of bacterial outgrowth
Six or 48 h after infection, mice were anesthetized with Hypnorm® (Janssen 
Pharmaceutica, Beerse, Belgium; active ingredients fentanyl citrate and fluanisone) 
and midazolam (Roche, Mijdrecht, the Netherlands) and sacrificed by bleeding out the 
vena cava inferior. Blood was collected in EDTA containing tubes. Whole lungs were 
harvested and homogenized in 4 volumes of sterile saline using a tissue homogenizer 
(Biospec Products, Bartlesville, OK). CFUs in lungs and blood were determined 
from serial dilutions of lung homogenates and blood, plated on blood agar plates and 
incubated at 37°C for 16 h before colonies were counted.

Preparation of lung homogenates for cytokine measurements
For cytokine measurements, lungs were excised, weighed and homogenized in 0.9 % 
NaCl (1:5, weight/vol). Lung homogenates were then diluted with an equal volume 
of lysis buffer (pH 7.4) containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM 
CaCl2, 1% Triton X-100, and Pepstatin A, Leupeptin and Aprotinin (all 20 ng/ml; 
Sigma, St. Louis, MO) and incubated at 4°C for 30 min. Homogenates were centrifuged 
at 1500xg at 4°C for 15 min, and supernatants were stored at –20 °C until assays were 
performed. 

Assays
Leptin, IL-1β, IL-6, IL-10, Tumor Necrosis Factor α (TNF), cytokine-induced 
neutrophil chemoattractant (KC) and macrophage inflammatory protein (MIP)-2 
were measured using specific ELISAs (R&D Systems, Minneapolis, MN) according to 
the manufacturer’s instructions. The detection limits were 40 pg/mL for leptin, 31 pg/
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ml for IL-6, IL-1β, IL-10 and TNF, 37 pg/ml for KC and 187 pg/ml for MIP-2. Plasma 
concentrations of cytokines/monocyte chemoattractant protein-1 (MCP-1) were 
analyzed by Cytometric Bead Array (CBA, Pharmingen, San Diego, CA) according to 
the manufacturers’ instructions. The detection limits were 12.5 pg/mL for cytokines/ 
MCP-1 measured with CBA.

Histologic examination 
Lungs were removed and fixed in 10% buffered formalin in PBS for 24 h and embedded 
in paraffin. Hematoxilin and eosin stained slides were coded and semi-quantitatively 
scored for inflammatory parameters by a pathologist who was not aware of the origin 
of the tissue samples. To score lung inflammation and damage, the entire lung surface 
was analyzed with respect to the following parameters: interstitial inflammation 
(influx of cells into the lung interstium), edema (accumulation of fluid surrounding 
vessels of the lung), endothelialitis, bronchitis and pleuritis. Each parameter was 
graded on a scale of 0 to 4, with 0: absent, 1: mild, 2: moderate, 3: severe and 4: very 
severe. Endothelialitis and bronchitis are the inflammation of lung endothelium and 
the bronchi respectively (scores from normal (0) to severe (4): The vessels or bronchi 
are fully occupied by inflammatory cells). Pleuritis is inflammation of the outer 
membranes of the lung and the scoring of pleuritis grades the thickening of the pleura 
of the lung due to inflammation. The total “lung inflammation score” was expressed as 
the sum of the scores for each parameter, the maximum being 20.26,29

Statistical analysis
Data are expressed as mean ± SEM. Two sample comparisons were performed by 
Mann Whitney U test using GraphPad Prism version 4.00, GraphPad Software (San 
Diego, CA). Comparisons between multiple groups were performed using Kruskall-
Wallis test with Dunn’s Multiple Comparison a post test. P < 0.05 was considered to be 
statistically significant.

Results

Leptin levels are increased locally during lung infection 
To determine whether leptin is present in the lung during S. pneumoniae and K. 
pneumoniae pneumonia, leptin levels were measured in lung homogenates of WT 
mice 48h after infection (fig. 1). Pulmonary leptin levels were elevated during both S. 
pneumoniae and K. pneumoniae pneumonia.
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Reduced levels of cytokines and chemokines in ob/ob mice during infection
The local production of pro-inflammatory cytokines and chemokines is considered 
a major host defense mechanism in response to bacteria that invade the respiratory 
tract.30-32 We therefore infected ob/ob and WT mice with two doses of either S. 
pneumoniae or K. pneumoniae and determined the levels of the cytokines TNF, IL-1β, 
IL-6 and IL-10 and the chemokines KC and MIP-2 in lung homogenates at 48h after 
infection (table 1). Ob/ob mice displayed lower lung concentrations of cytokines and 
chemokines after infection with the lower dose of either S. pneumoniae (105 CFU) or 
K. pneumoniae (3 x 103 CFU) albeit not all differences reached statistical significance 
(table 1). The most consistent finding was reduced lung TNF levels in ob/ob mice upon 
infection with low dose S. pneumoniae or K. pneumoniae. Of note, lung cytokine and 
chemokine concentrations did not differ between ob/ob and WT mice after infection 
with higher doses of either S. pneumoniae (5 x 105 CFU) or K. pneumoniae (104 CFU)
(table 1). The pulmonary levels of the anti-inflammatory cytokine IL-10 did not 
differ between mouse strains in any of the experiments (table 1). In addition to local 
cytokines and chemokines, we measured TNF, IL-6, IFNγ, MCP-1 and IL-10 in plasma 
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A B Figure 1: Lung leptin levels. Leptin 
concentrations in lung homogenates of WT 
mice 48h after i.n. infection with different doses 
of S. pneumoniae (A; x105) or K. pneumoniae 
(B; x104).  Data are mean  SEM of 8 mice per 
group. *P < 0.05, **P < 0.01, ***P < 0.001, all 
versus t = 0. 

Table 1. Lung cytokine and chemokine levels 48h post-infection
TNF IL-1β IL-6 KC MIP-2 IL-10
WT ob/ob WT ob/ob WT ob/ob WT ob/ob WT ob/ob WT ob/ob

5 x 105  CFU 4.5±1.1 5.5±1.0 5.3±1.9 5.0±2.2 6.1±1.4 5.2±1.2 3.6±0.5 3.2±0.3 10.8±1.9 9.8±2.5 4.5±0.5 4.3±1.0
S. pneu
1 x 105  CFU 0.9±0.4 0.02±0.02** 2.4±1.0 0.8±0.5* 1.9±1.1 0.6±0.3 4.0±1.8 3.9±0.5 4.3±1.6 2.2±1.1 1.9±0.4 1.4±0.05
S. pneu
1x 104  CFU 4.5±1.3 3.3±1.6 4.5±1.6 2.9±0.9 1.4±0.5 1.5±0.7 13.8±4.2 5.1±1.7 2.7±0.5 2.4±0.1 1.2±0.1 1.0±0.1
K. pneu
3 x 103  CFU 0.5±0.2 0.2±0.03* 3.9±1.2 1.5±0.5 1.8±0.6 0.5±0.2* 10.8±2.1 4.7±0.7* 2.1±0.5 0.9±0.1* 1.5±0.1 1.4±0.1
K. pneu
WT and ob/ob mice were infected with indicated inocula of S. pneumoniae and K. pneumoniae. After 48 h, mice were 
sacrificed, lungs were removed and TNF, IL-1, IL-6, KC, MIP-2 and IL-10 and were determined using ELISA (ng/
mL). Data are means ± SEM, n = 8 mice per group; *P<0.05, ** P < 0.01 versus WT
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after 48h of infection with the low dose S. pneumoniae and K. pneumoniae. Again, we 
found a modest trend towards lower levels of cytokines and chemokines, but none of 
these reached statistical significance (table 2).

Similar histopathology in infected lungs from WT and ob/ob mice
To further evaluate the role of leptin in lung inflammation, histological slides 
prepared from lungs harvested 48h after infection were scored for signs of pulmonary 
inflammation. Ob/ob and WT mice demonstrated no differences in lung inflammation 
scores after infection with the different inocula of S. pneumoniae or K. pneumoniae 
(table 3). Figure 2 shows representative slides of WT (fig. 2 A and C) and ob/ob (fig. 2 
B and D) mice infected with either 1 x 105 CFU of S. pneumoniae (fig. 2 A and B) or 
3 x 103 CFU of K. pneumoniae (fig. 2 C and D). In both types of pneumonia, pleuritis 
and interstitial inflammation were predominant features of pneumonia and the mice 
displayed signs of inflammation of the small vessels and bronchi of the lung. WT and 
ob/ob mice did not differ in the percentage of mice presenting with areas of confluent 
pneumonia in any of the experiments (data not shown). 

Table 1. Lung cytokine and chemokine levels 48h post-infection
TNF IL-1β IL-6 KC MIP-2 IL-10
WT ob/ob WT ob/ob WT ob/ob WT ob/ob WT ob/ob WT ob/ob

5 x 105  CFU 4.5±1.1 5.5±1.0 5.3±1.9 5.0±2.2 6.1±1.4 5.2±1.2 3.6±0.5 3.2±0.3 10.8±1.9 9.8±2.5 4.5±0.5 4.3±1.0
S. pneu
1 x 105  CFU 0.9±0.4 0.02±0.02** 2.4±1.0 0.8±0.5* 1.9±1.1 0.6±0.3 4.0±1.8 3.9±0.5 4.3±1.6 2.2±1.1 1.9±0.4 1.4±0.05
S. pneu
1x 104  CFU 4.5±1.3 3.3±1.6 4.5±1.6 2.9±0.9 1.4±0.5 1.5±0.7 13.8±4.2 5.1±1.7 2.7±0.5 2.4±0.1 1.2±0.1 1.0±0.1
K. pneu
3 x 103  CFU 0.5±0.2 0.2±0.03* 3.9±1.2 1.5±0.5 1.8±0.6 0.5±0.2* 10.8±2.1 4.7±0.7* 2.1±0.5 0.9±0.1* 1.5±0.1 1.4±0.1
K. pneu
WT and ob/ob mice were infected with indicated inocula of S. pneumoniae and K. pneumoniae. After 48 h, mice were 
sacrificed, lungs were removed and TNF, IL-1, IL-6, KC, MIP-2 and IL-10 and were determined using ELISA (ng/
mL). Data are means ± SEM, n = 8 mice per group; *P<0.05, ** P < 0.01 versus WT

Table 2. Plasma cytokine and chemokine concentrations 48h post-infection
TNF IL-6 IFNγ MCP-1 IL-10

WT ob/ob WT ob/ob WT ob/ob WT ob/ob WT ob/ob
1 x 105  CFU 113±60 13±0.5 108±70 23±10 56±21 BD 184±70 78±20 17±4 25±12
S. pneu
3 x 103  CFU 90±20 70±23 179±57 82±21 84±35 69±33 462±167 585±332 38±17 BD
K. pneu
WT and ob/ob mice were infected with 1x105 CFU of S. pneumoniae and 3x103 CFU of K. pneumoniae. After 48 h, 
mice were sacrificed,by bleeding out the vena cava inferior. TNF, IL-6, IFN, MCP-1 and IL-10 and were determined 
using CBA (pg/mL). Data are means ± SEM, n = 8 mice per group; BD is below detection limit 
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Leptin deficiency does not influence bacterial outgrowth 
To study whether leptin deficiency interferes with the outgrowth of respiratory 
pathogens during bacterial pneumonia, we determined the number of CFU in lungs 
of WT and ob/ob mice obtained 48h after infection with 105 or 5 x 105 S. pneumoniae 
or with 3 x 103 or 104 K. pneumoniae. In none of these experiments differences were 
found between ob/ob and WT mice (fig. 3). In addition, the percentage of mice with 

Figure 2: Lung histopathology.  Representative histologic sections of lungs of WT (A, C) and ob/ob (B, D) mice 
sacrificed 48 h after infection with either 1 x 105 S. pneumoniae (A, B) or 3 x 103 K. pneumoniae (C, D). Hematoxilin 
& eosin staining, magnification x20.

Table 3. Lung inflammation scores 48 h after infection
Infection WT ob/ob
1 x 105 CFU S. pneumoniae 3.5 ± 0.6 2.6 ± 0.3
5 x 105 CFU S. pneumoniae 8.0 ± 2.0 10.2 ± 2.2
3 x 103 CFU K. pneumoniae 3.9 ± 0.5 4.8 ± 0.6
1 x 104 CFU K. pneumoniae 5.6 ± 1.1 5.8 ± 0.5
WT and ob/ob mice were infected with the indicated inocula of S. pneumoniae and K. pneumoniae. After 48h mice 
were sacrificed, lungs were removed; hematoxillin/eosin stained slides were prepared and scored (see Methods for 
details). Data are means ± SEM, n = 8 mice per group. Differences between groups were not significant.
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positive blood cultures was not different between groups although ob/ob mice tended 
to have fewer positive blood cultures after infection with the lower S. pneumoniae 
dose (fig. 3). To examine whether leptin deficiency impacts on the very early immune 
response to respiratory pathogens we infected ob/ob and WT mice with 1 x 105 CFU S. 
pneumoniae and 3 x 103 CFU K. pneumoniae and prepared homogenates from lungs 
harvested 6h post infection. Again no differences in pulmonary bacterial loads were 
detected between WT and ob/ob mice (data not shown).

Discussion
Leptin is a multifunctional protein that exerts its main effects on food regulation and 
basal metabolism. More recent research focused on the effects of leptin on the immune 
system. It has been hypothesized that leptin deficiency caused by malnutrition as well 
as leptin resistance caused by obesity can lead to an altered inflammatory response, 
reduced Th1 responses and possibly reduced protection against infection.33,34 One 
study indeed demonstrated that children deficient in leptin exhibit an impaired cell-
mediated immune response and an increased incidence of infectious diseases.20 In 
line, we recently demonstrated a role for leptin in the protective immune response to 
experimentally induced lung tuberculosis in mice.35 

Little is known about the role of leptin in bacterial infections. Mancuso et al. reported 
about the role of leptin in K. pneumoniae induced pulmonary infection using ob/ob 
mice.23 In this acute Gram-negative pneumonia, ob/ob mice exhibited an enhanced 
bacterial outgrowth and a reduced survival; similar to our study local lung leptin levels 
were elevated in WT mice. The diminished resistance against Klebsiella pneumonia 
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Figure 3: Bacterial outgrowth. WT and ob/ob mice were inoculated with 5 x 105 or 105 CFU of S. pneumoniae or 3 
x 103 or 104 CFU K. pneumoniae and bacterial outgrowth in lungs was determined 48 h later. Data represent mean  
SEM of 8 mice per group, 48h after infection.  Differences between groups were not significant.
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was accompanied by an intrinsically impaired phagocytosis capacity of alveolar 
macrophages23 and neutrophils36 from ob/ob mice. These data are in contrast with the 
results presented here. Our primary goal was to determine the contribution of leptin to 
the protective immune response to Gram-positive pneumonia caused by S. pneumoniae. 
When we inoculated mice with several infectious doses, including a very low dose (104 
CFU) that was effectively cleared (data not shown), we did not detect differences in 
the outgrowth of pneumococci in the lungs of ob/ob and WT mice. We then evaluated 
the possibility of a pathogen specific role for leptin in host defense against bacterial 
pneumonia and infected mice with K. pneumoniae and again did not detect differences 
in bacterial loads in lungs of ob/ob and WT mice. This is remarkable since we used the 
same K. pneumoniae strain (serotype 2, ATCC 43816) and the same dose range as 
described in the study by Mancuso and coworkers.23 A few differences in study design 
between this latter investigation and our study should be noted. Firstly, infection was 
accomplished by slightly different routes (intratracheal versus intranasal).  One can 
argue that ob/ob mice are less capable of inhaling pathogens during the intranasal 
inoculation procedure because of their high body fat mass, possibly obstructing the 
airways; as a consequence the effective infectious dose could be lower in ob/ob mice. To 
rule this out, we compared the efficacy of the infection by measuring the bacterial loads 
1h after intranasal inoculation of K. pneumoniae and found no differences between 
ob/ob and WT mice (data not shown). Secondly, the age of the mice was not stated 
in the publication by Mancuso et al.23 It is known that defense against pulmonary 
infections is in part dependent on the age of the host and differences in age of the mice 
studied therefore might impact on study outcomes (older mice are less susceptible to 
infections than very young mice).37 Moreover, bacterial loads in lungs of WT mice 
were much lower in the study of Mancuso et al. after 48h of infection.23 This indicates 
that the mice used in this study were older and thus less susceptible to pulmonary 
infection than our mice which can possibly explain the discrepancy in results (old 
ob/ob mice develop profound obesity and hyperglycemia). We are not aware of any 
other explanations besides age of the mice that might explain the divergent results 
between the Mancuso study and our study. To substantiate our data, it would have 
been of interest to study time points of infection and the inflammatory response later 
than 48h. Nevertheless, we decided not to investigate later time points because our 
earlier research demonstrated that after 48h mice start to die from S. pneumoniae or K. 
pneumoniae infection thus biasing our results.26,27 

We investigated the role of leptin in the inflammatory response to respiratory 
pathogens by measuring cytokine and chemokine concentrations in lung homogenates 
of mice infected with S. pneumoniae or K. pneumoniae. Indeed, ob/ob mice displayed 
lower concentrations of TNF (and several other proinflammatory mediators) in their 
lungs after infection with the lower doses of either S. pneumoniae or K. pneumoniae. 
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At higher infectious doses these differences disappeared suggesting that leptin plays a 
limited role in the cytokine response to bacterial pneumonia and this role is dependent 
on the severity of the challenge delivered to the airways. Systemically, only marginal, 
non-significant differences in cytokine and chemokine concentrations were observed 
between WT and ob/ob. Of note, Mancuso and coworkers did not find differences in 
TNF or MIP-2 in lungs of ob/ob and WT mice 48h after infection with K. pneumoniae.23 
These authors infected mice with 5 x 103 CFU intratracheally, whereas we inoculated 
mice with 3 x 103 CFU or 1 x 104 CFU intranasally. Hence, the cytokine data presented 
here and by Mancuso et al.23 do not contradict each other.

