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GENERAL INTRODUCTION 
 
1. Neutrophilia in chronic and acute lung conditions 
Lung neutrophilia is a problem common to a variety of lung related diseases. 
Neutrophils are highly specialized members of the innate immune system and 
they are often the first immune cells to arrive at a site of infection. Their pri-
mary function is phagocytosis and destruction of microorganisms and foreign 
material. Under normal conditions neutrophils circulate through the blood-
stream with a circulating half-life of about 7 hours and migrate through tissue 
for about 2-3 days searching for pathogens. However, during an invasion of 
pathogens or other foreign materials neutrophils are recruited to the site of 
inflammation and their life-span is increased. This delayed apoptosis is caused 
by granulocyte colony stimulating factor (G-CSF) present at sites of inflamma-
tion (1). 
 
1.1 Chronic Obstructive Pulmonary Disease 
Chronic obstructive pulmonary disease (COPD) is a chronic, progressive, irre-
versible disease of the respiratory system (2). It is characterized by chronic 
bronchitis, chronic bronchiolitis and emphysema (3). The severity of COPD 
has been linked to the level of lung inflammation in several studies (4, 5). Pa-
tients suffering from COPD have increased neutrophil levels during all stages 
of disease development (6) and increased neutrophil levels are reported in 
sputum of patients during disease exacerbations (7). Increased levels of mye-
loperoxidase, a marker of active neutrophilia, in bronchoalveolar lavage fluid 
(BALF) of COPD patients are well described (8, 9,10).  
 
1.2 Asbestosis 
Lung neutrophilia is also a key player in the development of asbestosis, a dis-
ease defined as bilateral diffuse interstitial fibrosis of the lungs caused by the 
inhalation of asbestos fibers (11). Increased neutrophil levels in BALF of as-
bestos-exposed men have been described (12,13), as well as increased levels 
of the neutrophil chemoattractant interleukin (IL) -8 (14). A significant associa-
tion was found between neutrophils in BALF and forced expiratory volume in 1 
second (FEV1) in long term asbestos workers (15). 
 
1.3 Acute Respiratory Distress Syndrome 
Not only chronic lung diseases exhibit neutrophilia. It can also have an acute 
character. Acute respiratory distress syndrome (ARDS) can develop in many 
serious conditions including sepsis, pneumonia, traumatic injury and major 
surgery (16,17). Mortality is over 40%, and there is no effective therapy apart 
from supportive measures (17). Elevation levels of IL-8 in BALF of at risk peo-
ple can predict ARDS progression (18), and higher levels of IL-8 are present in 
BALF samples of nonsurvivors compared to survivors with ARDS (19).  
Patients with lung diseases like idiopathic pulmonary fibrosis (20) and cystic 
fibrosis (21) also suffer from lung neutrophilia. It is furthermore a problem after 
lung transplantation, when patients develop bronchiolitis obliterans syndrome 
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(BOS) in which increased lung neutrophilia together with an excessive repair 
mechanism lead to a severe decrease in lung function (22, 23).   
 
 
2. Development of lung neutrophilia 
Stimulation of the lung epithelium by inhaled microorganisms, but also noxious 
particles and gases, leads to up-regulation of pro-inflammatory signaling cas-
cades in resident lung cells. This activation results in the increased production 
of chemokines by lung epithelial cells, but also by activated macrophages, 
monocytes, endothelium and various parenchymal cells (24). The best studied 
human chemokine in the development of lung neutrophilia is IL-8, also named 
CXCL8.  
The initial steps in the neutrophil adhesion cascade include capture and rolling 
of circulating neutrophils and this process requires E-, L-, and P-selectin. This 
is followed by endothelial cell activation mediated by chemokines (25) resulting 
in neutrophil arrest and firm adhesion. This adhesion is mediated by integrins, 
heterodimeric transmembrane glycoproteins, in collaboration with intercellular 
adhesion molecules, intercellular cellular adhesion molecule (ICAM)-1, ICAM-2 
and vascular cell adhesion molecule (VCAM)-1 (26). A series of events, includ-
ing NF-�B translocation (27) and mitogen-activated protein kinase (MAPK) 
activation (27) in the neutrophil will lead to the up-regulation of CD11b surface 
expression (27). This will result in the paracellular or transcellular endothelial 
migration of neutrophils into the pulmonary capillary bed. Figure 1 shows the 
above described process step by step. When neutrophils enter affected tissue 
in an attempt to eliminate pathogens and other foreign agents, they have a 
variety of oxygen-dependent and -independent mechanisms to do so. Oxygen 
independent mechanisms include chemotaxis, phagocytosis, degranulation, 
and release of lytic and antimicrobial enzymes (28).  

 
 
 
Figure 1: The neutrophil extravasation cascade, adapted from (46). The original three steps 
are shown in bold: rolling, which is mediated by selectins. The second step, activation is 
mediated by chemokines. Step number three, arrest followed by adhesion is mediated by 
integrins. 
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2.1 Oxygen dependent mechanisms in the neutrophil respiratory burst 
For a long time researchers believed that the main production of reactive oxy-
gen species (ROS) by neutrophils was caused by the activity of the multipro-
tein complex, reduced nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase. This complex catalyses the formation of superoxide anion (O2

·-), by 
transferring electrons from NADPH to O2 via a series of phosphorylation 
events (29). Later, other mechanisms capable of ROS production were recog-
nized.  
 
 
3. Myeloperoxidase 
Myeloperoxidase (MPO) is an iron containing heme protein predominantly 
stored in granula of neutrophils and a key contributor to the respiratory burst of 
neutrophils. It is a product of a single gene (30), and its synthesis is initiated in 
the promyelocyte stage of neutrophil development and terminates at the be-
ginning of the myeloid stage. At this time the MPO-containing azurophilic 
granula are distributed to daughter cells, where they mix with the newly formed 
peroxidase negative, specific (secondary) granula. Human monocytes also 
contain MPO-positive granules, although they are fewer in number than in 
neutrophils. The MPO-containing granula are formed in bone marrow 
promonocytes, are readily apparent in mature monocytes, but are generally 
lost when monocytes mature into tissue macrophages (31). MPO is first pro-
duced in an enzymatically inactive form, called apoproMPO, which is finally 
modified into mature MPO. Mature MPO consists of two identical dimers, each 
of which contains a heme prosthetic group (32).  Mature MPO is shown in 
Figure 2.  

