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Chapter 9

Summary and general discussion
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Summary and general discussion

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 

proefschrift.indb   132 28-4-2008   12:27:03



133

Summary and general discussion

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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