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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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