 
Figure 2: Chrystal structure of myeloperoxidase, con-
sisting of two identical dimers, each of which contains a 
heme prosthetic group. 
 
 
Enzymatic activity of MPO results mainly in the 
conversion of hydrogen peroxide (H2O2) and 
chloride ions into hypochlorous acid (HOCl), 
and is therefore an important enzyme in the 
host defence against bacteria, viruses and 
fungi (33). Patients suffering from MPO defi-
ciency, however, generally do not have an 
increased frequency of infection, probably be-
cause other MPO-independent mechanism(s) 

with antimicrobial activity compensate for the lack of MPO.  
Like NADPH oxidase, MPO also possesses tissue damaging capacities by its 
production of HOCl and other reactive oxidants, leading to increased levels of 
oxidative stress. HOCl production by MPO leads to the formation of chloroty-
rosine (ClTyr) residues (34). NO· and nitrite also serve as biological substrates 
of MPO leading to the formation of nitrogen dioxide. Nitrogen dioxide promotes 
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lipid peroxidation, protein nitration and thus the formation of nitrotyrosine 
(NO2Tyr), a post-translational modification and a contributor of inflammatory 
disease (35). An overview of the products mediated by the MPO system is 
given in Figure 3 (33). 
 
 

 
Figure 3: Products of the 
MPO-mediated antimicro-
bial system (33). .OH, 
Hydroxyl radical. 
 
 
Recently, MPO has 
been shown to con-
tribute to inflamma-
tion de-velopment 
independent of its 
enzymatic activity. 

MPO was demonstrated to associate with the outer membrane of neutrophils 
by binding to CD11b/CD18 integrins, which are known to be centrally linked to 
neutrophil activation (27). In this manner MPO may contribute to neutrophil 
recruitment to the site of inflammation. In addition, MPO has been shown to 
stimulate the production of tumor necrosis factor � (TNF-�) and interferon �/� 
(IFN- �/�) by peritoneal macrophages and hereby enhance target cell killing by 
macrophages (36).  
 
4. Lung epithelial NF-�B signaling 
Neutrophil chemo-attractants IL-6 and IL-8 are produced by lung epithelium, 
among other cell types. Both genes are regulated by NF-�B (42, 43) transcrip-
tional activity. NF-�B is considered a master regulator of inflammation and 
immune processes (38). It has been implicated in several inflammatory lung 
diseases, like COPD (39), asbestosis (40) and asthma (41). Although the reac-
tive agents triggering the lung epithelium are very different in these diseases, 
they all lead to NF-�B signaling. 
NF-�B activity is tightly controlled by the inhibitory protein, I�B�, which is com-
plexed to NF-�B dimers to promote cytoplasmic retention and low basal tran-
scriptional activity. Upon cellular stimulation, the I�B kinase complex phos-
phorylates I�B�, causing its ubiquitination and degradation through the 26S 
proteasome pathway. I�B degradation exposes the nuclear localization se-
quence of NF-�B, allowing its accumulation in the nucleus, binding to DNA, 
and stimulation of gene transcription.  
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5. Aims and outline of the thesis 
It is important that the consequences of neutrophilia for lung epithelial cells 
and responses to neutrophil exposure by epithelial cells will be known, since 
neutrophilia is a key contributor to lung diseases and is therefore of significant 
clinical relevance. The overall aim of this work was to investigate the conse-
quences for lung epithelial cells to infiltrating neutrophils on molecular, protein 
and whole cell level. There was a specific focus on the contributing effects of 
the neutrophilic enzyme, MPO.  
An in vitro model of lung neutrophilia was used to investigate basic mecha-
nisms involved in lung neutrophilia. The uptake of MPO, MPO related DNA 
damage, and oxidative stress levels were investigated. Furthermore, the pro-
duction of IL-8 and IL-6 by lung epithelial cells was analyzed. Lastly, an at-
tempt was made to elucidate whether lung epithelial cells respond differently to 
MPO, depending on the type of neutrophilia causing agents that the cells were 
primed with. Results of these studies are discussed in chapter 2.  
Lung neutrophilia and the contribution of MPO to the development of neutro-
philia in several lung diseases was investigated using in vivo models in combi-
nation with a MPO knock out approach. A transient acute lung inflammation 
was mimicked by intratracheally instilling a single dose of lipopolysaccharide 
(LPS) in the lungs (chapter 4). Subsequent development of lung neutrophilia 
and the contribution of MPO to this development were investigated. Lung 
epithelial cell damage was investigated at the DNA level (44), by measuring 8-
hydroxy-2’deoxyguanosine (8-OHdG) formation. Damage at the protein level 
was investigated by ClTyr (45) and NO2Tyr formation (35).  
The contribution of MPO to chronic lung inflammation and emphysema was 
investigated by repeated instillation of LPS (chapter 5). In this chapter, an 
attempt was made to unravel the mechanisms behind the development of 
LPS-induced emphysema. Lung epithelial cell apoptosis, matrix metallopro-
teinases (MMPs) expression, and anti-oxidant status in the lungs of chronically 
exposed mice were explored.  
The role of MPO in chrysotile asbestos-induced subchronic lung inflammation 
was investigated in chapter 3. Endpoints measured in this study were MPO 
localization and BALF was used to determine cell injury and lung inflammation. 
Furthermore, epithelial cell proliferation was addressed by Ki-67 expression 
and cyclin D1 localization.  
Lastly, NF-�B activation in bronchiolar lung epithelial cell responses to acute, 
subchronic and chronic asbestos exposure was further investigated in chapter 
6. Transgenic mice lacking NF-�B activation in bronchiolar epithelium were 
exposed to chrysotile asbestos and inflammatory cell profiles, cytokine produc-
tion, as well as mucin production were investigated.  
We report in this thesis a significant reduction of neutrophil influx in Mpo knock 
out (-/-) mice as compared to Mpo+/+ wild type (WT) mice after inhalation of the 
inflammatory fiber, chrysotile asbestos (chapter 3) (37) or, exposure to the 
cigarette smoke component, LPS (chapter 4). The consequences of these 
results for the conclusions of the studies described in this thesis and the con-
clusions themselves are further discussed and placed in context in chapter 7. 
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ABSTRACT 
 