The studies presented here point to a limited role of leptin the inflammatory response 
to bacterial pneumonia caused by either a common Gram-positive or a common 
Gram-negative respiratory pathogen. Leptin deficiency does not appear to impact on 
host defense mechanisms important for inhibiting the growth of S. pneumoniae or K. 
pneumoniae in the lower airways. 
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Abstract
Thiazolidinediones (TZDs) are synthetic agonists for the PPAR-gamma receptor and are 
currently in use as oral glucose lowering drugs. TZDs have immune modulating effects 
in vitro and in vivo. As type 2 diabetes patients have an increased risk for pneumonia, 
we evaluated the influence of ciglitazone, a TZD, on markers of inflammation and 
outcome during pneumonia caused by Streptococcus (S.) pneumoniae. Female C57Bl/6 
mice were inoculated with 105 CFU of S. pneumoniae intranasally. The following 
interventions were studied: (1) vehicle at t = 0, (2) ciglitazone 5 mg/kg intraperitoneally 
at t = 0, (3) ciglitazone 5 mg/kg intraperitoneally at t = 0 and 24 h. Mice were killed 
at either 24 or 48 h after infection. Additionally, phagocytosis and killing of S. 
pneumoniae by MH-S cells were assessed in vitro. Single treatment with ciglitazone 
reduced bacterial loads at 24 h but not at 48 h, whereas repeated ciglitazone treatment 
did diminish bacterial loads at 48 h. After 24 h cytokine levels in lung homogenate 
were lower in single dose ciglitazone treated mice; however after 48 h there was no 
difference in lung cytokines between any of the experimental groups. Repeated 
ciglitazone treatment was associated with less pulmonary inflammation, as judged 
by histological examination. On both time points there was no difference in plasma 
cytokine levels or lung myeloperoxidase levels between experimental groups. In an 
additional experiment, ciglitazone treatment (given once daily) reduced mortality. 
Ciglitazone did not influence phagocytosis or killing of S. pneumoniae by murine 
alveolar macrophages. We conclude that ciglitazone reduces bacterial outgrowth and 
local inflammation at least during the early stage of S. pneumoniae pneumonia in 
mice.
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Introduction
Community-acquired pneumonia (CAP) is a common and serious illness that is a 
major cause of morbidity and mortality in humans. The estimated incidence rate of 
CAP is 12 cases per 1000 population per year, and total yearly costs are more than 
US$20 billion in the US.1 Whereas these numbers account for the common population, 
the risk for hospitalization due to CAP is even higher in diabetes patients.2 Mortality 
rates due to infections in general are also higher in diabetes patients.

In recent years many new antidiabetic drugs have been developed, among which 
compounds from the group of thiazolidinediones (TZDs). These drugs are synthetic 
ligands for the peroxisome proliferator-activating receptor (PPAR)-γ. Although their 
exact mechanism of action remains unknown, TZDs increase insulin sensitivity3 and 
improve insulin secretory responses.4 More recently it was discovered that TZDs, and 
PPAR-γ agonists in general, also have immune modulating effects in various organ 
systems, including the respiratory tract. Several cell types that are important for 
pulmonary innate immune responses express PPAR-γ, such as alveolar macrophages 
(AMs), neutrophils and alveolar epithelial cells, and stimulation of PPAR-γ on these 
cells has been shown to result in anti-inflammatory effects.5 Indeed, PPAR-γ agonists 
were demonstrated to reduce lipopolysaccharide (LPS)-induced cytokine production in 
AMs6 and neutrophils.5 In a murine model of sterile FITC-induced lung inflammation, 
pre-treatment with the TZD pioglitazone reduced pulmonary neutrophil influx.5 
Similarly, the TZD rosiglitazone reduced several inflammatory responses in the lungs 
of rats that were treated intravenously with LPS.7 Finally, PPAR-γ agonist treatment 
had several anti-inflammatory effects and reduced symptoms in murine models of 
asthma.8,9 Taken together, evidence accumulates that PPAR-γ agonists have both 
in vitro and in vivo anti-inflammatory properties in different models of pulmonary 
inflammation. However, the role of PPAR-γ agonists during bacterial pneumonia 
remains unknown. As Streptococcus pneumoniae is the most frequently isolated 
causative pathogen in patients with CAP,10 we here sought to determine the influence 
of ciglitazone, a TZD, on host defense against pneumococcal pneumonia.

Materials and Methods

Animals
C57BL/6 mice were purchased from Charles River (Maastricht, The Netherlands). 
Female mice at age 10 weeks were used. All experiments were approved by the Animal 
Care and Use Committee of the University of Amsterdam.
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Design
Pneumonia was induced as described earlier.11-13 Briefly, S. pneumoniae serotype 
3 (American Type Culture Collection, ATCC 6303, Rockville, MD) were grown for 
5 hours to logarithmic phase at 37°C using Todd-Hewitt broth (Difco, Detroit, MI), 
harvested by centrifugation at 1500 x g for 15 min, and washed twice in sterile isotonic 
saline. Bacteria were then resuspended in sterile isotonic saline at a concentration 
of 1 x 105 colony forming units (CFU)/50 μl, as determined by plating serial 10-fold 
dilutions on sheep-blood agar plates. Mice were lightly anesthetized by inhalation 
of isoflurane (Upjohn, Ede, The Netherlands) and 50 μl was inoculated intranasally. 
Subsequently, mice were injected intraperitoneally (200 µl) with either vehicle (sterile 
saline with 2.5 % ethanol) or ciglitazone (Biomol, Plymouth Meeting, PA), according 
to one of the following treatments: (1) vehicle directly after inoculation; (2) a single 
injection of ciglitazone 5 mg/kg directly after inoculation (single ciglitazone group); 
(3) injections of ciglitazone 5 mg/kg at t = 0 and 24 h relative to inoculation (double 
ciglitazone group). Mice were killed at either 24 or 48 h after inoculation (N = 7-8 per 
treatment group at each time point). In an additional survival experiment mice were 
infected with 2 x 104 S. pneumoniae CFU and received either vehicle or ciglitazone 5 
mg/kg once daily, starting at the day of infection (N = 12 per group).

Measurement of bacterial loads
Mice were anesthetized with Hypnorm (Janssen Pharmaceutica, Beerse, Belgium) 
and midazolam (Roche, Mijdrecht, the Netherlands), and blood was collected from 
the inferior vena cava. Whole lungs were harvested and homogenized at 4°C in 5 
volumes of sterile isotonic saline with a tissue homogenizer (Biospect Products, 
Bartlesville, OK) which was carefully cleaned and desinfected with 70% alcohol after 
each homogenization. Serial 10-fold dilutions in sterile isotonic saline were made from 
these homogenates, and 50 μl volumes from these dilutions and from undiluted blood 
were plated onto sheep-blood agar plates and incubated at 37°C and 5% CO2. CFU 
were counted after 16 hours.

Histology
Lungs for histology were fixed in 10% formalin and embedded in paraffin. Four μm 
sections were stained with hematoxylin and eosin (H&E) and analyzed by a pathologist 
who was blinded for groups. To score lung inflammation and damage, the entire lung 
surface was analyzed with respect to the following parameters: edema, interstitial 
inflammation, percentage of pneumonia, pleuritis and endothelialitis. Each parameter 
was graded on a scale of 0 to 4 with 0 as ‘absent’ and 4 as ‘severe’. The total “lung 
inflammation score” was expressed as the sum of the scores for each parameter, the 
maximum being 20.
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Assays
Lung homogenates were diluted 1:2 in lysis buffer containing 300 mM NaCl, 30 mM 
Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100, and Pepstatin A, Leupeptin and 
Aprotinin (all 20 ng/ml; pH 7.4) and incubated at 4°C for 30 min. Homogenates were 
centrifuged at 1500 x g at 4°C for 15 minutes, and supernatants were stored at -20°C 
until assays were performed. Tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-10, 
monocyte chemoattractant protein (MCP)-1, IL-12p70 and interferon (IFN)-γ were 
measured by cytometric beads array (CBA) multiplex assay (BD Biosciences, San 
Jose, CA). Myeloperoxidase (MPO) activity was determined by measuring the H2O2-
dependent oxidation of 3,3’5,5’ tetramethylbensidine as described previously.14 MPO 
activity is expressed as activity/gram lung tissue/reaction time. All reagents were 
purchased from Sigma (St. Louis, MO).

Phagocytosis and killing assays
The murine alveolar macrophage cell line MH-S was obtained from American Type 
Culture Collection (ATCC CRL-2019; Rockville, MD). MH-S cells were cultured at 
37°C in 5% carbon dioxide in RPMI 1640 medium with 2 mM l-glutamine (adjusted 
to contain 1.5 g/l sodium bicarbonate, 4.5 g/l D-glucose, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, and 1.0 mM sodium pyruvate) and supplemented with 
10% fetal bovine serum, 100 IU/ml penicillin, 100 μg/ml streptomycin, and 0.05 mM 
2-mercaptoethanol. Cells were mobilized using 5 mg/ml lidocaine in PBS, washed, 
plated in 24-well plates at a density of 2.5 × 105 cells/well and incubated overnight. 
Phagocytosis was evaluated in essence as described before.15,16 Adherent monolayer 
MH-S cells were washed with PBS and incubated with RPMI 1640 containing 0, 10 
or 100 μM ciglitazone. After two hours, FITC-labeled heat-killed S. pneumoniae (2.5 
× 107 CFU/well) were added and the plates were incubated at 37°C or 4°C for 30, 60 
or 90 min. Immediately thereafter, cells were put on ice, washed in PBS, suspended 
in Quenching solution (ORPEGEN Pharma, Heidelberg, Germany), and analyzed 
using a FACSCalibur (Becton Dickinson, San Jose, CA). The phagocytosis index of 
each sample was calculated: (mean fluorescence × percent positive cells at 37°C) minus 
(mean fluorescence × percent positive cells at 4°C). Bacterial killing was determined 
according to recently published protocols.16,17 In brief, after having plated MH-S cells as 
described above, adherent monolayer MH-S cells were washed with PBS and incubated 
with RPMI 1640 containing 0 or 100 μM ciglitazone for two hours. Subsequently, S. 
pneumoniae D39Δ (kindly provided by P.W. Hermans, Department of Pediatrics, 
University Medical Center Rotterdam, Erasmus MC-Sophia, The Netherlands) were 
grown to mid-logarithmic phase and added at a multiplicity of infection of 50. These 
bacteria are devoid of a polysaccharide capsule. We chose to use this specific strain for 
the killing assay, as in preliminary experiments these bacteria were better phagocytosed 
by MH-S cells than living S. pneumoniae serotype 3; this is in line with the fact that 
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capsular polysaccharide protects against phagocytosis and prevents adhesion and 
invading of epithelial cells.18 Bacteria were spun onto cells at 2000 rpm for 5 min, after 
which plates were placed at 37°C for 10 min. Each well was then washed five times with 
ice-cold PBS to remove extracellular bacteria. To determine bacterial uptake after 10 
min, triplicate of wells were lysed with sterile H2O and designated as t = 0. Prewarmed 
serum-free RPMI 1640 was added to remaining wells and plates were placed at 37°C 
for 5, 10, 20, 30 or 60 min, after which cells were again washed five times with ice-cold 
PBS and lysed as described above. Cell lysates were plated in serial-fold dilutions on 
blood agar plates and bacterial counts were enumerated after 16 h. Bacterial killing 
was expressed as the percentage of killed bacteria in relation to t = 0 (percent killing = 
100 – ((no. of CFU at time x/no. of CFU at time 0) x 100)). 

Statistical analysis
All data are given as means ± SEM. Differences between groups were analyzed using 
Mann-Whitney U test. Differences between more than two groups were analyzed 
using Kruskal-Wallis analysis. For survival analyses, Kaplan-Meier analysis followed 

by log rank test was performed. In vitro assays were analyzed using repeated measures 
analysis of variance. The number of positive blood cultures was analyzed using the 
Chi-square test. A value of p ≤ 0.05 was considered statistically significant.

Results

Ciglitazone inhibits bacterial outgrowth
To determine the effect of ciglitazone on early host defense against pneumonia, we 
compared the bacterial outgrowth in lungs and blood of vehicle and ciglitazone 
treated mice. At 24 hours after inoculation, ciglitazone treated mice had significantly 
less bacteria in their lungs compared to vehicle treated mice (p < 0.05). At 48 hours 
after inoculation, mice that were treated with ciglitazone also had fewer bacteria in 
the lungs, reaching statistical significance when mice were treated with ciglitazone at 0 
and 24 h post inoculation (p < 0.01, Figure 1). The percentage of positive blood cultures 
in vehicle and ciglitazone treated mice was similar.

Ciglitazone reduces pulmonary cytokine levels early after infection
To determine the effect of ciglitazone on the local immune response, we measured 
cytokine concentrations in lung homogenates of all mice. After 24 hours, the lung 
concentrations of the proinflammatory cytokines TNF-α, IL-6, IL-12p70 and IFN-γ 
were lower in single ciglitazone treated mice compared to the vehicle treated animals 
(all p < 0.05 versus vehicle, Table 1). MCP-1 and IL-10 concentrations were not different 
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between groups. In contrast, after 48 hours, concentrations of cytokines were similar 
in all groups. The plasma concentrations of these cytokines were not different between 
treatment groups at either 24 or 48 hours after infection (data not shown).

Ciglitazone reduces lung inflammation
To obtain more insight in the effect of ciglitazone on lung inflammation during 
pneumonia lung tissue slides were prepared from samples obtained 24 and 48 h 
after infection. At 24 h after infection, the lungs of vehicle and ciglitazone treated 
mice showed equal signs of infection, as reflected in the equal histopathologic lung 
inflammation scores at this time (5.8 ± 1.1 vs. 5.4 ± 0.8, respectively). After 48 h, 
double ciglitazone treated mice displayed less lung inflammation as determined by the 
semi-quantitative scoring system described in the Methods section (p = 0.05 versus 
vehicle, Figure 2). Of note, ciglitazone did not affect neutrophil influx, as reflected by 
histopathology and by MPO levels in lung homogenates (Table 2).
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Figure 1. Bacterial outgrowth in lungs of 
ciglitazone and vehicle treated mice at 24 and 
48 h after intranasal inoculation with 105 CFU 
S. pneumoniae. Below each bar the number of 
positive blood cultures is stated. Data are mean 
± SEM of 8 (DCigl group: 7) mice. SCigl: mice 
treated with a single dose of ciglitazone 5 mg/kg 
at t = 0 h; DCigl: mice treated with ciglitazone 5 
mg/kg at t = 0 and 24 h; * p < 0.05 vs. vehicle; † 
p < 0.01 vs. vehicle.

Table 1. Cytokine concentrations in lung homogenates of vehicle and ciglitazone treated mice at 24 and 48 h after 
intranasal inoculation with 105 CFU S. pneumoniae.

