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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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