During extensive inflammation, neutrophils undergo secondary necrosis caus-
ing myeloperoxidase (MPO) release which may damage resident lung cells. 
Recent observations suggest that MPO has pro-inflammatory properties, inde-
pendent of its enzymatic activity. The aims of this study were to characterize 
MPO internalization by lung epithelial cells and to investigate the effect of 
MPO on oxidative stress, DNA damage and cytokine production by lung 
epithelial cells.  
Human alveolar and bronchial epithelial cells were stimulated with MPO with 
or without priming the cells with pro-inflammatory stimuli. MPO protein was 
detected in cell cytoplasm. Expression of heme-oxygenase (HO)-1 and DNA 
strand breakage were determined. The production of interleukin (IL)-8 and -6 
were measured.  
Analyses of MPO stimulated cells demonstrated MPO presence in the cells. 
HO-1 expression was increased after MPO stimulation and increased further 
when cells were primed before MPO stimulation. MPO exposure also induced 
DNA strand breakage. Interestingly, MPO inhibited IL-8 production in bron-
chial, but not alveolar epithelium.  
In conclusion, alveolar and bronchial epithelial cells can internalize MPO. 
Stimulation with MPO increases HO-1 expression and DNA strand breakage, 
suggesting cell damaging capacity of MPO. In addition, MPO inhibited IL-8 
production by bronchial epithelial cells, indicating a negative feedback loop for 
neutrophil recruitment. 
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INTRODUCTION 
 
Neutrophilia is a feature common to a number of inflammatory lung diseases 
including chronic obstructive pulmonary disease (COPD) (1), asbestosis (2), 
idiopathic pulmonary fibrosis (3) and adult respiratory distress syndrome (4) 
although the agents and events leading to the development of these diseases 
are very different. Independent of the cause of the chemotactic gradient, 
neutrophils are activated during their recruitment to the lung and release the 
contents of their granula into the pulmonary compartment. Excess amounts of 
neutrophils can lead to secondary necrosis of neutrophils as a result of ineffi-
cient clearance of apoptotic neutrophils by macrophages. During secondary 
necrosis, neutrophils release their lysosomal constituents which possibly affect 
resident lung cells (5).  
Currently, over 50 neutrophil derived-toxins have been identified, including 
proteolytic enzymes and bacteriacidal proteins. The heme protein, 
myeloperoxidase (MPO), is the most abundant protein in neutrophils and 
represents 5% of their total protein content (6). MPO is synthesized as a pre-
cursor during myeloid differentiation in bone marrow, and its processing is 
completed before neutrophils enter the circulation (7, 8, 9). A hallmark of 
neutrophil activation is their respiratory burst in which MPO plays a central role 
(10). MPO catalyses the conversion of hydrogen peroxide (H2O2) and chloride 
ions into hypochlorous acid (HOCl) and therefore it is an important enzyme in 
the host defence against bacteria, viruses and fungi (10). MPO may also dam-
age tissue by its production of HOCl and other reactive oxidants. HOCl pro-
duction by MPO leads to the formation of chlorotyrosine (ClTyr) residues, a 
marker of neutrophilic inflammation (11). Nitric oxide (NO) and nitrite (NO2

-) 
also serve as biological substrates of MPO leading to the formation of nitrogen 
dioxide (NO2). NO2  promotes protein nitration, lipid peroxidation and the oxida-
tion of tyrosine yielding nitrotyrosine (NO2Tyr), a post-translational modification 
and a contributor of inflammatory disease (12).  In addition to its role as a cata-
lytically active protein generating reactive oxidants, MPO recently has been 
shown to elicit pro-inflammatory properties independent of its enzymatic activ-
ity. MPO was demonstrated to associate with the outer membrane of neutro-
phils by binding to CD11b/CD18 integrins, which are known to be linked to 
neutrophil activation (13). In this manner, MPO may contribute to neutrophil 
recruitment to sites of inflammation. In addition, MPO stimulates the produc-
tion of tumor necrosis factor � (TNF-�) and interferon �/� (IFN-�/�) by perito-
neal macrophages and thereby enhances their killing of target cells (14).  
Whether MPO released from neutrophils affects resident lung cells and their 
responses in the absence or presence of an initial inflammatory trigger is un-
known. 
Reactive oxygen species can be produced by MPO and since HO-1 is an indi-
rect marker of oxidative stress, we hypothesized that MPO exposure would 
lead to HO-1 up-regulation and an increase in DNA cell damage. Neutrophil 
recruitment is induced by the production of chemoattractants at an inflamma-

total thesis definitief.pdf   20total thesis definitief.pdf   20 4-4-2008   10:06:334-4-2008   10:06:33



Chapter 2 

 21

tory site therefore the production of IL-8 and IL-6 by lung epithelial cells was 
investigated. 
Here we used bronchial and alveolar epithelial cells under basal (homeostatic) 
and primed conditions. These primed conditions were created by stimulating 
cells with lipopolysaccharide (LPS) to mimic lung infection, with asbestos to 
mimic asbestosis and phorbol 12-myristate 13-acetate (PMA) was used as 
positive control. The aims of our study were to 1) characterize MPO internali-
zation by lung epithelial cells and 2) to investigate the effect of MPO on oxida-
tive stress, DNA damage and IL-8 and -6 production by lung epithelial cells 
under basal and inflammatory conditions. Our results demonstrate that alveo-
lar and bronchial epithelial cells internalize MPO. Stimulation with MPO in-
creases HO-1 expression and DNA strand breakage, suggesting that MPO is 
capable of damaging lung epithelial cells. In addition, MPO inhibits IL-8 pro-
duction by bronchial epithelial cells, indicating that MPO may be involved in a 
negative feedback loop for the recruitment of neutrophils. 
 