24 h 48 h
(pg/g lung) Vehicle SCigl Vehicle SCigl DCigl
TNF-α 903.3 ± 311.4 175.0 ± 45.7* 1130.3 ± 287.3 1503.9 ± 327.2 628.3 ± 266.9
MCP-1 9994.4 ± 1896.1 4780.5 ± 1197.6 25671.5 ± 4026.0 35752.3 ± 4573.3 10502.1 ± 4170.5
IL-6 4806.9 ± 1004.5 1375.8 ± 411.6* 5290.5 ± 938.2 5818.9 ± 1037.9 2182.2 ± 878.6
IL-10 18.1 ± 4.4 22.1 ± 5.2 410.9 ± 38.9 396.4 ± 39.9 440.7 ± 20.0
IL-12p70 48.1 ± 9.7 23.6 ± 5.0* 1346.0 ± 150.4 1073.3 ± 179.6 1208.6 ± 53.7
IFN-γ 80.7 ± 17.0 29.3 ± 7.9* 47.5 ± 24.8 62.5 ± 19.2 38.2 ± 11.8
Data are mean ± SEM of 8 (DCigl group: 7) mice. SCigl: mice treated with a single dose of ciglitazone 5 mg/kg at t = 0 h; 
DCigl: mice treated with ciglitazone 5 mg/kg at t = 0 and 24 h; * p < 0.05 vs. vehicle.
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Survival
To determine the influence of ciglitazone on survival, mice which were treated daily 
with either vehicle or ciglitazone 5 mg/kg were infected with 2 x 104 S. pneumoniae 
CFU, and followed for 11 days (Figure 3). Ciglitazone treatment was associated with an 
increased survival (p < 0.05 using a one-tailed Kaplan-Meier analysis, p = 0.086 using 
a two-tailed test).

Table 2. Myeloperoxidase activity in lung homogenates of vehicle and ciglitazone treated mice after intranasal 
inoculation with 105 CFU S. pneumoniae.
(U/g) Vehicle SCigl DCigl
24 h 0.29 ± 0.06 0.24 ± 0.03
48 h 0.14 ± 0.02 0.22 ± 0.05 0.23 ± 0.06
Data are mean ± SEM of 8 (DCigl group: 7) mice. SCigl: mice treated with a single dose of ciglitazone 5 mg/kg at t = 
0 h; DCigl: mice treated with ciglitazone 5 mg/kg at t = 0 and 24 h.

Figure 2. Histology and lung inflammation scores after intranasal inoculation with 105 CFU S. pneumoniae. 
Typical photomicrographs of lungs at 48h post-infection from (A) vehicle-treated mice; (B) SCigl-treated mice; (C) 
DCigl-treated mice. Panel D shows lung inflammation scores (mean ± SEM of 8 (DCigl group: 7) mice) 48h post-
infection. SCigl: mice treated with a single dose of ciglitazone 5 mg/kg at t = 0 h; DCigl: mice treated with ciglitazone 
5 mg/kg at t = 0 and 24 h; * p = 0.05 vs. vehicle.
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Ciglitazone does not influence phagocytosis or killing of S. pneumoniae by 
alveolar macrophages
To investigate the influence of ciglitazone on AM antibacterial functions, we measured 
the ability of murine AM-derived MH-S cells to phagocytose and kill S. pneumoniae 
(Figure 4). Ciglitazone influenced neither phagocytosis nor killing ability of MH-S 
cells (overall p > 0.05 for both assays).
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Figure 3. Survival of vehicle and ciglitazone 
treated mice infected with 2 x 104 CFU S. 
pneumoniae (N = 12 per group). Mice were 
treated once daily with vehicle or ciglitazone 5 
mg/kg intraperitoneally. * p < 0.05 vs. vehicle 
using a one-tailed Kaplan-Meier analysis.

Figure 4. Phagocytosis (panel A) and killing (panel B) of S. pneumoniae by MH-S cells. Monolayers of cells (N 
= 3 per condition) were pretreated for 2 hours with vehicle (black squares) or ciglitazone in concentrations of 10 μM 
(white circles) or 100 μM (white triangles), after which bacteria were added and assays were performed. Data are 
means ± SEM.
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Discussion
PPAR-γ agonists have become increasingly popular as potential immunomodulatory 
agents over the last years. In the present study we examined the effect of ciglitazone 
on innate immune responses during pneumonia caused by S. pneumoniae, the most 
commonly isolated pathogen in patients diagnosed with CAP. We here demonstrate 
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for the first time that ciglitazone treatment in a clinically relevant model of CAP 
was associated with a reduced bacterial outgrowth in lungs, reduced lung levels of 
proinflammatory cytokines, diminished lung inflammation and a better survival.

Our findings that ciglitazone reduces local inflammation in vivo, corroborates 
previous experiments with TZDs and other PPAR-γ agonists that explored the 
roles of these compounds in different organ systems. Anti-inflammatory effects of 
ciglitazone have been described in models of experimental asthma,8,9 myocardial 
ischemia and reperfusion,19 and gastritis due to H. pylori LPS.20 Similar effects 
have been described for other TZDs. Our group previously reported a reduction in 
inflammation by troglitazone in a model of chronic pancreatitis.21 Cuzzocrea and 
colleagues investigated the role of rosiglitazone in mouse models of paw edema and 
pleurisy; they found lower levels of local proinflammatory cytokines and MPO, and a 
reduction in neutrophil influx and other signs of reduced acute inflammation.22 The 
same group reported similar findings in a model of nonseptic shock, and demonstrated 
a survival benefit for rosiglitazone treated mice.23 In contrast to these findings, Inoue 
et al. found that mice treated with the endogenous PPAR-γ ligand 15d-PGJ2 did not 
show evidence of suppressed pulmonary inflammation; on the contrary, 15d-PGJ2 
enhanced lung inflammation when given at a high dose, which may have been due to 
PPAR-γ independent effects of this compound.24 Taken together, our data contribute 
to evidence that ciglitazone has anti-inflammatory properties in various in vivo models 
of inflammation.

Our finding that ciglitazone treatment attenuated bacterial outgrowth, yet at the same 
time reduced inflammatory responses, is remarkable in light of the fact that a reduction 
in the early cytokine response has been associated with enhanced bacterial outgrowth 
in this model of S. pneumoniae pneumonia.25 Of note, however, a modestly reduced 
inflammation does not necessarily impair host defense in murine pneumococcal 
pneumonia, as shown previously by our group in Toll-like receptor 2 deficient mice.11 
Likely ciglitazone downregulated AM cytokine production, as both human26 and 
murine6 AMs were reported to release less TNF-α production upon LPS stimulation in 
the presence of ciglitazone. Our current findings are in line with the results from a rat 
model of polymicrobial sepsis induced by cecal ligation and puncture. In this model, 
ciglitazone also reduced the inflammatory response (through regulation of the NF-κB 
and AP-1 pathways) whereas at the same time it reduced mortality, while not enhancing 
bacterial counts.27 The cecal ligation and puncture model and our pneumonia model 
have in common that they elicit a rapid and massive inflammatory response, which 
becomes systemic within 24 hours after infection, as reflected by positive bacterial 
blood cultures. It is well known that a systemic inflammatory response itself can be 
deleterious to the host,28 for example via progressive endothelial dysfunction and 
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massive activation of the coagulation system, leading to maldistribution of blood flow 
and ultimately to multiple organ dysfunction. As pointed out before, PPAR-γ ligands 
are able to reduce this systemic inflammatory state,23 thereby diminishing systemic 
damage caused by unrestricted action of the immune system. 

A possible explanation for the finding of lower bacterial loads after ciglitazone 
treatment may be an enhanced capacity of AMs to phagocytose and/or kill ingested 
bacteria. Human AMs that were incubated in the presence of PPAR-γ agonists 
showed an enhanced phagocytosis of apoptotic neutrophils, that was dependent on 
an increased expression of the scavenger receptor CD36.26 However, we found no 
evidence for an influence of ciglitazone on in vitro phagocytosis or killing capacity of 
MH-S cells toward S. pneumoniae. Therefore, the mechanism how ciglitazone leads to 
less bacterial outgrowth remains to be elucidated. 

To our knowledge, this study is the first that provides evidence for a beneficial effect 
of a TZD in a model of infectious pneumonia leading to sepsis. In addition, combined 
with the abovementioned benefits of TZD administration in a polymicrobial 
abdominal sepsis model, we provide growing evidence for a combined effect of reduced 
inflammation and enhanced bacterial clearance. In the light of these findings, it would 
be highly interesting to investigate the immunomodulatory properties of TZDs as 
an adjuvant therapy in patients with a systemic inflammatory response syndrome 
or sepsis. Moreover, as TZDs are currently in use as oral insulin sensitizing drugs in 
type 2 diabetes patients, the question whether diabetes patients using TZDs have an 
altered risk for infectious complications compared to patients using other antidiabetic 
medications, becomes highly relevant.

To conclude, ciglitazone reduces bacterial outgrowth and local inflammation in a 
murine model of S. pneumoniae pneumonia.
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Abstract
Diabetes is associated with an enhanced risk for infectious disease. Drugs from the 
thiazolidinedione class that are currently prescribed as oral antidiabetic agents also 
have immune modulating properties. Remarkably, in animals these effects occur after 
one or a few dosages; in humans the short-term effects of these compounds have not 
been investigated. Our goal was to assess the effects of a single dose of rosiglitazone 
on innate immune functions in humans. Eight healthy male volunteers were studied 
on two occasions in a randomized, double blind, crossover study. On each study day, 
volunteers orally ingested either 8 mg of rosiglitazone or placebo. Blood was drawn 
immediately before and at 1, 2, 4 and 8 hours after medication ingestion to investigate 
leukocyte counts, neutrophil CD11b and L-selectin expression, phagocytosis 
and elastase production, whole blood cytokine production capacity and markers 
of coagulation and fibrinolysis. Rosiglitazone did not influence plasma glucose 
concentrations, leukocyte counts, neutrophil phagocytosis, elastase production, 
coagulation or fibrinolysis (all p > 0.05). Neutrophil CD11b expression induced by 
N-formyl-met-leu-phe was reduced after rosiglitazone (p < 0.01), whereas neutrophil 
L-selectin expression was equal (p > 0.05). Rosiglitazone reduced lipopolysaccharide-
induced whole blood production of interleukin (IL)-6 (p < 0.01) and IL-10 (p < 0.001), 
but not of tumor necrosis factor alpha (TNF-α) and IL-8 (both p > 0.05). We conclude 
that one single dose of rosiglitazone partly impairs neutrophil activation, and whole 
blood production of IL-6 and IL-10.
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Introduction
Infection is among the most serious complications of diabetes mellitus. Diabetes 
patients have an increased risk of developing and dying from an infectious disease, 
especially serious bacterial infections.1 The enhanced infection risk is, at least in part, 
related to an impaired innate immune system. Concentrations of cytokines, molecules 
that orchestrate the innate immune response, are altered in diabetic patients2,3 and 
several functions of neutrophils, specialized in the killing of invading bacteria, are 
suppressed.4

In recent years many new antidiabetic drugs have been developed. Among these are 
the thiazolidinediones (TZDs), from which rosiglitazone and pioglitazone have been 
registered for human use. TZDs are synthetic ligands for the peroxisome proliferator-
activating receptor gamma (PPAR-γ). Although their exact mechanism of action 
remains unknown, TZDs increase insulin sensitivity5 and improve insulin secretory 
responses.6 More recently it was discovered that TZDs, and PPAR-γ agonists in 
general, also have immune modulating effects. Several aspects of the innate immune 
response are altered under influence of TZDs. Human neutrophils stimulated with 
pioglitazone in vitro had a diminished expression of CD11b/CD18, indicating a 
reduced activation state.7 Alveolar macrophages treated with different PPAR-γ 
ligands produced less pro-inflammatory cytokines interleukin (IL)-128 and tumor 
necrosis factor alpha (TNF-α)9 upon LPS-stimulation. PPAR-γ ligands also enhanced 
phagocytosis of apoptotic neutrophils.9 Also in animal models TZDs were shown 
to reduce inflammation. The TZD troglitazone attenuated pancreatic damage and 
inflammation in experimental chronic pancreatitis in mice.10 Rosiglitazone reduced 
the expression of inflammatory proteins, cell infiltration and histological injury in rat 
models of paw edema and pleurisy11 and nonseptic shock in mice.12 Furthermore, rats 
treated with PPAR-γ ligands had an increased survival and less inflammation after 
induction of polymicrobial sepsis.13 Thus, PPAR-γ ligands and TZDs mainly have anti-
inflammatory properties in different models of inflammation and infection in vitro 
and in animals in vivo. Remarkably, these anti-inflammatory effects became already 
visible after one or a few dosages, whereas effects on plasma glucose in humans can 
only be achieved after weeks of daily ingestion. To the best of our knowledge the effects 
of short-term TZD administration on the immune system have never been investigated 
in humans. Our goal was therefore to assess the effects of a single dose of rosiglitazone 
on innate immune functions in healthy human volunteers.
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Methods

Subjects
Eight healthy, non-smoking, male volunteers (age 22.9 ± 1.0 years, weight 70.3 ± 3.4 kg, 
body mass index 20.6 ± 0.9 kg/m2 (means ± SEM)) were studied. None of them used 
medication or had a positive family history of diabetes. All volunteers had normal 
plasma values of fasting glucose, insulin, complete blood count, renal and hepatic 
function and normal coagulation times. The study was approved by the Medical 
Ethical Committee of the Academic Medical Center in Amsterdam and all subjects 
gave written informed consent. 

Study Protocol
The study protocol had a crossover design, with a wash-out period of 2 weeks and 
was done in balanced assignment. Each volunteer served as his own control and was 
studied on two occasions. After an overnight fast, venous blood of the subjects was 
drawn at 8:30 AM (T = 0) for baseline measurements. Immediately hereafter subjects 
ingested either rosiglitazone 8 mg or placebo, depending on randomization. We 
chose this dosage because it is commonly used for ongoing treatment, and is shown 
to induce plasma peak concentrations within one hour.14 The study medication was 
double blinded until all measurements had been performed. Subjects were allowed to 
eat and drink from T = 2 hours.

Blood collection
Blood was collected directly before the ingestion of the study medication (T = 0) and 
at 1, 2, 4 and 8 hours thereafter. Leukocyte counts and differentials were determined 
in ethylenediamine tetraaceticacid (EDTA)-anticoagulated blood using a Stekker 
analyzer (counter STKS, Coulter Counter, Bedfordshire, UK). Coagulation and 
fibrinolysis assays were done using citrated plasma. Heparin-anticoagulated blood was 
used for all other assays. Plasma glucose concentrations were measured using a P800 
Modular analyzer and Gluco-quant reagent (both from Roche Diagnostics GmbH, 
Mannheim, Germany).

Phagocytosis
The uptake of Escherichia (E). coli by neutrophils was analyzed essentially as described 
previously.15,16 Heat-killed E. coli were labeled with fluorescein isothiocyanate (FITC; 
Sigma-Aldrich, St. Louis, MO, USA) and added to 100 μl of heparinized whole blood 
(bacterium/neutrophil ratio of 25:1). Bacteria and cells were incubated for 12 minutes 
at 37°C and also at 4°C as a negative control. Phagocytosis was stopped by immediately 
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transferring the cells to 4°C and washing them with ice-cold FACS buffer (phosphate-
buffered saline supplemented with 0.01% NaN3, 0.5% bovine serum albumin, and 
0.35 mM EDTA). The cells were treated with vital blue stain (Orpegen, Heidelberg, 
Germany) to quench extracellular fluorescence, washed with FACS buffer, and analyzed 
using a FACS Calibur flow cytometer (Becton Dickinson, Mountain View, CA, USA). 
Neutrophils were gated based on forward and side scatter. Results are expressed as 
phagocytosis index, defined as the percentage of cells with internalized E. coli times 
the mean fluorescence intensity (corrected for the negative controls).

Whole blood stimulation
Heparinized whole blood (1 ml) was diluted with an equal volume of RPMI-1640 
(GibcoBRL, Invitrogen, Breda, the Netherlands) or RPMI-1640 containing either 
lipopolysaccharide (LPS; from E. coli O111:B4; Sigma, St. Louis, MO, USA) in a final 
concentration of 10 ng/ml or N-formyl-met-leu-phe (fMLP; Sigma, St. Louis, MO, USA, 
final concentration 100 μmol/l) and incubated in polypropylene tubes at 37°C for either 
1 h (activation markers), 2 h (elastase production) or 24h (cytokine production).