MATERIALS AND METHODS 
 
Cells and stimulation Human bronchial epithelial cells (Beas-2B) and a hu-
man transformed alveolar epithelial cell line (A549) were obtained from the 
ATCC and cultured in RMPI 1640 (Gibco, Grand Island, NY) containing 10% 
fetal bovine serum (FBS, Biochrome, Berlin, Germany), L-Glutamine (2 mM) 
and Penicillin/Streptomycin (both Invitrogen, Grand Island, NY). Tissue culture 
surfaces for the Beas-2B cells were coated with LHC basal medium containing 
10% bovine serum albumin (both Biosource International, Camarillo, CA), 1 
mg/ml fibronectin and 2.9 mg/ml bovine collagen, Type 1 (both BD Biosci-
ences, Bedford, MA). Cells were plated at a density of 20,000 cells/cm2 for 
analyses of IL-6 and IL-8 production, and at a density of 13,000 cells/cm2 for 
immunofluorescence staining on coverslips and Western blot analysis. 18-24 
hours prior to stimulation growth medium was replaced by medium containing 
0.5% FBS. LPS (Escherichia coli, 055:B5; Sigma, St. Louis, MO), PMA 
(Sigma, St. Louis, MO) and MPO (Calbiochem, San Diego, CA) stocks were 
prepared and stored at -20°C. National Institute of Environmental Health Sci-
ences (NIEHS) processed crocidolite and chrysotile asbestos was always 
used fresh. Asbestos was weighed, UV-sterilized, suspended in 1 mg/ml in 
tissue culture medium and triturated 8x through a 22-gauge needle to obtain a 
homogeneous suspension. When LPS, PMA or asbestos stimulation was fol-
lowed by MPO stimulation, media from controls and pre-stimulated cells was 
replaced with fresh MPO containing RPMI 1640 with 0.5% FBS. Supernatants 
were harvested and stored at -20�C until used for ELISA. 
 
MPO detection  
Immunofluorescence staining in vitro Cells were washed 2x with ice-cold PBS 
followed by fixation with 4% paraformaldehyde for 5 minutes. Cells were per-
meabalized with 100% ice-cold methanol for 3 minutes followed by two 
washes with PBS and blocking with 1% (w/v) BSA in PBS for 30 minutes. In-
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cubation with rabbit anti-human MPO (0398, DAKO, Glostrup, Denmark) in 
0.1% (w/v) BSA in PBS for 60 minutes was followed by incubation with goat 
anti-rabbit Texas Red (4010-07, Southern Biotechnology Associates, Birming-
ham, AL) for 30 min in the dark. Nuclei were stained with diamidino-2-
phenylindole. Negative controls by omitting primary antibody revealed no 
staining. 
Immunohistochemistry on lung sections Peripheral lung specimens of patients 
undergoing lung surgery were processed immediately following resection by 
fixation in 10% phosphate-buffered formalin prior to embedding in paraffin. To 
verify that epithelial cells are affected by released MPO lung sections (3μm) 
from COPD or asbestosis patients were cut and deparafinized 3x 5 min in 
microclear, followed by 2x 5 min 100% ethanol. Endogenous peroxidase was 
blocked by incubation in 0.6% H2O2 in methanol for 15 minutes followed by 
hydrating through ethanols (80%, 70%, 50%) to water. The sections were 
equilibrated in Tris-buffered saline (TBS) (pH 7.6) for 5 minutes followed by 30 
minute blocking with 20% normal swine serum in TBS-Tween20 (0.01%) with 
1% (w/v) BSA. A rabbit anti-human MPO (0398, DAKO) primary antibody di-
luted in TBS-Tween20 (0.01%) with 1% (w/v) BSA was incubated for 45 min-
utes followed by 30 minutes incubation with a swine anti-rabbit biotinylated 
secondary antibody (E0413, DAKO) and avidin-biotinylated horseradish per-
oxidase (K0377, DAKO). Enzymatic reactivity was visualized with HistoGreen 
(Linaris, Wertheim, Germany). Negative controls by omitting primary antibody 
revealed no staining. 
 
Preparation of membrane and cytoplasmic fractions Cells were placed on 
ice and washed 2x with ice-cold PBS. Cells were suspended in lysis buffer 
(25mM Tris, pH8/ 2mM MgCl2/ 5mM KCl/ 1mM Na orthovanadate/ 1mM 
phenylmethyl sulfonyl fluoride/ 10mM NaF/ 10μg/ml Aprotinin/ 10μg/ml Leu-
peptin), homogenized and vortexed for 10 seconds. Cell nuclei were spun 
down for 10 min at 1000 g at 4°C. Supernatant was transferred to a new tube, 
and the membrane fraction was spun down for 30 min at 14,000 rpm at 4°C. 
Cytoplasmic fractions were transferred to new tubes and the membrane frac-
tions were resuspended in lysis buffer. A portion of both fractions was saved 
for protein determination, prior to the addition of 4x Laemmli sample buffer 
(0.25M Tris-HCl pH 6.8, 8% (w/v) SDS, 40% (v/v) glycerol, 0.4M DTT and 
0.04% (w/v) Bromophenol Blue). Next, samples were boiled for 5 minutes and 
stored at -20�C.  
 
Preparation of nuclear extracts Cells were placed on ice and washed twice 
with ice-cold PBS. Cells were suspended in cytoplasmic buffer (10mM Tris-
HCl; pH 7.6/ 10mM KCl/ 1.5mM MgCl2/ 1% TritonX-100/ 1mM dithiothreitol / 
0.2mM Na orthovanadate/ 0.4mM phenylmethyl sulfonyl fluoride/ 10μg/ml Le-
upeptin/ 0.2mM NaF), vortexed vigorously and placed on ice for 15 min. Then 
cell nuclei were spun down for 5 min at 10,000g at 4°C. Supernatant was 
transferred to a new tube and cell nuclei were washed once in cytoplasmic 
buffer by suspending, vortexing and centrifugation. The supernatant was dis-
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carded, and cell nuclei were suspended in nuclear buffer (20mM Tris-HCl; 
pH7.6/ 0.4mM KCl/ 1.5mM MgCl2/ 10% glycerol/ 1mM dithiothreitol/ 0.2mM Na 
orthovanadate/ 0.4mM phenylmethyl sulfonyl fluoride/ 10μg/ml Leupeptin/ 
0.2mM NaFl). Cells were placed in a vertical rotator at 4°C for 30 minutes fol-
lowed by centrifuging for 20 min at 14,000g at 4°C. Supernatant containing the 
nuclear proteins was transferred to new tube. A portion of the supernatant was 
saved for protein determination, prior to the addition of 4x Laemmli sample 
buffer (0.25M Tris-HCl pH 6.8, 8% (w/v) SDS, 40% (v/v) glycerol, 0.4M DTT 
and 0.04% (w/v) Bromophenol Blue). Next, samples were boiled for 5 minutes 
and stored at -20�C.  
 
Western Blot analysis Protein concentrations were determined using the 
Bradford protein Assay according to manufacturer’s protocol (Bio-Rad, Hercu-
les, CA). Protein (10μg for MPO and AP-1, 5μg for p65) was loaded per lane 
and separated on a polyacrylamide gel (Mini Protean 3 System, Bio-Rad), 
followed by transfer to a 0.45μm nitrocellulose membrane (Bio-Rad) by elec-
troblotting. The membrane was blocked for 1 hour at room temperature in 5% 
(w/v) non-fat, dried milk diluted in TBS-Tween20 (0.05%). Nitrocellulose blots 
were washed in TBS-Tween20 (0.05%), followed by overnight (o/n) incubation 
(4�C) with primary antibody (rabbit anti-MPO (0398, DAKO); rabbit anti-p65 (C-
20 sc-372, Santa Cruz Biotechnology, Santa Cruz, CA); rabbit anti-phospho c-
Jun (Ser63) II (9261, Cell Signaling, MA)). After 3 washes of 20 minutes each, 
the blots were probed with HRP-conjugated anti-rabbit antibody (PI-1000, 
Vector Laboratories, Burlingame, CA) and visualized by chemiluminesence 
using Supersignal®WestPico Chemiluminescent Substrate (Pierce Biotech-
nology, Rockford, IL) according to manufacturers’ instructions and exposed to 
film (Biomax light film, KODAK). 
 
Quantitative PCR detection of HO-1 and IL-8 expression Whole cell RNA 
was isolated using the RNeasy Mini Kit (Qiagen Inc., CA) according to manu-
facturer’s protocol. Total RNA was reverse transcribed, using the Abgene Kit 
(Abgene, Epsom, UK) with random hexamer primers, and the resulting cDNA 
was amplified by real-time PCR using the MJ Research Opticon 2 (Biorad, 
Hercules, CA) with the following primers:  
HO-1   (F) 5’-CCAGCAACAAAGTGCAAGATTC-3’ ; 

(R) 5’-CTGCAGGAACTGAGGATGCTG-3’ ; 
IL-8   (F) 5’ GGACAAGAGCCAGGAAGAAA 3’ ;  

(R) 5’ AAATTTGGGGTGGAAAGGTT 3’ ; 
�-actin  (F) 5’-GGGACCTGACCGACTACCTC’ ;  

(R) 5’GGGCGATGATCTTGATCTTC’. 
Each PCR reaction contained 1x SYBR® Green PCR master mix (Applied 
Biosystems, Foster City, CA) and 0.3μM each of forward and reverse primer. 
Following an initial 10 min incubation at 95°C, thermal cycling was performed 
using 45 cycles of 94°C for 15 sec, 60°C for 30 sec and 72°C for 30 sec. Gene 
expression was quantified using standard curves for the respective cDNA 
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products. All changes in HO-1 and IL-8 cDNA levels were normalized to 
changes in �-actin cDNA.  
 
Single cell gel electrophoresis (Comet assay) DNA strand breakage in 
epithelial cell preparations was assayed immediately after cell-isolation by the 
Comet assay. Fully frosted slides were coated with agarose and stored over-
night at 4°C. Epithelial lung cells were isolated by trypsinization, spun down 
and resuspended in 20μl cold PBS. Cells were mixed with 70�l 0.5% low melt-
ing point agarose, and added to the slides, on top of the first agarose layer 
using a cover glass. Slides were stored at 4°C for 3 minutes to allow solidifica-
tion, cover glasses were removed and slides were immersed in lysis buffer 
(2.5M NaCl/ 100mM EDTA/ 10mM Tris-base/ 250mM NaOH; pH 10) and 
stored overnight at 4°C. The following day, slides were rinsed with distilled 
water and placed in an electrophoresis tank filled with ice-cold electrophoresis 
buffer (300mM NaOH/ 1mM EDTA, pH 13) for 20 min. Electrophoresis was 
conducted at 300mA and 25V for 20 min. Slides were neutralized 3x 10 min 
using neutralization buffer (0.4M Tris, pH 7.5). All steps after cell lysis were 
performed in the dark or under dimmed red light to prevent additional DNA 
damage. 
 
ELISA IL-6 and IL-8 protein levels in culture supernatants were assayed in 
triplicate using ELISA kits specific for IL-6 and IL-8 (Sanquin, Amsterdam, the 
Netherlands) according to the manufacturer’s instructions. The lower detection 
limit of IL-6 was 3.8 pg/ml and 9.0 pg/ml for IL-8. 
 
Statistical analyses Data are expressed as Mean ± SEM, unless stated oth-
erwise. Statistical comparisons among experimental groups were performed 
with analysis of variance (ANOVA). Differences were considered to be statisti-
cally significant when p �0.05. 
 