Flow Cytometry
Erythrocytes were lysed with ice-cold isotonic NH4Cl solution (155 mmol/l NH4Cl, 
10 mmol/L KHCO3, 0.1 mmol/l EDTA [pH 7.4]) for 10 minutes. The cells were 
centrifuged at 250g for 10 minutes at 4°C. The remaining cells were washed twice with 
FACS buffer (PBS supplemented with 0.5% BSA, 0.01% NaN3, and 0.35 mmol/l EDTA) 
and brought to a concentration of 4x106 cells/ml. All procedures were performed at 
4°C. All FACS reagents were titrated to obtain optimal results, as recommended by the 
manufacturers. For each test at least 104 cells were analyzed using a FACS Calibur flow 
cytometer (Becton Dickinson, Mountain View, CA, USA). Neutrophil surface staining 
was performed using the following mouse anti-human monoclonal antibodies: 
FITC-labeled anti-human CD66b (clone 80H3), PE-labeled anti-human L-selectin 
(clone DREG-56), and allophycocyanin-labeled anti-human CD11b (clone ICRF44). 
Antibodies were purchased from BD Pharmingen, San Diego, CA, USA, except FITC-
labeled anti-human CD66b (Beckman Coulter, Fullerton, CA, USA). Neutrophils 
were identified by forward and side-angle light scatter gating, and a high expression 
of CD66b. Data are presented as the difference between mean fluorescence intensities 
(MFI) of specifically and non-specifically stained cells.

Production of elastase and cytokines
Whole blood was stimulated exactly as described above for 2 hours (elastase) or 24 
hours (cytokines). Elastase was measured in supernatants using an ELISA (Human 
Elastase ELISA, Hycult biotechnology, Uden, the Netherlands). Protein concentrations 
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of TNF-α, IL-1β, IL-6, IL-8 and IL-10 were measured in supernatants by cytometric 
beads array (CBA) multiplex assay (BD Biosciences, San Jose, CA, USA).

Coagulation and fibrinolysis measurements
Thrombin-antithrombin complexes (TATc) and plasmin-a2-antiplasmin complexes 
(PAPc) were measured using ELISAs (TATc and PAPc: Dade Behring, Marburg, 
Germany).

Statistical analysis
To analyze the effect of rosiglitazone or placebo, time and their interaction, results were 
compared using a repeated measures analysis of variance (repeated covariance type: 
paired observations). Data were checked for normal distribution and equal variances 
of the residuals. Depending on the results of these tests data were analyzed either 
parametrically or non-parametrically (rank-transformed data).17 In case an overall 
significant difference between treatment groups was found, Wilcoxon’s signed rank test 
was performed for each separate time point as post-hoc analysis. Results are presented 
as either absolute numbers or percentage change relative to T = 0, as mean (± SEM). 
Probability values of < 0.05 were considered statistically significant. SPSS statistical 
software version 12.0.1 (SPSS Inc, Chicago, IL, USA) was used to analyze the data.

Results

Rosiglitazone does not influence glucose or leukocyte counts
Table 1 shows the plasma glucose concentrations and leukocyte counts after ingestion 
of placebo and rosiglitazone. There were no differences between the two experimental 
conditions (p > 0.05).

Rosiglitazone partly suppresses neutrophil activation
To analyze the effect of rosiglitazone on neutrophil activation, we measured expression 
of CD11b and L-selectin on neutrophils from ex-vivo stimulated whole blood 
before and after ingestion of rosiglitazone or placebo (Figure 1). As expected, fMLP 
stimulation increased neutrophil CD11b expression (panel B) and decreased L-selectin 
expression (panel D) compared to unstimulated blood samples (panels A and C). After 
rosiglitazone ingestion, overall CD11b expression was lower compared to placebo 
ingestion in whole blood that was stimulated fMLP (p < 0.01). However, post-hoc 
analysis did not detect statistically significant differences at any separate time point. In 
contrast, neutrophil L-selectin expression was equal after all stimuli in both treatment 
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groups. Although the ability of neutrophils to phagocytose E. coli decreased over time 
(p < 0.001 for time effect), there was no difference in phagocytosis capacity between 
volunteers who had taken rosiglitazone and those who had taken placebo (Figure 2; p 
> 0.05 for treatment effect). Finally, elastase production in whole blood stimulated for 
2 h with either LPS or control medium did not differ between the rosiglitazone and 
placebo groups (data not shown).

Table 1. Effect of rosiglitazone on plasma glucose concentrations and leukocyte counts. 
Measurement Group Time (h) Overall p 

value0 1 2 4 8
Glucose Plac 4.8 ± 0.2 4.7 ± 0.1 4.8 ± 0.2 4.7 ± 0.5 5.0 ± 0.3

0.770
(mmol/L) Rosi 4.5 ± 0.2 4.8 ± 0.1 4.7 ± 0.1 4.7 ± 0.4 4.3 ± 0.1
Leukocytes Plac 5.7 ± 0.5 5.4 ± 0.4 6.0 ± 0.7 5.6 ± 0.6 6.2 ± 0.5

0.132
(109/L) Rosi 5.7 ± 0.5 5.5 ± 0.6 6.4 ± 0.6 6.0 ± 0.7 6.2 ± 0.6
Neutrophils Plac 3.1 ± 0.4 3.1 ± 0.3 3.7 ± 0.7 3.6 ± 0.6 3.8 ± 0.5

0.096
(109/L) Rosi 3.1 ± 0.4 3.3 ± 0.4 4.0 ± 0.5 4.1 ± 0.6 3.8 ± 0.5
Monocytes Plac 0.5 ± 0.1 0.5 ± 0.0 0.5 ± 0.0 0.4 ± 0.0 0.5 ± 0.1

0.986
(109/L) Rosi 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.5 ± 0.1
Results are shown as means ± SEM (N = 8) for the placebo (Plac) and rosiglitazone (Rosi) groups.
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Figure 1. Effect of rosiglitazone on neutrophil activation. Whole blood was stimulated for one hour with culture 
medium (panels A and C) and fMLP (panels B and D). Neutrophil expression of CD11b (panels A and B) and 
L-selectin (panels C and D) was measured. Black squares (■) represent placebo group, white circles (○) represent 
rosiglitazone group. Data are means ± SEM of 8 subjects. 
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Rosiglitazone influences cytokine production
To investigate the influence of rosiglitazone ingestion on cytokine production 
capacity, we stimulated whole blood samples for 24 hours and measured cytokine 
concentrations (Figure 3). Rosiglitazone treatment did not influence the production of 
TNF-α or IL-8 (both p > 0.05). In contrast, rosiglitazone treatment was associated with 
lower concentrations of IL-6 and IL-10 (p < 0.01 and p < 0.001 for overall treatment 
effect, respectively), however there were no statistically significant differences between 

Figure 2. Rosiglitazone does not influence 
neutrophil phagocytosis capacity. The capacity 
of neutrophils to phagocytose E. coli was analyzed. 
Black squares (■) represent placebo group, white 
circles (○) represent rosiglitazone group. Data are 
means ± SEM of 8 subjects. 
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Figure 3. Effect of rosiglitazone on cytokine production. Whole blood that was drawn before and after ingestion 
of placebo or rosiglitazone was stimulated for 24 hours with LPS. Cytokine concentrations were measured in the 
supernatant. Black squares (■) represent placebo group, white circles (○) represent rosiglitazone group. Data are 
means ± SEM of 8 subjects. 
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groups on separate time points. Thus, rosiglitazone treatment reduced the production 
of some, but not all cytokines in ex vivo stimulated whole blood.

Rosiglitazone does not influence hemostasis
To assess the influence of rosiglitazone ingestion on coagulation and fibrinolysis, we 
measured concentrations of TATc and PAPc. Rosiglitazone did not influence these 
parameters (data not shown).

Discussion
This study investigated the influence of short-term rosiglitazone administration on 
responses of the innate immune system in healthy human volunteers. We found 
that one oral dose of 8 mg of rosiglitazone reduces neutrophil fMLP-induced CD11b 
expression, indicating a reduced neutrophil activation upon inflammatory stimulation. 
Furthermore, LPS-stimulated whole blood samples from volunteers who ingested 
rosiglitazone produced less of the cytokines IL-6 and IL-10, but not TNF-α and IL-8, 
compared to those after placebo ingestion. Rosiglitazone had no influence on plasma 
glucose concentrations, leukocyte counts, neutrophil phagocytosis capacity, elastase 
production and markers of coagulation and fibrinolysis. To our knowledge, this is the 
first study that describes the short-term influence of the in vivo administration of a 
synthetic PPAR-γ ligand on innate immune responses in humans.

During the early phase of bacterial infection, neutrophils play an important role. 
Chemokines such as IL-8 attract the cells to the site of infection. To be able to migrate 
to the inflamed site, out of the circulation, neutrophils increase their surface expression 
of the integrin CD11b/CD18 upon an inflammatory stimulus. At the same time, 
neutrophils down-regulate their L-selectin expression. Our findings that the expression 
of CD11b was reduced after rosiglitazone ingestion, are in line with the results of 
Imamoto et al., who demonstrated a reduced CD11b/CD18 expression in pioglitazone-
treated neutrophils in vitro.7 Two laboratories demonstrated that treatment with 
natural and synthetic PPAR-γ ligands reduced neutrophil sequestration in the lungs of 
mice that were either injected with LPS18 or exposed to aerosolized LPS.19 This may, at 
least in part, be explained by a reduced expression of CD11b/CD18.20

Cytokines play an important role in the orchestration of the inflammatory response. 
PPAR-γ agonists and TZDs have been shown to reduce cytokine concentrations under 
various circumstances. Murine alveolar macrophages produced less IL-12 mRNA and 
protein upon LPS-stimulation after treatment with PPAR-γ ligands.8 Also, ligands of 
PPAR-γ reduced the LPS-induced TNF-α production in human alveolar macrophages.9 
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Van Wijk and colleagues performed a randomized, cross-over, placebo-controlled 
double blind trial in 19 type 2 diabetes patients to test the effect of rosiglitazone on 
postprandial cytokine levels; IL-6 and IL-8 increased less after an oral fat-loading 
test after 8 weeks of rosiglitazone.21 In our study, whole blood production of IL-6 and 
IL-10 was lower after rosiglitazone intake, whereas there was no difference in levels of 
TNF-α and IL-8. The fact that rosiglitazone already influences a part of the cytokine 
concentrations after only one dosage is remarkable. At the same time, this finding is in 
line with several other animal models that demonstrate anti-inflammatory properties 
of TZDs after one or a few dosages,11,12,22,23 although it should be noted that in our 
study IL-6 and IL-10 were influenced by a single rosiglitazone dose, of which the 
latter is an anti-inflammatory cytokine. In this context, it remains to be established 
whether multiple rosiglitazone doses do impact on TNF-α and/or IL-8 production 
in humans. Since the innate immune system is designed to mount a swift response 
against invading pathogens, it can be assumed that molecular targeting of receptors 
with immune modulating properties has consequences on the short run. Whereas the 
exact mechanism of how PPAR-γ activation modulates immune responses remains 
to be elucidated, PPAR-γ activation was shown to inhibit the transcription factors 
AP-1, STAT and NF-κB upon LPS stimulation.24 Also, the endogenous PPAR-γ ligand 
15d-PGJ2 is able to inhibit NF-κB activation by preventing the phosphorylation of IK 
kinase and therefore preventing IKB degradation.25 Suppression of NF-κB activation 
may be (part of) the cause of reduced cytokine expression and hence, reduced 
neutrophil activation.

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.26 In a model of systemic 
inflammation induced by intravenous endotoxin, IL-6 was shown to be an important 
intermediate factor in activation of coagulation.27 In our study, markers of coagulation 
and fibrinolysis were unaltered, however, despite the influence of rosiglitazone on IL-6 
production. 

Although the anti-inflammatory properties of TZDs have been proved in humans,28,29 
these effects have been described after a minimum of 8 weeks of TZD usage. Our 
article suggests that the effects on inflammatory responses occur very shortly after the 
first dose of rosiglitazone. Therefore, we consider it likely that the immune modulating 
effects of TZDs precede the insulin sensitizing effects. As type 2 diabetic patients have 
elevated plasma cytokine concentrations, and cytokines such as TNF-α and IL-6 are 
associated with insulin resistance and/or the development of type 2 diabetes,30-32 it 
can be suggested that TZDs have insulin-sensitizing properties at least in part due to 
their anti-inflammatory effects.
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The main limitation of this study is the sample size, which may have prevented the 
discovery of possible weak effects of rosiglitazone. However, several animal studies 
described potent anti-inflammatory effects of TZDs in small groups of animals.11,12,23,33 
Our goal was to obtain a first insight into potential immunomodulatory effects of 
TZDs in humans. Our current findings confirm the existing literature that TZDs 
also have immune modulating properties in humans, and add that these effects were 
already visible after one single dosage. Importantly, this dose is commonly prescribed 
as a maintenance dose for type 2 diabetic patients, and it induces peak plasma 
concentrations within one hour.14 It would be interesting, therefore, to assess the 
influence of a short treatment with a TZD in patients with systemic inflammatory 
response syndrome, complementary to the regular medication.

In conclusion, one single and clinically used dose of rosiglitazone impairs fMLP-
induced activation of neutrophils, and LPS-induced IL-6 and IL-10 release in healthy 
humans.
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Abstract
Diabetes patients have an increased risk of developing sepsis. Several inflammatory and 
coagulant pathways that are activated during sepsis are also up-regulated in diabetic 
patients. We tested our a priori hypothesis that the presence of diabetes adversely affects 
the outcome of sepsis. 830 severe sepsis patients who were admitted to the intensive 
care unit and who received standard critical care treatment were enrolled. Patients 
were stratified into diabetic and non-diabetic patients. Mortality was assessed after 28 
and 90 days, causative micro-organisms were evaluated, and markers of coagulation, 
fibrinolysis and inflammation were measured at several time points. Diabetes was 
present in 22.7% of all sepsis patients. Throughout the study, plasma glucose levels were 
higher in diabetic patients. Mortality was equal in diabetic and non-diabetic patients 
(31.4% vs. 30.5% after 28 days). Markers of coagulation, fibrinolysis and inflammation 
were generally equal in diabetic and non-diabetic patients, although on admission 
diabetic patients had slightly higher levels of anticoagulation markers. Interestingly, 
non-diabetic patients with admission hyperglycemia (> 11.1 mmol/l) had a higher 
mortality compared to those without admission hyperglycemia (43.0% vs. 27.2%). 
We conclude that although diabetes is a risk factor for sepsis, once established, the 
outcome of severe sepsis does not appear to be significantly influenced by the presence 
of diabetes. In non-diabetic patients, however, admission hyperglycemia is associated 
with an increased mortality.
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Introduction
Diabetes patients have an increased risk of developing and dying from an infectious 
disease, especially serious bacterial infections.1 Compared to non-diabetic subjects, the 
relative risk of developing sepsis has been estimated at 2.5 to 6.1,2 Despite the declining 
overall mortality rate among sepsis patients, the incidence and absolute number of 
sepsis-related deaths have increased over the past decades.3 Therefore, sepsis remains 
an important clinical problem, in particular for patients with diabetes.

Sepsis is associated with concurrent activation of several inflammatory and coagulant 
pathways, each of which has been implicated in the pathogenesis of organ failure 
and mortality.4,5 Evidence indicates that diabetes may influence the host response to 
infection. In diabetes and during experimental hyperglycemia, polymorphonuclear 
cell functions such as chemotaxis, phagocytosis and respiratory burst are hampered,6-8 
whereas concentrations of cytokines are altered in diabetic patients under both basal 
and inflammatory conditions.9-12 In addition, diabetic patients have higher circulating 
concentrations of coagulation factors, combined with a decreased fibrinolytic activity.13 
We recently showed that short term hyperglycemia activates the coagulation system 
in healthy subjects, whereas short term hyperinsulinemia inhibits fibrinolysis.14 Two 
other investigations documented that artificial hyperinsulinemia enhances the release 
of the acute phase cytokine interleukin (IL)-6 in healthy subjects intravenously injected 
with endotoxin.15,16

To the best of our knowledge it currently is unknown whether and how diabetes 
influences the course of sepsis. We here tested our a priori hypothesis that the presence 
of diabetes adversely affects the outcome of sepsis making use of a large patient group 
hospitalized with a diagnosis of severe sepsis.