RESULTS 
 
MPO uptake by human bronchial and alveolar epithelial cells 
Bronchial (Beas-2B) as well as alveolar (A549) epithelial cells were stimulated 
with MPO to determine the time frame of MPO internalization by these cells. 
Immunofluorescense staining demonstrated MPO protein on A549 and Beas-
2B cells (Figure 1A) after 24 hours of stimulation. Western blot analysis (Fig-
ure 1B) of cytoplasmic protein fractions showed that MPO was detectable in 
A549 cells after 30 minutes of stimulation and was still internalized after 24 
hours of stimulation. In contrast to A549 cells, MPO content in Beas-2B cells 
peaked after 4 hours of stimulation and was decreased again after 24 hours. 
Priming of the cells with either LPS or PMA did not have an effect on intracel-
lular levels of MPO (data not shown). To confirm our in vitro data on MPO 
uptake by lung epithelial cells, MPO was localized in human lung sections of 
patients with pulmonary neutrophilia suffering from COPD, acute broncho 
pneumonia and asbestosis.  
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Figure 1: Localiza-
tion of myeloperoxi-
dase (MPO) in A549 
and Beas-2B cells 
after MPO stimula-
tion and immunohis-
tochemical detection 
of MPO in human 
lung sections of 
patients with chronic 
obstructive pulmo-
nary disease, acute 
broncho pneumonia 
or asbestosis. (A) 
Positive immunofluo-
rescence staining of 
MPO on A549 and 
Beas-2B cells after 
24 hours of MPO 
(40nM) stimulation 
(top). A549 cells 
show a diffuse stain-
ing pattern, where-
as Beas-2B cells 
show a cytoplasmic 
staining but no 
nuclear staining. 
Untreated A549 and 
Beas-2B cells do not 
show MPO staining 
(bottom). Staining 
from one represen-
tative picture is 
shown. (B) Western 
blot analyses of 
MPO (1nM) stimu-
lated A549 and 
Beas-2B cells 
showed that MPO 
was present in cell 
cytoplasm 30 min-

utes after MPO stimulation, but did not accumulate after 24 hours. Representative immu-
nostaining for MPO on human lung sections of (C) chronic obstructive pulmonary disease 
and (D) asbestosis. Alveolar epithelial cells ( ) in close proximity to degranulated neutro-
phils stained positive for MPO. Endothelial cells ( ) nearby intravascular un-degranulated 
neutrophils stained negative for MPO. (A) Internal scale bar = 25μM. (C-D) Internal scale bar 
= 50μM. 
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Table I: Subject characteristics of patients with acute broncho pneumo-
nia, chronic obstructive pulmonary disease or asbestosis 
 

 
ABP: Acute Broncho 
Pneumonia; M: male; Ex-
smoker: quitting smoking 
for at least 6 months before 
the start of the study; 
LVRS: lung volume re-
duction surgery. 
 
 
 
 
 
 
 
 
 
 

 
MPO exposure after primary stimulus results in increased oxidative 
stress  
To investigate the influence of MPO on oxidative stress as a result of pro-
inflammatory stimuli, cells were stimulated with MPO alone or primed with 
PMA, LPS, or crocidolite or chrysotile asbestos, followed by stimulation with 
MPO. MPO exposure of A549 (Figure 2A) and Beas-2B (Figure 2B) cells re-
sulted in an increased HO-1 expression, an indirect marker of oxidative stress. 
LPS was the only pro-inflammatory stimulus, besides from MPO, which could 
induce HO-1 expression significantly in A549 cells. MPO stimulation of cells 
primed with PMA or asbestos resulted in a significant increase of HO-1 ex-
pression as compared to priming control A549 cells (Figure 2A). In Beas-2B 
cells only asbestos priming resulted in increased HO-1 expression. Asbestos 
priming followed by MPO stimulation had a synergistic effect on HO-1 expres-
sion in Beas-2B cells (Figure 2B). 
 
 
 
 
 
 
 
 
 
 
 

 Age, 

years 

Gender, 

M/F 

Smoking

status 
Tissue collection 

COPD 1 70 M ex LVRS 

COPD 2 73 M current Tumor Resection 

COPD 3 66 M ex Tumor Resection 

ABP 1 75 M ex Tumor Resection 

ABP 2 72 M ex Tumor Resection 

Asbestosis 1 51 M unknown Tumor Resection 

Asbestosis 2 70 M unknown Tumor Resection 

Asbestosis 3 77 M unknown Tumor Resection 
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Figure 2: Quantitative PCR analysis of heme-oxygenase 1 (HO-1) messenger RNA after 
myeloperoxidase (MPO) stimulation in A549 (A) and Beas-2B (B) cells under basal and pro-
inflammatory conditions. Cells were stimulated with MPO (10nM) for 24 hours, or primed for 
12 hours with lipopolysaccharide (LPS) (3μg/ml), Phorbol 12-myristate 13-acetate (PMA) 
(A549:10ng/ml, Beas-2B:20ng/ml) or asbestos (6.25μg/cm2) followed by 12 hour MPO stimu-
lation. (A) Stimulation with MPO increased HO-1 expression in A549 cells. Stimulation with 
MPO after pre-stimulation with PMA or asbestos, increased HO-1 expression even further. 
(B) MPO stimulation of Beas-2B cells resulted in up-regulation of HO-1 expression. Priming 
the cells with PMA or asbestos followed by of MPO stimulation resulted in a significant fur-
ther increase of HO-1 expression. Representative data of 2 individual experiments are 
shown. Values are normalized against �-actin expression (mean ± SEM). * p �0.05 versus 
unstimulated cells. † p �0.05 versus primed control. 
 
 
MPO stimulation increases DNA damage 
MPO produces damaging reactive oxidants, like HOCl and NO2. The COMET 
assay was used to detect DNA strand break formation in lung epithelial cells 
after MPO exposure. MPO exposure resulted in a temporary increase in DNA 
strand breakage in both A549 (Figure 3A) and Beas-2B (Figure 3B) cells, start-
ing 10 minutes after MPO exposure. DNA damage increased significance after 
20 min and 30 minutes after MPO exposure the DNA strand breakage started 
to decline. 
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Figure 3: COMET assay 
analysis of DNA strand 
breakage after myelop-
eroxidase (MPO) stimu-
lation in A549 (A) and 
Beas-2B (B) cells. MPO 
(40nM) exposure in-
creases DNA strand 
breakage in both cell 
lines. A significant in-
crease was reached 
after 20 min of MPO 
stimulation, and the level 
of DNA damage declined 
thereafter. Representa-
tive data of 3 individual 
experiments are shown. 
Values are graphed as 
median tail length (mean 
± SEM). * p �0.05 versus 
unstimulated cells.  
 
 
 
 
 
 
 
 

 
IL-8 and IL-6 production are decreased after MPO stimulation of Beas-2B 
cells  
To investigate the influence of MPO on IL-8 and IL-6 production under basal 
and pro-inflammatory conditions, cells were primed with PMA, LPS, crocidolite 
or chrysotile asbestos or medium alone, and followed by stimulation with MPO. 
Figure 4A demonstrates that all pro-inflammatory stimuli caused an increase in 
IL-8 production by Beas-2B cells. Stimulation with MPO alone or after priming 
with PMA decreased IL-8 production significantly. These significant results 
were confirmed by analysis of IL-8 expression levels by Q-PCR (Figure 4B). 
IL-6 production by Beas-2B cells demonstrated a similar pattern as IL-8, al-
though decreases were not significant (Figure 4C). MPO exposure of A549 
cells, under basal and inflammatory conditions, did not influence IL-8 produc-
tion, and IL-6 production was undetectable (data not shown).  
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Figure 4: Detection of interleukin (IL)-8 
production (ELISA) and expression (Q-
PCR) and IL-6 production (ELISA) by 
Beas-2B cells under basal and pro-
inflammatory conditions. Cells were stimu-
lated with myeloperoxidase (MPO) for 24 
hours, or primed for 24 hours with lipopoly-
saccharide (LPS) (3μg/ml), Phorbol 12-
myristate 13-acetate (PMA) 
(A549:10ng/ml, Beas-2B:20ng/ml) or as-
bestos (6.25μg/cm2) followed by 24 hour 

MPO stimulation. (A) IL-8 production by Beas-2B cells is significantly decreased after MPO 
(40nM) stimulation alone or after priming with PMA followed by MPO stimulation. (B) ELISA 
results were confirmed by Q-PCR analysis of IL-8 expression after MPO stimulation alone or 
after priming with PMA followed by MPO stimulation. IL-8 expression levels are normalized 
against �-actin expression. (C) IL-6 production by Beas-2B cells showed a similar pattern as 
IL-8, but the decreases were not significant. Croc = crocidolite, Chry = chrysotile. Represen-
tative data of 3 individual experiments are shown. Values are graphed as percentage of 
unstimulated control (=100%) (mean ± SEM).  * p �0.05 versus unstimulated cells. † p �0.05 
versus primed control. 
 
 
Activation of cell signaling pathways following cell stimulation 
The promoter regions of HO-I, IL-8 and IL-6 have binding sites for the tran-
scription factors AP-1 and NF-�B. To investigate if MPO affects HO-I expres-
sion and IL-8 and IL-6 production via the transcription factor AP-1 and NF-�B 
in lung epithelial cells, A549 and Beas-2B cells were stimulated with LPS, 
PMA, asbestos or MPO, and AP-1 and NF-�B transcriptional activity was de-
termined by western blot analyses. A 60 min stimulation of A549 cells with 
MPO did not affect transcriptional activity of either AP-1 or NF-�B (Figure 5A) 
or Beas-2B cells (data not shown).  
Increased activity of NF-�B, measured by Rel A translocation, in A549 (Figure 
5B) and Beas-2B cells (data not shown) was found after 60 min stimulation 
with LPS, PMA or crocidolite asbestos.  
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Figure 5: Western blot detection of Rel A and p-c-Jun in A549 cells. (A) Myeloperoxidase 
(MPO) (10nM) stimulation for 60 min did not increase Rel A translocation or c-Jun phos-
phorylation in A549 cells. (B) Rel A translocation is increased in A549 cells after 60 min 
stimulation with Phorbol 12-myristate 13-acetate (PMA) (10ng/ml), lipopolysaccharide (LPS) 
(3μg/ml) or asbestos (6.25μg/cm2). Representative data of 2 individual experiments are 
shown. Croc = crocidolite, Chry = chrysotile. Signal intensity was determined with Phosphor 
Imager analysis, and expressed as relative (%) to control. Values are graphed as mean ± 
SEM. * p �0.05 versus unstimulated cells.  
 
DISCUSSION 
 
The heme protein, MPO, is the most abundant protein in neutrophils (6) and 
therefore an important enzyme in innate immunity (10). More recently, MPO 
has been shown to elicit pro-inflammatory properties independent of its cata-
lytic properties. We are the first to report here the effects of MPO on human 
lung epithelial cells and their responses in the absence or presence of an initial 
inflammatory trigger. 
Using two techniques we demonstrate MPO uptake by bronchial and alveolar 
epithelium after MPO stimulation. Beas-2B cells showed similar staining pat-
terns as small airway epithelial cells, reported by Yang (15), demonstrating 
MPO in the cytoplasm, but not in the nucleus. In contrast, A549 cells do not 
show a pronounced lack of nuclear staining. This suggests that MPO distribu-
tion after uptake varies between cell types. Neutrophils go through several 
stages of activation during the extravasation process. The majority of MPO 
content of neutrophils is released during the oxidative burst of neutrophils 
when neutrophils are fully activated and have entered a site of inflammation 
(16). With immunostaining of human lung tissue from COPD, acute broncho 
pneumonia and asbestosis patients with active neutrophilia we confirm our in 
vitro data and demonstrate that, not only epithelial cells but all cells in close 
proximity to activated and degranulated neutrophils are possible target cells for 
MPO. This is in line with literature describing MPO uptake by other cell types 
like fibroblasts (17) and endothelial cells (18). 
The enzymatic activity of MPO results in the formation of HOCl, which is a 
potent oxidant with cell damaging capacities. We demonstrate here an in-
crease in lung epithelial cell DNA damage after incubation with purified MPO. 
This DNA damage is most likely due to HOCl production by MPO. HOCl re-
lated normal bronchial epithelial cell damage has been reported before (19) 
and confirms our data using the COMET assay. In contrast to our findings, a 
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decrease in DNA damage was observed when MPO was added to cell cul-
tures provided with an H2O2 generating system (20). However, neutrophils and 
macrophages used in this study (20) produce reactive oxidant species them-
selves. It can therefore be speculated that these cell types are better protected 
against oxidative damage than lung epithelium, since lung epithelial cells do 
probably not produce reactive oxidants at the same magnitude as neutrophils 
and macrophages (21).   
HO-1 is an important cytoprotective enzyme and widely accepted indirect 
marker of oxidative stress. Our data show an increase in HO-1 expression by 
bronchial and alveolar epithelial cells after MPO stimulation. We first reported 
that crocidolite asbestos exposure leads to a significant increase of HO-1 ex-
pression in human mesothelial cells (22), and this has recently been confirmed 
in an animal model (23). Here we show that both crocidolite and chrysotile, an 
iron-free asbestos, stimulate HO-1 expression in Beas-2B cells. More striking 
was the finding of a synergistic effect of MPO stimulation after asbestos prim-
ing on HO-1 expression in both cell lines, which was not demonstrated with 
LPS or PMA. We speculate that O2