Methods 

Patients
This study includes patients from a randomized, double blind, placebo-controlled trial 
evaluating the efficacy of drotrecogin alfa (activated) in patients with severe sepsis, as 
described in detail.17 We analyzed data from 830 patients who were enrolled in the 
control group of this study. Patients were eligible for the trial if they had a known 
or suspected site of infection based on clinical assessment, had >3 signs of systemic 
inflammation, and >1 sepsis-associated acute organ dysfunction occurring within 
24 hours of enrollment. Preexisting diabetes (i.e. prior to enrollment in the trial) was 
identified in the medical history of each patient. 
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Evaluation of Patients
Patients were followed for 28 days or until death. Base-line characteristics including 
demographic information and information on preexisting conditions, organ function, 
markers of disease severity, infection, and hematologic and other laboratory tests 
were assessed within 24 hours before the infusion was begun. Serial blood samples 
were drawn preinfusion and on study days 1 through 7, 14 and 28 after start of 
study drug infusion. Prothrombin time (PT), activated partial thromboplastin time 
(APTT), D-dimer, protein C, protein S, and antithrombin levels were obtained at each 
time point. Platelet counts were determined from samples obtained at preinfusion, 
and on days 4, 6, 14 and 28. Serum for IL-6 was determined preinfusion, and daily 
from days 1 through 7. In the last 195 consecutive patients enrolled in the study, 
prothrombin fragment F1+2 (F1+2), thrombin antithrombin (TAT) complexes, 
plasminogen activator inhibitor-1 (PAI-1) and soluble thrombomodulin (TM) were 
measured on citrated plasma samples collected pre-infusion and on days 1, 2, 4, and 5. 
Measurements of tumor necrosis factor-α (TNF-α) were also performed post-hoc from 
the citrated plasma samples of the last 195 consecutive patients. The following assays 
were performed on either STA or STA Compact coagulation analyzers (Diagnostica 
Stago Inc., Asnieres, France) using Diagnostica Stago test kits. APTT (STA-APTT), 
PT (STA-Neoplastine CI plus), protein C activity (Staclot Protein C), and protein S 
activity (Staclot Protein S) were all measured with coagulation-based activity assays. 
D-dimer levels were measured immuno-turbidimetrically with the STA Liatest D-DI 
latex immunoassay. Antithrombin (Stachrom ATIII) and PAI-1 (Stachrom PAI) 
levels were quantitated with chromogenic activity assays. Soluble TM (Asserachrom 
Thrombomodulin, Diagnostica Stago), F1+2 (Behring Diagnostics, Westwood, MA), 
TAT (Behring Diagnostics), and IL-6 (Quantikine Human IL-6 HS kit, R&D Systems, 
Minneapolis, MN) antigen levels were measured by enzyme immunoassays. Platelet 
counts were performed using flow-cytometric methodology. Antigenic levels of TNF-α 
were measured simultaneously with validated multiplexed technique18 (FlowMetrix, 
Dynamic System Solutions, Herndon, VA). The assay detection limits were 21 pg/ml 
for TNF-α and 2 pg/ml for IL-6.

Statistical analysis
Differences between groups at baseline were assessed using Pearson’s chi-squared test 
for categorical variables. Continuous variables were analyzed using the Wilcoxon’s 
rank-sum test, and longitudinal data were also analyzed using the last-observation-
carried-forward (LOCF) method in order to assess the impact of missing values. 
Instances in which the analysis of raw data and the LOCF approach produced different 
results are noted in the Results Section. P values stated in figures and text are derived 
from the Wilcoxon’s rank-sum test. Pearson’s chi-squared methodology was also used 
to test for differences in 28-day, 90-day mortality rates across study groups. Fits of 
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28-day mortality versus baseline glucose levels in diabetic and non-diabetic patients 
were constructed using smoothing splines.19 All statistical analyses were performed 
using SAS Version 8.2 (SAS Institute Inc., Cary, NC) and significance tests were 
performed at a two-sided alpha level of 0.05.

Results

Baseline characteristics
Table 1 shows the baseline characteristics of all 830 patients with severe sepsis. The 
medical history of 188 patients listed pre-existing diabetes (22.7% of all patients). As 
expected, diabetic patients had higher plasma glucose levels on admission: 13.3 ± 0.5 
vs. 8.4 ± 0.2 mmol/l (P < 0.0001). Diabetic patients were almost 5 years older compared 
to patients without diabetes: 64.4 ± 0.9 vs. 59.5 ± 0.7 years (P = 0.0042). Also, average 
APACHE (Acute Physiology And Chronic Health Evaluation) II scores were higher in 
diabetic patients (26.8 ± 0.6 vs. 24.3 ± 0.3; P = 0.0001). Significant differences between 
groups were also found in baseline SOFA (Sequential Organ Failure Assessment) 
hematology (lower in diabetic patients) and SOFA renal scores (higher in diabetic 
patients). The study groups did not differ with regard to male/female ratios, baseline 
SOFA cardiovascular, hepatic and respiration scores and the number of organ failures 
on admission (all P > 0.5).

Table 1. Baseline characteristics
Variable Diabetes

(N = 188)
Non-Diabetes

(N = 642)
Total

(N = 830)
P-value

Age at admission (yr) 64.4 ± 0.9 59.5 ± 0.7 60.6 ± 0.6 0.0042
Male sex (%) 56.9 58.3 58.0 0.7433
Baseline plasma glucose (mmol/l) 13.3 ± 0.5 8.4 ± 0.2 9.5 ± 0.2 <0.0001

(N = 178) (N = 608) (N = 786)
Pre-infusion APACHE II score 26.8 ± 0.6 24.3 ± 0.3 24.9 ± 0.3 0.0001
Baseline SOFA cardiovascular score 2.70 ± 0.11 2.68 ± 0.06 2.68 ± 0.05 0.7115
Baseline SOFA hematology score 0.57 ± 0.07 0.69 ± 0.04 0.67 ± 0.03 0.0475
Baseline SOFA hepatic score 0.54 ± 0.06 0.60 ± 0.04 0.58 ± 0.03 0.6066

(N = 171) (N = 583) (N = 754)
Baseline SOFA renal score 1.31 ± 0.08 1.04 ± 0.05 1.10 ± 0.04 0.0005

(N = 187) (N = 640) (N = 827)
Baseline SOFA respiration score 2.68 ± 0.07 2.70 ± 0.04 2.70 ± 0.04 0.5941

(N = 183) (N = 633) (N = 816)
Number of baseline organ failures 2.35 ± 0.08 2.41 ± 0.04 2.40 ± 0.04 0.6002
Characteristics of patients on admission to the ICU. Values are means ± SEM.
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Plasma glucose
Throughout the 28-day study period, plasma glucose levels remained significantly 
higher in diabetic patients compared to non-diabetic patients (Figure 1; P < 0.0001 
at all time points). Plasma glucose levels in diabetic patients decreased during the 
study period, with the lowest average value at study day 14 (10.7 ± 0.5 mmol/l). In non-
diabetic patients, plasma glucose levels fell from 8.4 ± 0.2 mmol/l at baseline to 7.5 ± 
0.2 mmol/l at study day 28.

Mortality
In contrast to our hypothesis, mortality did not differ between diabetic patients and 
non-diabetic patients, neither at 28, nor at 90 days after admission (Table 2). On day 
28, 31.4% of diabetic patients and 30.5% of non-diabetic patients had died (P = 0.82). 
After 90 days, mortality was 39.1% in the diabetes group and 39.0% in the non-diabetes 
group (P = 0.98).
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Figure 1. Plasma glucose concentrations. Severe sepsis 
patients were admitted to the ICU and plasma glucose 
concentrations were measured up to 28 days after 
admission. Numbers of observations for each cohort 
are given below the x-axis. Open circles (○) represent 
diabetic patients; closed squares (■) represent non-
diabetic patients. * P < 0.05.

Causative micro-organism
Having established that the presence or absence of preexisting diabetes did not 
influence overall mortality, we investigated whether there was a difference in mortality 
due to certain subgroups of pathogens. No differences were found between groups with 
respect to the prevalence of documented gram-positive, gram-negative, non-bacterial, 
fungal or mixed infections; in addition, mortality stratified to causing organism did 
not differ between groups (data not shown).

Table 2. Mortality
Outcome Diabetes Non-Diabetes Total P-value

no./total no. (%)
Mortality at Day 28 59/188 (31.4%) 196/642 (30.5%) 255/830 (30.7%) 0.8235
Mortality at Day 90 70/179 (39.1%) 238/610 (39.0%) 308/789 (39.0%) 0.9827
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Figure 2. Coagulation and fibrinolysis parameters. PT 
(A), APTT (B), TAT complexes (C), F1+2 prothrombin 
fragment (D), D-dimer (E), PAI-1 (F), and platelet 
counts (G) were measured in severe sepsis patients. 
Numbers of observations for each cohort are given 
below the x-axis. Open circles (○) represent diabetic 
patients; closed squares (■) represent non-diabetic 
patients. * P < 0.05.
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Coagulation and fibrinolysis
To evaluate the influence of pre-existing 
diabetes on the procoagulant response to 
sepsis, we measured several markers of 
coagulation and fibrinolysis (Figure 2). In 
general, the plasma levels of all parameters 
measured did not differ or differed only 
modestly between patients with and 
without diabetes. On admission PT and 
APTT of diabetic and non-diabetic sepsis 
patients were equally increased; during 
hospitalization PT and APTT decreased 
in a similar way in both cohorts (P > 0.05 
at all time points). The plasma levels of 
TAT complexes and the F1+2 prothrombin 
fragment measured in a subgroup of patients 
up to 5 days after admission, showed a 
relatively large variation on admission, 
in particular in diabetic patients; overall 
the levels of these coagulation markers 
were similar in patients with and without 
diabetes, except for lower levels of F1+2 in 
the diabetes cohort at day 2 (P = 0.046). 
D-dimer levels were similarly increased in 
both study groups throughout the study, 
except that levels in diabetic patients were 
lower at day 6 (5.48 ± 0.55 vs. 6.15 ± 0.27 
μg/ml; P = 0.044) and day 14 (3.66 ± 0.29 
vs. 5.30 ± 0.28 μg/ml; P = 0.014). However, 
when using LOCF analysis, there was no 
difference between study groups at any 
time point. The circulating levels of the 
fibrinolysis inhibitor PAI-1 were similar 
in both patient groups, showing a similar 
gradual decline during the first 5 days after 
admission in diabetic and non diabetic 
patients. Platelet counts were slightly 
higher in diabetic patients on admission 
((230 ± 10) vs. (195 ± 5) x 109/l; P = 0.0015), 
and somewhat lower at day 14 ((366 ± 21) 
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Figure. 3. Anticoagulant mediators. Protein C (A), 
protein S (B) and antithrombin (C) were measured in 
severe sepsis patients. Numbers of observations for 
each cohort are given below the x-axis. Open circles 
(○) represent diabetic patients; closed squares (■) 
represent non-diabetic patients. * P < 0.05.
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vs. (417 ± 12) x 109/l; P = 0.01). LOCF analysis did not detect statistical difference at 
day 14, though. At other time points, however, there were no differences in platelet 
counts.
The plasma concentrations of anticoagulant proteins were below normal on admission 
in both diabetic and non-diabetic patients (Figure 3); however the diabetes cohort 
had higher levels of protein C (55.7 ± 2.2 vs. 51.0 ± 1.1%; P = 0.05), protein S (45.8 
± 2.0 vs. 40.5 ± 1.0%; P = 0.024) and antithrombin (65.5 ± 1.7 vs. 59.1 ± 1.0%; P = 
0.0005), compared to the non-diabetes cohort. These differences remained significant 
until day 4 for protein S levels, and until day 1 (until day 2 using LOCF analysis) for 
antithrombin. For the remainder of the study, levels of all three anticoagulant proteins 
were not different between diabetic and non-diabetic patients (all P > 0.05). Soluble 
TM concentrations, measured in a subgroup of patients up to 5 days after admission, 
varied in both patient groups (P > 0.05 for the difference between diabetic and non 
diabetic patients at all time points; data not shown).

Cytokines
The plasma concentrations of IL-6 and TNF-α were equally elevated in diabetic and 
non-diabetic patients upon admission (Figure 4). The levels of both cytokines declined 
thereafter and no differences between groups were found.

Influence of admission plasma glucose on mortality, coagulation and 
inflammation
Having established that pre-existing diabetes does not influence mortality in sepsis 
patients, we analyzed the influence of admission hyperglycemia on mortality in all 
patients without known pre-existing diabetes (Table 3). Interestingly, patients who had 
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Figure 4. Inflammation markers. Pro-inflammatory cytokines IL-6 (A) and TNF-α (B) were measured in severe sepsis 
patients. Numbers of observations for each cohort are given below the x-axis. Open circles (○) represent diabetic 
patients; closed squares (■) represent non-diabetic patients. * P < 0.05.
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a plasma glucose concentration above 11.1 mmol/l on admission, had a higher mortality 
rate after 28 days (43.0%) compared to those patients with glucose concentrations ≤ 
11.1 mmol/l (27.2%; P = 0.0021), and also compared to patients with known diabetes 
(31.4%; P = 0.0548). Also after 90 days mortality was higher in the hyperglycemic 
patients (35.6 vs. 53.4%; P = 0.0015). Subsequently, we checked for a correlation 
between admission glucose and 28-day mortality (Figure 5). Indeed, high admission 
glucose was associated with increased mortality in the non-diabetic patients, but not 
in the diabetic patients. In non-diabetic patients, this difference in mortality was not 
accompanied by variations in coagulation or inflammation markers on admission, as 
these were similar between patients with and without hyperglycemia (Table 3). The 
only exceptions were a lower protein S ((39.5 ± 1.1) vs. (45.3 ± 2.8) %; P = 0.0442) and 

Table 3. Baseline hemostatic parameters and cytokines of non-diabetic patients, stratified by admission plasma 
glucose concentration
Outcome glucose 

≤ 11.1 mmol/l
(N = 515)

glucose 
> 11.1 mmol/l

(N = 93)

P-value

Baseline plasma glucose (mmol/l) 7.12 ± 0.08 15.7 ± 0.6 <0.0001
28-Day mortality rate 140/515 (27.2%) 40/93 (43.0%)  0.0021
90-Day mortality rate 175/492 (35.6%) 47/88 (53.4%)  0.0015
Age at admission (yr) 58.9 ± 0.8 63.1 ± 1.4  0.1132
Male sex (%) 296/515 (57.5%) 55/93 (59.1%)  0.7650
Pre-infusion APACHE II score 24.1 ± 0.3 25.3 ± 0.8  0.1431
Baseline SOFA cardiovascular score 2.67 ± 0.06 2.65 ± 0.16  0.7086
Baseline SOFA hematology score 0.69 ± 0.04 0.66 ± 0.10  0.7116
Baseline SOFA hepatic score 0.61 ± 0.04 0.50 ± 0.09  0.2523
Baseline SOFA renal score 0.97 ± 0.05 1.18 ± 0.13  0.1126
Baseline SOFA respiration score 2.70 ± 0.05 2.69 ± 0.11  0.7329
Number of baseline organ failures 2.40 ± 0.05 2.40 ± 0.12  0.8871
PT (seconds) 20.8 ± 0.4 19.3 ± 0.6  0.0542
APTT (seconds) 45.8 ± 0.8 43.6 ± 1.7  0.1811
TAT (μg/l) 17.0 ± 1.8 27.8 ± 8.8  0.2590
F1+2 (mmol/l) 2.19 ± 0.17 2.40 ± 0.39  0.4637
D-dimer (μg/ml) 7.40 ± 0.41 7.11 ± 0.94  0.9690
PAI-1 (AU/ml) 41.8 ± 2.8 55.1 ± 8.6  0.1035
Platelets (x 109/l) 197 ± 6 189 ± 12  0.8813
Protein C (%) 49.9 ± 1.2 58.9 ± 4.0  0.0742
Protein S (%) 39.5 ± 1.1 45.3 ± 2.8  0.0442
Antithrombin (%) 59.4 ± 1.1 60.4 ± 2.7  0.8811
IL-6 (pg/ml) 9368 ± 1774 8272 ± 3994  0.0239
TNF-α (pg/ml) 44.8 ± 7.2 75.6 ± 20.3  0.1000
Values are either given as means ± SEM, or as number affected divided by total (percentage).
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a higher IL-6 ((9368 ± 1774) vs. (8272 ± 3994) pg/ml; P = 0.0239) in the patients with 
admission glucose ≤ 11.1 mmol/l.

Discussion
This study is the first to investigate the influence of pre-existing diabetes on the 
outcome of sepsis. Our main finding is that sepsis patients with a medical history 
of diabetes do not have a higher mortality compared to those without pre-existing 
diabetes, as determined 28 and 90 days after admission. Also in subgroup analyses, 
in which mortality due to causative micro-organisms was assessed, diabetes had no 
influence on mortality. Furthermore, diabetes did not exacerbate the procoagulant or 
inflammatory response to sepsis: if anything, the hemostatic balance was disturbed 
less in patients with diabetes as reflected by lower levels of markers for coagulation 
activation (TAT complexes, F1+2 and D-dimer) and higher levels of anticoagulant 
proteins (antithrombin and protein S) at certain time points after admission. The 
conclusion that pre-existing diabetes does not impair sepsis outcome is further 
supported by the fact that in our study diabetic patients were somewhat older and more 
ill (as reflected by higher APACHE II scores) compared to the non-diabetic patients, 
differences that are expected to negatively influence the outcome of severe sepsis. 
Remarkably, in patients without a pre-admission diagnosis of diabetes hyperglycemia 
on admission to the ICU (intensive care unit) strongly and adversely influenced 

Figure 5. Correlations between 28-day mortality and admission glucose. Mortality of diabetic (dashed lines) and non-
diabetic (solid lines) severe sepsis patients was evaluated for increasing plasma glucose concentrations.
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mortality rates, suggesting a detrimental role for acute hyperglycemia that may be 
different from patients with long-standing hyperglycemia, i.e. the diabetic group. 
The correlation between baseline glucose levels and 28-day mortality confirms these 
findings, and suggest that the mortality risk increases gradually as admission glucose 
levels increase. Despite this increased mortality, coagulation and immune systems 
were activated in a similar way in patients with and without admission hyperglycemia, 
except for differences in protein S (higher in hyperglycemic patients) and IL-6 (lower 
in hyperglycemic patients). 

In our study 188 of 830 patients (22.7%) of patients with severe sepsis had a history of 
diabetes. This prevalence of known diabetes is higher than expected in a (non-septic) 
control population of the same age (7.5-15.1%),20,21 thereby supporting the notion 
that diabetes is a risk factor for severe infection and sepsis.1,2 Considering that the 
prevalence of diabetes is expected to increase over the next decades,21 and that the 
number of sepsis-related deaths is rising,3 it can be anticipated that diabetic patients 
who develop sepsis will remain to present an important clinical problem.

The lack of a strong influence of diabetes on the host response to severe sepsis is 
remarkable, since sepsis and diabetes both induce a procoagulant state and both 
interfere with an adequate inflammatory reaction. Preclinical studies have suggested 
that diabetes and/or hyperglycemia and/or hyperinsulinemia may influence coagulation 
and inflammation. Hyperglycemia induced activation of the tissue factor pathway of 
coagulation,22 and a rise in the plasma concentrations of the prothrombin fragment 
F1+223 and TAT complexes.14 We recently reported that hyperinsulinemia inhibits 
fibrinolysis through stimulation of PAI-1 release.14 Additionally, hyperinsulinemia 
potentiated IL-6 release in healthy subjects exposed to intravenous endotoxin.15,16 The 
current finding that pre-existing diabetes modifies the host response to sepsis modestly 
at best, could be due to the fact that the disturbances of the coagulation system and 
inflammatory responses caused by severe sepsis are stronger and more important for 
outcome than the relative smaller derangements due to coexistent diabetes. In diabetic 
patients, the mean plasma levels of TAT complexes were reported to be 36 and 57% 
higher compared to controls,24,25 whereas patients with severe sepsis displayed almost 
300% higher concentrations of this coagulation marker.26,27 Compared to healthy 
controls, F1+2 levels were not elevated in diabetic patients,24 whereas severe sepsis 
patients had over 400% increased levels.26 Concurrently, inhibition of fibrinolysis 
due to PAI-1 was reported to be much stronger in patients with severe sepsis (239% 
higher than controls)27 compared to diabetic patients (58% higher).25 Also, severe 
sepsis induces a much stronger immune activation than diabetes, as reflected by 
concentrations of IL-6. In the absence of inflammation, IL-6 concentrations are only 
modestly (if at all) elevated in diabetic patients.10,11
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Our study suggests that hyperglycemia in non-diabetic patients is common on 
admission to the ICU, as 14.5% of the non-diabetic patients had admission plasma 
glucose levels > 11.1 mmol/l. Together with our finding that admission hyperglycemia 
in non-diabetic patients is associated with increased mortality, these results are in 
line with results from Umpierrez and associates, who reported similar findings in 
consecutive hospitalized patients.28 Also in patients with acute myocardial infarction29 
and ischemic stroke,30 admission hyperglycemia has been associated with increased 
morbidity and mortality. As described above, acute hyperglycemia and/or insulin 
resistance can directly influence inflammation and coagulation, systems considered 
important for an adequate immune response during sepsis. In addition, admission 
hyperglycemia may reflect greater stress associated with a more severe disease state, 
although this possibility is not supported by our clinical data or our results on 
coagulation and inflammation.

Our results are in line with a recent analysis by Van den Berghe and colleagues, in 
which the effects of intensive insulin treatment in ICU patients were investigated.31 
Using pooled data from two large randomized controlled trials in surgical and medical 
ICU patients,32,33 the authors concluded that intensive insulin treatment reduces 
mortality of all medical/surgical ICU patients, except of those with a prior history of 
diabetes. These data combined with our current findings suggest that hyperglycemia in 
patients with known diabetes does not negatively impact on the outcome of critically 
ill patients (as indicated by the analysis by Van den Berghe et al.31) or patients with 
severe sepsis (the present study). 

The presence of diabetes was assessed by medical history recordings. To be able to 
discriminate between stress hyperglycemia and undiagnosed diabetes in the non-
diabetes group, HbA1c measurements would have been valuable. Nevertheless, plasma 
glucose concentrations were much higher in patients with known diabetes, suggesting 
that the stratification based on the medical history was reliable. Altogether our data, 
obtained from a prospective study that included 830 conventionally treated patients, 
strongly suggest that pre-existing diabetes does not impair the outcome of severe sepsis, 
whereas admission hyperglycemia in patients without known diabetes is associated 
with an increased mortality.
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The aim of this thesis was to investigate the influence of abnormalities in the plasma 
concentration of glucose and insulin on innate immunity and the hemostatic balance. 
We used different methods to address several parts of this research question. The 
overall effects of insulin resistance and hyperglycemia on innate immune responses 
were assessed in mice (chapter 5) and humans (chapter 8). We examined the 
inflammatory and hemostatic effects of the two diabetic hallmarks, hyperglycemia and 
hyperinsulinemia, in more detail in two models of human volunteers (chapters 2-4). To 
conclude, we investigated immune-modulating effects of thiazolidinediones (TZDs), 
insulin-sensitizing drugs of which some are currently in use as oral antidiabetic agents 
(chapters 6 and 7). In addition, this thesis also touches upon related issues such as 
influence of the duration of diabetes related disturbances.

Influence of hyperglycemia and hyperinsulinemia on hemostasis and innate 
immunity
Diabetic patients have an increased tendency towards coagulation. The disturbances in 
coagulation and fibrinolysis are likely to contribute to their increased cardiovascular 
risk.1,2 In chapter 2 we investigated the separate effects of hyperglycemia and 
hyperinsulinemia, and their combination in healthy human volunteers. We found 
that hyperglycemia activated coagulation independent from insulin concentrations, as 
measured by increased plasma concentrations of soluble tissue factor and thrombin-
antithrombin complexes. Conversely, hyperinsulinemia inhibited fibrinolysis 
irrespective of glucose concentrations, due to elevated plasminogen activator inhibitor 
type I (PAI-1) concentrations and activity. These effects were already visible after 6 
hours. Importantly, the insulin and glucose concentrations that were achieved during 
the experiments (400 pmol/l and 12 mmol/l, respectively) are physiologically relevant 
for diabetic patients. This study was the first to illustrate that hyperglycemia and 
hyperinsulinemia have differential effects on the hemostatic balance in humans in 
vivo, and it suggests that patients with hyperglycemia due to insulin resistance are 
especially susceptible to thrombotic events by a concurrent insulin-driven impairment 
of fibrinolysis and a glucose-driven activation of coagulation.

Besides an increased coagulation tendency, diabetic patients have immune defects, 
leading to an increased sensitivity to infectious diseases. Patients have decreased 
neutrophil functions,3,4 whereas improvement of fasting plasma glucose levels (from 
13.3 to 6.4 mmol/L) had a beneficial effect on neutrophil phagocytosis.5 Besides, patients 
have slightly increased cytokine concentrations,6-8 suggesting that the orchestration 
of inflammatory responses occurs in an abnormal way. To investigate the separate 
and combined effects of acute hyperglycemia and hyperinsulinemia (the two most 
important metabolic derangements in type 2 diabetes) on these components of the 
innate immune system, we measured ex vivo production of pro-inflammatory gene 
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mRNA, cytokine production and neutrophil functions in healthy volunteers, using 
the same model as described in chapter 2. The results were described in chapter 3. We 
found that hyperglycemia reduced mRNA expression of 3 out of 8 measured genes 
after ex vivo stimulation with lipopolysaccharide (LPS), whereas hyperinsulinemia 
was associated with enhanced mRNA levels in 6 of these genes. However, cytokine 
production and neutrophil migration, phagocytosis and respiratory burst were not 
altered.

Inflammatory conditions directly activate coagulation via different pathways, and 
vice versa.9 To assess the influence of separate hyperglycemia, hyperinsulinemia, or 
their combination during inflammation we performed a subsequent study in human 
volunteers during a controlled inflammatory response, which is described in chapter 
4. In this study we raised glucose and/or insulin concentrations for eight hours and 
injected endotoxin intravenously after three hours to induce a rapid and reproducible 
systemic inflammatory response with concurrent activation of coagulation and 
inhibition of the fibrinolytic system. Similar to our findings in the previous study 
(chapter 2), hyperglycemia induced coagulation, and hyperinsulinemia inhibited 
fibrinolysis by increasing PAI-1 concentrations, yet these effects were much more 
outspoken under inflammatory conditions. These data suggest that hyperglycemia 
and hyperinsulinemia can worsen the hypercoagulable state that already occurs 
during severe illness. In the same study, hyperglycemia decreased neutrophil 
protease concentrations in plasma, indicating that neutrophil activity was impaired. 
Whereas it was already known that diabetes3,4 and acute hyperglycemia10 can both 
decrease neutrophil functions, we are the first to describe that the combination of a 
systemic inflammatory state and acute hyperglycemia negatively affects neutrophil 
function. However, neither hyperglycemia nor hyperinsulinemia influenced cytokine 
concentrations during systemic inflammation. Also, markers of endothelial activation 
were unaltered.

The fact that acute hyperglycemia and hyperinsulinemia induce pro-coagulant 
responses, but no overt changes in pro- or anti-inflammatory cytokine concentrations 
is quite remarkable, since inflammatory and hemostatic responses are so widely 
intertwined. It is known that interleukin (IL)-6 is an important intermediate factor 
in activation of coagulation in low grade endotoxemia.11 Since IL-6 levels were 
not influenced by hyperglycemia or hyperinsulinemia in both volunteer studies, 
this suggests that short-term hyperglycemia and hyperinsulinemia may induce 
hemostatic alterations via an alternative (as yet unknown) pathway. On the other 
hand, our findings that cytokine concentrations were not influenced, are not in line 
with two hyperinsulinemic clamp studies that described increased IL-6 levels during 
endotoxemia. However, in those studies lower dosages of LPS were injected and insulin 
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concentrations were up to between 800 and 1300 pmol/L and therefore outside the 
physiological range.12,13 In our volunteer studies, we aimed for plasma concentrations 
of glucose and insulin that are commonly found in diabetic patients. Of note, due to 
the relatively large variation in cytokine levels between subjects, it may be possible that 
our volunteer studies could not detect smaller changes in cytokine levels. However, 
we designed our volunteer studies to find clinically relevant effects, and it remains 
the question whether possible marginal differences in cytokine levels would have 
clinical relevance. Hence, our studies indicate that a smaller effect of high glucose 
and/or insulin concentrations on cytokine levels cannot be completely excluded, 
whereas the inhibitory effect of hyperglycemia on neutrophil activation as measured 
by protease concentrations is evident, as well as the effects of both hyperglycemia and 
hyperinsulinemia on mRNA expression of certain pro-inflammatory genes.

Altogether our results suggest that the two metabolic hallmarks of diabetes, 
hyperglycemia and hyperinsulinemia, can be regarded as two separate risk factors for 
the hypercoagulable state that is observed during diabetes, and that patients are at extra 
risk during severe illness or inflammatory conditions. Additionally, hyperglycemia 
inhibits neutrophil functions during systemic inflammation.

The influence of diabetes on the course of infectious diseases
To assess the influence of diabetes on outcome and functioning of the innate immune 
system following in vivo infection, we challenged wild-type and diabetic mice with 
bacteria to induce infections that are common in diabetic patients. We used leptin-
deficient ob/ob mice that have diabetes due to obesity-induced insulin resistance. 
Chapter 5 describes experiments in which pneumonia was induced in mice by 
intranasal inoculation with either the gram-positive respiratory pathogen Streptococcus 
(S.) pneumoniae or the gram-negative bacterium Klebsiella (K.) pneumoniae. After 
infection with lower doses of each pathogen ob/ob mice displayed lower pulmonary 
levels of proinflammatory cytokines, in particular tumor necrosis factor (TNF)-α 
and chemokines. However, cytokine concentrations did not differ after infection 
with a higher dose of each pathogen. In addition, the severity of lung inflammation 
and bacterial outgrowth in the lungs were similar in both mouse strains and in both 
infection models. Thus, preexisting diabetes did not influence the course of pneumonia 
in mice (as measured by bacterial outgrowth), and innate immune responses were only 
marginally (if at all) altered.

As it is impossible to investigate host reactions against infectious disease within target 
organs in vivo in humans, we chose to use mouse models. Our findings that immune 
responses to infection in diabetic mice do not differ much from those in wildtype mice, 
are not in line with evidence of altered immune responses in humans with diabetes. 
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It should be noted, however, that the majority of human diabetes cases has a mixed 
polygenomic and environmental cause, whereas mouse models of diabetes are based 
on the knockout of 1 or 2 genes, or are induced by drug administration. The leptin-
deficient ob/ob mice become insulin-resistant and subsequently diabetic only a few 
weeks after birth, due to increased appetite that leads to obesity. Since obesity is the 
most common cause of insulin resistance and diabetes in humans, we considered the 
ob/ob mouse model the most relevant for our research of the immune system during 
a state of type 2 diabetes. Retrospectively we can conclude that it is difficult to draw 
conclusions about human innate immune responses to bacterial infection from the ob/
ob mouse model.

Together these data suggest that although insulin resistance induced by leptin deficiency 
may modestly influence the regulation of inflammation during bacterial pneumonia by 
lowering pulmonary cytokine levels, it does not alter other host defense mechanisms 
and therefore leads to an equal outgrowth of S. pneumoniae or K. pneumoniae in the 
lower airways, compared to non-diabetic mice.

In chapter 8 we investigated the influence of diabetes and acute hyperglycemia on the 
outcome of severe sepsis in humans. We analyzed data of 830 severely septic patients 
who were admitted to the intensive care unit (ICU) and received standard critical care 
treatment. Preexisting diabetes (i.e. prior to enrollment in the trial) was identified in the 
medical history of each patient. We stratified patients into diabetic and non-diabetic 
patients, and assessed mortality, evaluated causative micro-organisms, and measured 
markers of coagulation, fibrinolysis and inflammation at several time points. Plasma 
glucose concentrations were 13.3 ± 0.5 and 8.4 ± 0.2 mmol/L in diabetic and non-
diabetic patients, respectively. We did not find any difference between diabetic and 
non-diabetic patients, except that markers of anticoagulation were slightly higher in 
diabetic patients on admission (protein C: 55.7 ± 2.2 vs. 51.0 ± 1.1%); protein S: 45.8 ± 
2.0 vs. 40.5 ± 1.0%; antithrombin 65.5 ± 1.7 vs. 59.1 ± 1.0%). Subsequently, we stratified 
the non-diabetic cohort further into patients with admission glucose > 11.1 mmol/L 
and patients with glucose below this threshold. This cutoff has also been chosen by 
other investigators.14 We found that non-diabetic patients with frank hyperglycemia (> 
11.1 mmol/L) on admission had an increased mortality compared to those with plasma 
glucose below this cutoff (43.0% vs. 27.2%). However, patients with underlying diabetes 
had equal mortality compared to those without diabetes. As mentioned before, patients 
with frank hyperglycemia on admission had a higher mortality compared to those 
with lower glucose concentrations (43.0% vs. 27.2%). These findings are surprising in 
light of the fact that diabetes is associated with an increased risk of developing and 
dying from an infectious disease, especially serious bacterial infections.15 Compared 
to non-diabetic subjects, the relative risk of developing sepsis has been estimated at 2.5 
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to 6.15,16 On the other hand, hyperglycemia on admission to the hospital has also been 
associated with increased morbidity and mortality in various patient populations, 
such as consecutive hospitalized patients14 and pneumonia.17,18 Together with these 
reports, our data suggest that in the event of disease, acute hyperglycemia may be more 
harmful than the long-standing hyperglycemia of diabetes. A possible explanation 
for this may be found in rapid impairment of neutrophil function following acute 
hyperglycemia, whereas alterations in cytokine concentrations less likely play a role. 
Indeed, in chapter 4 we found that acute hyperglycemia decreases neutrophil protease 
release during a state of systemic inflammation in healthy humans. This finding may 
suggest that this neutrophil function, which is designed to eliminate invading bacterial 
pathogens, may be negatively influenced during stress hyperglycemia during states of 
immune activation such as infection or acute severe disease. This may be one of the 
mechanisms for the increased susceptibility for infectious disease in diabetes. Another 
potential mechanism may be the influence of hyperglycemia and hyperinsulinemia on 
cytokine concentrations; however cytokine reactions are variable in different studies. 
In our “severe sepsis” study we found no difference between diabetic and non-diabetic 
patients regarding cytokine concentrations, although patients with hyperglycemia 
on admission had somewhat lower levels of IL-6 compared to patients without 
hyperglycemia. These results are opposite to the findings of Wasmuth and colleagues, 
who describe elevated concentrations of plasma IL-6 in hyperglycemic patients on 
admission to the ICU.19 Also, our data are difficult to understand in light of reported 
elevations in plasma cytokines in diabetic patients,6-8 and in light of the lack of influence 
of acute hyperglycemia and/or hyperinsulinemia on cytokine concentrations that we 
describe in both our volunteer studies (chapters 3 and 4). Hence, although cytokines 
are increased in severe septic patients on admission to the ICU, these markers do not 
correlate with glucose concentrations, and are not suitable to assess morbidity and 
mortality risk in this patient population.

Altogether we conclude that the investigations in this thesis contribute to the evidence 
that acute elevations in glucose and insulin concentrations increase the risk to obtain 
infectious disease, and worsen the outcome.

Influence of thiazolidinediones on innate immunity
Apart from their insulin sensitizing effect, TZDs were shown to have beneficial 
effects on the course and outcome of sterile inflammatory diseases in several animal 
models.20-22 However, less was known about the influence of TZDs on infectious 
diseases, and no reports were available about acute effects of TZDs on the human 
immune system. To find an answer to these questions, we performed two separate 
series of experiments. In chapter 6 we evaluated the influence of the TZD ciglitazone 
on markers of inflammation and outcome during pneumonia caused by S. pneumoniae 
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in mice, and found that ciglitazone treated mice had reduced bacterial outgrowth and 
reduced pulmonary inflammation. Moreover, ciglitazone treatment was associated 
with a reduced mortality. Hence, TZDs appear to exert positive effects during 
infectious diseases. To our knowledge, this has only been shown before in a model 
of peritonitis by cecal ligation and puncture.23 We here showed this for the first time 
in a clinically relevant model of community-acquired pneumonia, one of the most 
common infections in diabetic patients. Importantly, whereas the insulin-sensitizing 
action of TZDs occurs only after several weeks, the immune-modulating effects 
become already visible after one or a few dosages. To investigate whether short-term 
TZD administration also influences immune responses in humans, we performed the 
study described in chapter 7. In this study we assessed leukocyte counts, neutrophil 
activation, whole blood cytokine production capacity and hemostasis in volunteers 
who were treated with rosiglitazone and placebo using a randomized, double blind, 
crossover study design. Rosiglitazone reduced LPS-induced whole blood production 
of IL-6 and IL-10, but not of TNF-α or IL-8. Also, it reduced the expression of the 
neutrophil activation marker CD11b. However, other innate immune responses as 
well as markers of coagulation and fibrinolysis were unaltered. Hence, we showed 
that already one single dose of rosiglitazone is able to alter at least some immune 
responses in humans. This is in line with reports that daily TZD administration has 
anti-inflammatory properties in humans after 8 weeks or longer.24,25 Our investigation 
makes it likely that the immune modulating effects of TZDs precede the insulin 
sensitizing effects. TZDs may derive their insulin-sensitizing action at least in part from 
their down-regulatory effects on the immune system. In adipose tissue, a major target 
of PPAR-γ ligands, activation of PPAR-γ prevents TNF-induced insulin resistance.26 
This mechanism is considered important for obesity-related insulin resistance. Obesity 
is associated with an increased cytokine production in adipose tissue, and cytokines 
such as TNF-α and IL-6 are associated with insulin resistance and/or the development 
of type 2 diabetes.27-29

Altogether in this thesis we showed that short-term administration of TZDs reduces 
inflammatory responses and improves survival during in vivo pneumonia in mice, 
and one single oral dose of the TZD rosiglitazone decreases at least ex vivo production 
of some cytokines in healthy humans.

Clinical relevance of this thesis
What does the research that was described in this thesis contribute to insight in the 
pathophysiology of diabetes? The overarching conclusion from our volunteer studies 
is that acutely elevated concentrations of plasma glucose and insulin can be regarded 
as separate risk factors for thrombotic and infectious complications. Especially during 
states of systemic inflammation, patients may be at risk for these complications. 
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These findings are in line with ample research by Van den Berghe and colleagues, 
who describe that intensive insulin therapy to achieve strict normoglycemia reduced 
mortality and morbidity in patients on a surgical30 and a medical31 ICU (the Leuven 
studies). In other words: in these critically ill patients the observed survival benefit 
was due to prevention of hyperglycemia by intensive insulin therapy. Multivariate 
analysis indicated that the lowered blood glucose level rather than the insulin dose 
was related to reduced mortality, and that the dose of insulin has been an independent 
risk factor for mortality.32 Our data may imply that exaggerated coagulation and 
decreased neutrophil function may contribute to the deleterious effects of acute 
hyperglycemia in critically ill patients, and that impaired fibrinolysis may contribute 
to the adverse effects of high insulin levels. Interestingly, the authors show that insulin 
concentrations in a subset of patients who received intensive insulin therapy were 54% 
higher compared to control patients 2 days after the start of the therapy (1400 vs. 950 
pmol/L), whereas this difference disappeared after 7 days and on the last day on the 
ICU.33 Although the authors conclude that insulin levels are only temporarily increased 
by intensive insulin therapy, the hyperinsulinemia-induced impairment of fibrinolysis 
could have contributed to adverse outcome, moreover since insulin concentrations were 
not measured between day 2 and 7 on the ICU. This hypothesis is further supported 
by the fact that intensive insulin therapy appeared most effective in prolonged critical 
illness:31,34 on the short run, hyperinsulinemia may be more dangerous due to 
inhibition of fibrinolysis, whereas on the long run, the advantage of increased insulin 
sensitivity and better glycemic control may become prominent. Unfortunately, no data 
on markers on coagulation and fibrinolysis have been published by the authors of the 
Leuven studies. In our retrospective study in severely septic patients we demonstrated 
a higher mortality in non-diabetic patients with frank hyperglycemia on admission, 
however these patients did have similar activation of coagulation and fibrinolysis 
(chapter 8). From this patient study it therefore remains uncertain whether excess 
coagulation contributes to acute hyperglycemia-induced death in this population of 
critically ill patients. This discrepancy between our volunteer studies and our patient 
study may be explained (at least in part) by the fact that our severely septic patients had 
advanced illness including organ failure, as reflected by high scores on the APACHE 
(Acute Physiology And Chronic Health Evaluation) II and SOFA (Sequential Organ 
Failure Assessment) scales. In case of organ failure, the coagulation system may already 
be maximally activated so that hyperglycemia will cause no further derangement. 
Obviously this was not the case in our healthy volunteers who were susceptible to 
hyperglycemia (and hyperinsulinemia)-induced hemostatic derangements. This 
hypothesis is further supported by the fact that in the Leuven studies intensive insulin 
therapy was more effective in patients on a surgical ICU (average APACHE II scores 9) 
compared to the more ill patients on a medical ICU (average APACHE II scores 23-24). 
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A second general consequence of this thesis may be that strict glycemic control during 
states of inflammation and infection is especially important in acute hyperglycemic 
patients without a previous diagnosis of diabetes. In our septic patients study, mortality 
was equal between patients with and without a prior diagnosis of diabetes (i.e. chronic 
hyperglycemia), however mortality was increased in non-diabetic patients with acute 
frank hyperglycemia. This is in line with a combined analysis of the two Leuven trials, in 
which was found that patients with diabetes had no survival benefit of intensive insulin 
therapy.34 Also our mouse study suggests that the presence of chronic hyperglycemia 
(diabetes) only marginally alters the course of pneumonia. The potentially devastating 
effects of acute hyperglycemia and hyperinsulinemia are even worse in the presence 
of an inflammatory response: whereas in the absence of inflammation we found no 
influence of these metabolic derangements on immune functions and parameters 
(except for altered expression of pro-inflammatory gene mRNA; first volunteer 
study), hyperglycemia clearly reduced neutrophil elastase release during systemic 
inflammation (second volunteer study). Also, hemostatic derangements were much 
more outspoken under inflammatory conditions. This is supported by the fact that 
acute respiratory and urinary tract infections are associated with a transient increase in 
the risk of vascular events,35 suggesting that the inflammation-induced prothrombotic 
state can have vascular consequences by itself.

Furthermore, our studies involving TZDs in mice and humans suggest that these 
drugs may have a beneficial effect on defense mechanisms against invading pathogens. 
Given the short period of drug dosage in our studies, it is quite conceivable that these 
immune altering effects occur via other molecular pathways than the effects on insulin 
sensitivity. To our knowledge, it is currently not known whether type 2 diabetic patients 
who use TZDs suffer from less infectious complications than patients on other oral 
antidiabetic agents. Another potentially useful application of TZDs may be the use 
as additional medication in patients with severe inflammatory or infectious disease, 
such as septic patients. Since we observed beneficial effects in non-diabetic mice and 
humans, this would extend the group of patients that possibly profit from these agents 
beyond diabetic patients. Further research is necessary to investigate this.

In conclusion, acute hyperglycemia and hyperinsulinemia can be regarded as different 
risk factors that both contribute in a different way to activation of coagulation, 
inhibition of fibrinolysis, and alterations of innate immune reactions. The effects 
of acute hyperglycemia and hyperinsulinemia are most prominent in the presence 
of a systemic inflammatory response. Furthermore, in critically ill patients, acute 
hyperglycemia has more adverse effects than the chronic hyperglycemia of diabetes. 
Finally, TZD treatment has immune altering effects that have proven to be beneficial 
in animal models of infectious disease.
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Samenvatting van het proefschrift in het 
Nederlands

Diabetespatiënten hebben een verhoogde kans op het oplopen van infectieziekten. 
Daarnaast hebben zij een verhoogde neiging tot bloedstolling, wat leidt tot een 
groter risico op hart- en vaatziekten. Type 2 diabetes wordt gekenmerkt door een 
verhoogd bloedsuiker (hyperglykemie) en een verhoogd insulinegehalte in het bloed 
(hyperinsulinemie). Het doel van dit proefschrift was het onderzoeken van de effecten 
van hyperglykemie en hyperinsulinemie (afzonderlijk en in combinatie) op de afweer 
tegen infectieziekten en op de bloedstolling. We hebben verschillende modellen 
gebruikt om verschillende aspecten hiervan te onderzoeken. Globale effecten van 
hyperglykemie en insulineresistentie (verminderde werkzaamheid van insuline) 
werden onderzocht in muizen (hoofdstuk 5) en mensen (hoofdstuk 8). Door twee 
studies in gezonde vrijwilligers hebben we de afzonderlijke en gezamenlijke effecten 
van hyperglykemie en hyperinsulinemie op de afweer en bloedstolling onderzocht 
(hoofdstukken 2-4). Tot slot hebben we gekeken naar de effecten van middelen uit de 
groep van thiazolidinedionen (TZD) op de afweer en de bloedstolling (hoofdstukken 
6 en 7). Sommige TZD zijn momenteel geregistreerd als bloedsuikerverlagend medicijn 
voor patiënten met type 2 diabetes.

De invloed van hyperglykemie en hyperinsulinemie op bloedstolling en 
afweer tegen infectieziekten
De verhoogde activiteit van de bloedstolling en de veranderde afweer die voorkomen 
bij diabetes werden nader onderzocht door middel van twee vrijwilligersstudies. 
Hoofdstuk 2 beschrijft een studie van de afzonderlijke en gecombineerde effecten 
van hyperglykemie en hyperinsulinemie in gezonde vrijwilligers. De conclusies van 
deze studie zijn dat acute hyperglykemie onafhankelijk van de insulineconcentratie 
leidt tot activatie van de bloedstolling, en dat hyperinsulinemie onafhankelijk van de 
glucoseconcentratie leidt tot remming van de fibrinolyse – het systeem dat bloedstolsels 
afbreekt. Deze effecten waren al zichtbaar na 6 uur kunstmatig hoog houden van 
glucose- en/of insulineconcentraties. Dit zou kunnen betekenen dat patiënten met 
hyperglykemie en hyperinsulinemie feitelijk twee risicofactoren hebben voor het 
ontwikkelen van bloedstolsels: meer neiging tot stolling vanwege hyperglykemie, en 
verminderde activiteit van het systeem dat het bloed vloeibaar moet houden vanwege 
hyperinsulinemie.

Hoofdstuk 3 beschrijft dezelfde vrijwilligersstudie als in hoofdstuk 2, maar hierin 
worden de effecten op de afweer tegen infectieziekten beschreven. De volgende 
onderdelen van het afweersysteem werden bestudeerd: (1) expressie van mRNA van 
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genen die zorgen voor activatie van de afweer (zgn. pro-inflammatoir mRNA), (2) 
productie van cytokines (hormoonachtige stoffen die de afweerreacties aansturen) en 
(3) functies van neutrofiele granulocyten (afweercellen gespecialiseerd in het doden van 
bacteriën). Hyperglykemie leidde tot minder mRNA expressie van 3 van de 8 gemeten 
genen na stimulatie van afweercellen met het afweer-stimulerende lipopolysaccharide 
(LPS) buiten het lichaam. Hyperinsulinemie leidde echter tot meer mRNA expressie 
bij 6 van de 8 genen. De overige bestudeerde afweerfuncties veranderden niet na 
hyperglykemie en/of hyperinsulinemie.

Activatie van het afweersysteem en de bloedstolling zijn nauw met elkaar verweven. 
Beide systemen kunnen elkaar over en weer activeren. Om de invloed van hyperglykemie 
en/of hyperinsulinemie te onderzoeken onder omstandigheden met een geactiveerd 
afweersysteem, hebben we een tweede studie met gezonde vrijwilligers opgezet die is 
beschreven in hoofdstuk 4. In deze studie werden vrijwilligers gedurende acht uur 
onderworpen aan een verhoogde concentratie glucose en/of insuline. Na drie uur 
kregen zij per infuus endotoxine toegediend, een stof die een snelle en reproduceerbare 
afweerreactie van het gehele lichaam (systemische afweerreactie) teweeg brengt. 
Tegelijk worden hierdoor ook de bloedstolling en de fibrinolyse geactiveerd. Net 
zoals we in onze eerdere vrijwilligersstudie zonder endotoxine zagen (hoofdstuk 2), 
activeerde hyperglykemie de bloedstolling en leidde hyperinsulinemie tot een remming 
van de fibrinolyse, echter tijdens een systemische afweerreactie waren deze invloeden 
nog veel groter. Dit zou kunnen betekenen dat hyperglykemie en hyperinsulinemie 
leiden tot nog veel meer neiging tot bloedstolling tijdens ernstige ziekte, wanneer de 
bloedstolling al geactiveerd is. Tijdens dezelfde studie zagen we ook dat hyperglykemie 
leidde tot een verminderde concentratie van de stoffen elastase en myeloperoxidase in 
het bloed. Daar deze eiwitten worden uitgescheiden door geactiveerde neutrofielen, 
betekent dit dat hyperglykemie leidde tot een verminderde activatie van neutrofielen 
tijdens een systemische ontstekingsreactie. Cytokine concentraties werden echter niet 
beïnvloed door hyperglykemie of hyperinsulinemie, net als markers die duiden op 
activatie van het endotheel (binnenbekleding van de bloedvaten).

Samenvattend kan gesteld worden dat hyperglykemie en hyperinsulinemie beschouwd 
kunnen worden als twee onafhankelijke risicofactoren voor een verhoogde neiging tot 
bloedstolling, en dat het risico nog groter is tijdens ernstige ziekte of een geactiveerd 
afweersysteem. Daarnaast leidt hyperglykemie tot verminderde activiteit van 
neutrofielen tijdens een systemische ontstekingsreactie.

De invloed van diabetes op het beloop van infectieziekten
Om te onderzoeken welke invloed onderliggende diabetes heeft op de werking van 
het afweersysteem tijdens een bacteriële infectie en op het beloop daarvan, hebben we 
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muizen geïnfecteerd met bacteriën die ook bij diabetespatiënten frequent voorkomen. 
Hiervoor hebben we zogenaamde ob/ob muizen gebruikt; deze muizen missen het 
gen dat leptine aanmaakt waardoor zij dik worden en daardoor diabetes ontwikkelen. 
Deze muizen hebben we vergeleken met muizen zonder diabetes. In hoofdstuk 5 
worden proeven beschreven waarin muizen geïnfecteerd worden met de bacteriën 
Streptococcus (S.) pneumoniae of Klebsiella (K.) pneumoniae, twee vaak voorkomende 
verwekkers van longontsteking. Alleen bij een relatief lage dosis bacteriën was er 
enig verschil tussen de muizen met en zonder diabetes: de ob/ob muizen hadden dan 
minder cytokines in de longen. Dit verschil was niet aanwezig bij een hogere dosis 
bacteriën. Bovendien waren er geen enkele andere verschillen in de afweer meetbaar 
tussen beide groepen muizen, en was er ook geen verschil in bacteriële uitgroei. De 
conclusie is daarom dat onderliggende diabetes geen invloed heeft op het beloop van 
longontsteking in muizen (geen verschil in hoeveelheid bacteriën in de longen), en dat 
afweerreacties slechts marginaal (of helemaal niet) anders zijn.

Hoofdstuk 8 beschrijft een retrospectieve studie waarin we hebben gekeken naar de 
invloed van onderliggende diabetes en acute hyperglykemie op het beloop van ernstige 
sepsis (bloedvergiftiging) in mensen. Hiertoe hebben we data geanalyseerd van 830 
patiënten die met ernstige sepsis werden opgenomen op de intensive care (IC), en 
die hiervoor de gangbare behandeling kregen. De aan- of afwezigheid van diabetes 
werd bepaald aan de hand van de medische voorgeschiedenis van iedere patiënt. We 
verdeelden de patiënten in een groep met en een groep zonder diabetes en keken 
naar eventuele verschillen in sterfte, ziekteverwekkers, eiwitten van de bloedstolling 
en fibrinolyse en cytokines. Diabetespatiënten hadden zoals verwacht hogere 
glucoseconcentraties in het bloed. Op enkele kleine verschillen na in de activiteit van 
eiwitten die bloedstolling tegengaan (proteïne C, proteïne S en antithrombine; alle iets 
hoger bij diabetespatiënten) waren er geen verschillen tussen beide groepen patiënten. 
Vervolgens verdeelden we de patiënten zonder diabetes verder onder in twee groepen 
aan de hand van het glucosegehalte bij opname op de IC: een groep met glucose > 11.1 
mmol/L en een groep met glucose ≤ 11.1 mmol/L. De groep met forse hyperglykemie 
bij opname bleek een hogere sterfte te hebben (43.0%) dan de groep met lagere 
glucosewaarden (27.2%). Dit terwijl de totale patiëntengroep zonder diabetes eenzelfde 
sterfte kende als de groep met bekende diabetes. Dit was een verrassende bevinding 
omdat bekend is dat diabetespatiënten een verhoogd risico hebben op het oplopen 
van en overlijden aan infectieziekten in het algemeen, en omdat zij een verhoogde 
kans hebben op het oplopen van sepsis. Deze studie zou daarom kunnen betekenen 
dat tijdens ernstige sepsis acuut ontstane hyperglykemie gevaarlijker is dan langer 
bestaande hyperglykemie in het kader van diabetes. Samen met de resultaten van 
onze vrijwilligersstudies en de muizenstudie concluderen wij dat acute verhogingen 
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van glucose en insuline bijdragen aan een verhoogd risico op infectieziekten en een 
slechtere afloop daarvan.

De invloed van thiazolidinedionen op de afweer tegen infectieziekten en 
bloedstolling
Uit diermodellen was reeds bekend dat TZD het beloop en de uitkomst van steriele 
ontstekingen gunstig kunnen beïnvloeden. Over het effect van TZD op het beloop 
van infecties was minder bekend, evenmin als over korte termijneffecten van TZD op 
de afweer en bloedstolling in mensen. Hiertoe hebben we twee series experimenten 
verricht. Hoofdstuk 6 beschrijft proeven waarmee de invloed van de TZD ciglitazon op 
het beloop en uitkomst van longontsteking in muizen is onderzocht. Muizen werden 
geïnfecteerd met S. pneumoniae, de meest voorkomende verwekker van longontsteking. 
Muizen die met ciglitazon werden behandeld, hadden minder bacteriën in de longen 
en ook minder tekenen van ontsteking vergeleken met de muizen die placebo kregen. 
Bovendien leidde ciglitazon tot minder sterfte. De effecten van ciglitazon op het beloop 
van longontsteking, een van de meest voorkomende infecties bij diabetespatiënten, zijn 
dus positief. Een belangrijk gegeven is dat deze effecten al zichtbaar waren na slechts 
één of enkele toedieningen, in tegenstelling tot het glucoseverlagende effect dat pas 
optreedt na enkele weken van dagelijks TZD-gebruik. Om erachter te komen of TZD 
ook bij mensen al op zeer korte termijn afweerreacties kunnen beïnvloeden, hebben 
we de studie verricht die is beschreven in hoofdstuk 7. In deze gerandomiseerde 
dubbelblinde studie kregen gezonde vrijwilligers eenmalig ofwel een tablet van de TZD 
rosiglitazon, ofwel een placebo toegediend. Twee weken later werd de studie herhaald 
en kregen zij het nog niet toegediende medicijn. Op verschillende tijdstippen voor en na 
inname werd bloed afgenomen voor meting van aantallen witte bloedcellen, activatie 
van neutrofielen, cytokine productie, bloedstolling en fibrinolyse. Rosiglitazon inname 
leidde tot een verminderde productie van de cytokines IL-6 en IL-10, maar niet van 
IL-8 of TNF-α in afgenomen bloed. Daarnaast leidde rosiglitazon tot minder expressie 
van het eiwit CD11b op neutrofielen, wat duidt op een verminderde activatie van deze 
cellen. Andere markers van afweer evenals bloedstolling en fibrinolyse veranderden 
niet onder invloed van rosiglitazon. Rosiglitazon heeft dus al na één enkele dosis 
invloed op (ten minste sommige) afweerreacties in mensen. Ons onderzoek suggereert 
dat de effecten op de afweer van TZD sneller optreden dan de effecten op de insuline-
gevoeligheid.

Samenvattend hebben we laten zien dat een korte TZD behandeling in muizen 
leidt tot minder heftige afweerreacties en betere overleving van longontsteking, en 
dat eenmalige TZD toediening in mensen leidt tot minder productie van sommige 
cytokines.
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Samenvatting

Algemene conclusies van het proefschrift
Uit het proefschrift kunnen de volgende algemene conclusies worden getrokken. Acute 
hyperglykemie en hyperinsulinemie kunnen worden beschouwd als aparte risicofactoren 
voor activatie van de bloedstolling, remming van de fibrinolyse en veranderingen in de 
werking van de afweer tegen infectieziekten. De mechanismen waarop hyperglykemie 
en hyperinsulinemie invloed hebben op bloedstolling en afweer verschillen van elkaar. 
Daarnaast hebben acute hyperglykemie en hyperinsulinemie de grootste invloed op 
bloedstolling, fibrinolyse en afweer tijdens een systemische ontstekingsreactie. Verder 
heeft in ernstig zieke patiënten acuut ontstane hyperglykemie ernstiger gevolgen dan 
chronische hyperglykemie (ofwel diabetes). Ten slotte heeft behandeling met orale 
antidiabetica uit de thiazolidinedion-klasse effecten op de afweer tegen infectieziekten; 
deze effecten waren gunstig in diermodellen van infectieziekten.
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Dankwoord

Dit proefschrift was er nooit gekomen zonder de hulp van velen. Ik wil iedereen die 
een bijdrage aan dit boekje heeft geleverd hartelijk bedanken. Een aantal mensen wil 
ik in het bijzonder bedanken.

Beste Tom, ik ben je meer dan dankbaar voor de kans die je me gegeven hebt om 
dit boekje te maken. Werken onder jouw supervisie betekent veel vrijheid en eigen 
verantwoordelijkheid, onder een voortdurende stroom van optimisme, motivatie en 
nieuwe ideeën van jouw kant. Jouw energie werkt zeer aanstekelijk en wordt versterkt 
door de briljante combinatie van artsen en biologen op het lab. Je rust niet voor al je 
AIO-kinderen wereldberoemd zijn en daarom neem je ons overal mee naar toe, van 
München tot Korea, van duistere auditoriums tot donkere karaokebars. Ik heb het 
enorm naar mijn zin gehad op jouw lab en ik denk dat ik niet snel meer zo’n unieke 
werkplek vind!
Beste Hans, werken met jou en je groep was een verrijking van mijn onderzoekscarrière. 
Ik heb bewondering voor de manier hoe jij onderzoek combineert met de kliniek. Jouw 
input ervaar ik als prikkelend; clampen in jouw metabole unit betekent never a dull 
moment. Ik dank jou samen met Tom zeer voor het bedenken van het project waarop 
ik uiteindelijk ben aangenomen. De chemie tussen jouw metabole input en Tom’s 
inflammatie-onderzoek was spetterend en zorgde soms voor – al dan niet aangename 
– verrassingen.
Alex en Kees, papa’s in de hogere wetenschap, allesweters in de moleculen achter de 
fagocytose, stolling en wat al niet meer. Wat was er van dit proefschrift geworden 
zonder al jullie bijdragen aan en discussies over alle vrijwilligersstudies en in vitro 
experimenten! En ook: hoe waren we de Dublinse pub binnengekomen zonder jou, 
Alex? Kees, dankzij jou is het eten van een biscuitje nooit meer hetzelfde.
Beste Sandrine, dank je wel voor je bijdragen aan de PA. Naast een kundig patholoog 
blijk je ook een groot actrice bij het maken van Mark’s promotiefilmpje.

Saskia en Regje, onbetwiste clampkoninginnen. Hartelijk dank voor de vele uren 
samen clampen en jullie gezelligheid daarbij! Vroeg of laat, met of zonder endotoxine, 
F5 was ons thuis. De wetenschappelijke frontlinie waar wij ons begaven bleek soms 
onstuimig. Het is onze klinische blik alleen maar ten goede gekomen. Mireille, fijn dat 
je het front kwam versterken op de cruciale momenten!

Petra, Anita, Regina, Jennie, Hella en Esther: hoeders van normen en waarden op het 
lab. Dank voor al jullie hulp bij de kleinere en grotere proeven! Monique, zonder jou 
valt G2 waarschijnlijk stil: dan zijn er geen spullen, alleen kapotte pipetten en heerst 
er chronische koppijn (gezien je succes als lokale paracetamol-dealer). Ik ben blij dat 
je er was! Joost, Marieke en Ingvild, leuk om de muizenproeven met jullie te hebben 
gedaan! Jullie ervaring en gezelligheid maakte alle uren in het ARIA goed te doen! 
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Heleen en Suzanne, dank jullie wel voor het oplossen van al die problemen waar je als 
onderzoeker niks vanaf wilt weten. Zoals beloofd nog speciaal voor jullie in sierletters: 
dank jullie wel!

Collegá s van de oude garde Bas, Judith, Koen, Roos en David: leuk om in jullie bijzijn 
te beginnen en dank voor de gezelligheid tijdens de Jellybelly meetings. Nico en Lois, 
creatieve onderzoeksgeesten en kamergenoten: dankzij jullie was verblijven in de AIO-
kamer in de kelder meer dan aangenaam! Sylvia, I am still surprised by your creativity 
and energy to perform research, and always enjoy your presence!
Andere collega’s, met jullie heb ik de meeste tijd doorgebracht en wat voor tijd! Cathrien, 
moeder aller AIO’s, jij hebt me de kneepjes van de muizenproeven bijgebracht, heel 
veel dank hiervoor! Ilona, ik zal je gezelligheid missen! Rianne en Jacobien, misschien 
allebei nog wel grotere neuroten dan ikzelf, jullie staan garant voor gezelligheid op het 
lab en ver daarbuiten. Congres en afterparties met jullie zijn TOP! Zo-goed-als-echte 
Amsterdamse Masja,  je bent de gezelligste tractorbestuurder die ik ken! Ik hoop dat je in 
de toekomst nog vaak bacteriën voor me ontmaskert. Joost, je publicaties en presentaties 
zijn bovengemiddeld, maar je kwaliteiten als cameraman zijn ongeëvenaard! Goda, 
mister guide Korea, dankzij jou verliep het contact met de locals zeer soepel! Marieke, 
ik ben nog altijd onder de indruk van jouw onderhandelingstactieken tijdens een 
spelletje koehandel op congres! Marcel, slimme kerel in de verkeerde onderzoeksgroep, 
ik hoop je snel weer tegen te komen in de kliniek voor het doornemen van wetenschap 
en collega’s. Joppe, zachtroze tekenbestrijder, ook jou hoop ik in de toekomst weer 
tegen het lijf te lopen. Kerentje, wat leuk dat we op bezoek bij je waren in Parijs! Als dit 
boekje is gedrukt, dan kun je dit allemaal ook lezen! Andrea, how nice to have had you 
as a colleague! I’m looking forward to dance with you on the volcano in your home 
town! Nieuwe roomies Jolanda, Arjen, Jan-Willem: ik weet zeker dat jullie een leuke 
tijd op het lab zullen hebben. Martijn, we zullen elkaar wel altijd blijven tegenkomen! 
Ik ben vereerd dat ik straks bij jou in apenpakkie mag staan. Marten en Mark, fijn dat 
jullie nu mijn promotie willen opfleuren als paranymf!

Pap, mam, Jorrit en Marieke, bedankt dat jullie er altijd voor me zijn. Lieve Maggie, 
dank je wel voor al je onvoorwaardelijke steun! Het is fijn om te weten dat je er voor me 
bent. Je bent de liefste van de hele wereld en ver daarbuiten!
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Curriculum Vitae

Michiel Stegenga (1976, Woerden) grew up in Harmelen near Utrecht, where he attended 
the Dr. F.H. de Bruijne Lyceum from 1988 till 1994. After graduation Gymnasium cum 
laude, he studied Medicine at the University of Amsterdam. He received his medical 
degree in november 2001, and started his medical career at the departments of Internal 
Medicine, Cardiology and Pulmonology at the Rode Kruis Ziekenhuis in Beverwijk.

In 2003 he joined the research group of Prof.dr. Tom van der Poll at the Center for 
Experimental and Molecular Medicine, Academic Medical Center in Amsterdam. 
His studied the influence of hyperglycemia and hyperinsulinemia on responses of the 
innate immune system and the hemostatic balance. This thesis is the result of this 
project.

At present he is a resident in the Department of Internal Medicine at the Flevoziekenhuis in 
Almere, as a part of his training in Internal Medicine at the University of Amsterdam.
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