- or H2O2 released by frustrated phagocyto-
sis of long asbestos fibers (24, 25) synergize with nitrosating or oxygen free 
radicals produced by MPO. 
We demonstrate here an increase in IL-8 and IL-6 production, both involved in 
the development of inflammation, after PMA or asbestos stimulation confirming 
published literature (26, 27, 28). Here we show for the first time that MPO 
stimulation of PMA primed Beas-2B cells results in a significant decrease of IL-
8 production and a trend towards decreased IL-6 production by Beas-2B cells. 
Novel as well are our data demonstrating that under basal conditions MPO can 
inhibit the production of IL-8 by Beas-2B cells. This may indicate a negative 
feedback loop for neutrophil recruitment. Cytokine production by A549 and 
Beas-2B cells is a serum dependent event as described previously (29), and 
because we performed our experiments under low serum conditions, this may 
explain why we were unable to detect basal production of IL-6 by A549 cells.  
Since IL-8 and IL-6 are both known to be NF-�B and AP-1 regulated genes 
(30, 31), and the HO-1 promoter region contains NF-�B and AP-1 binding 
sites, we hypothesized that MPO stimulation of A549 and Beas-2B would af-
fect NF-�B or AP-1 transcriptional activity. To our surprise, neither NF-�B nor 
AP-1 was affected by MPO stimulation, although increases in NF-�B activity 
were observed with asbestos, LPS and PMA. We have reported previously 
that both NF-�B and AP-1 activity increases after exposure to crocidolite as-
bestos (32, 33) and NF-�B activity also has been demonstrated in lung epithe-
lium after instillation of LPS (34). More research needs to be done to investi-
gate the transcriptional mechanisms underlying HO-1 expression and cytokine 
production after exposure of lung epithelial cells to MPO. Other candidate 
transcription factors involved in HO-I expression are NrF2, Bach-1 and HIF-1� 
(25).  
This study puts forward novel mechanisms of MPO action, which may be im-
portant in the development of lung neutrophilia. A limitation of the study is 
however the use of epithelial cell lines, which may have lost some of their in 
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vivo properties. Therefore, future studies using primary epithelial cell cultures 
as well as studies using in vivo models of acute lung inflammation will be nec-
essary to investigate the role of MPO in the development of neutrophilic lung 
inflammation. For example studies using Mpo-/- vs. WT mice have demon-
strated a role for MPO in a chrysotile asbestos induced model of lung inflam-
mation. The recruitment of neutrophils was significantly delayed in Mpo-/- as 
compared to WT mice (35). In summary, the present study demonstrates that 
lung epithelial cells in close proximity to fully activated and degranulated neu-
trophils are possible target cells for MPO. In these cell types, MPO induced the 
expression of HO-I and increased DNA strand breakage, but has inhibitory 
effect on the production of pro-inflammatory chemokines IL-6 and IL-8 during 
homeostasis and secondary to PMA exposure.  
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ABSTRACT 
 
Asbestos fibers are carcinogens causing oxidative stress and inflammation, but 
the sources and ramifications of oxidant production by asbestos are poorly 
understood. Here, we show that inhaled chrysotile asbestos fibers cause in-
creased myeloperoxidase activity in bronchoalveolar lavage fluids (BALF) and 
myeloperoxidase immunoreactivity in epithelial cells lining distal bronchioles 

and alveolar ducts, sites of initial lung deposition of asbestos fibers. In com-
parison with sham mice, asbestos-exposed myeloperoxidase-null (Mpo-/-) and 
normal (Mpo+/+) mice exhibited comparable increases in polymorphonuclear 
leukocytes, predominately neutrophils, in BALF after 9 days of asbestos inha-
lation. Differential cell counts on BALF revealed decreased proportions of 
macrophages and increased lymphocytes in all mice exposed to asbestos, but 
numbers were decreased overall in asbestos-exposed myeloperoxidase-null 
versus normal mice. Asbestos-associated lung inflammation in myeloperoxi-
dase-null mice was reduced (p �0.05) in comparison with normal asbestos-
exposed mice at 9 days. Decreased lung inflammation in asbestos-exposed 
myeloperoxidase-null mice at 9 days was accompanied by increases (p �0.05) 
in Ki-67- and cyclin D1-positive immunoreactive cells, markers of cell cycle 

reentry, in the distal bronchiolar epithelium. Asbestos-induced epithelial cell 
proliferation in myeloperoxidase-null mice at 30 days was comparable to that 
found at 9 days. In contrast, inflammation and epithelial cell proliferation in 
asbestos-exposed normal mice increased over time. These results support the 
hypothesis that myeloperoxidase status modulates early asbestos-induced 

oxidative stress, epithelial cell proliferation, and inflammation. 
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INTRODUCTION 
 
Increases in polymorphonuclear leukocytes (PMN), predominantly neutrophils, 
are features of bronchoalveolar lavage fluid (BALF) samples and lung tissues 
in animal models of oxidant injury (1, 2, 3) and in patients with inflammatory 
lung diseases such as asbestosis (4). Exposure to asbestos is also associated 

with the development of lung cancers and mesotheliomas, and inflammation is 
a hallmark of response to acute exposure to asbestos both in animals and 
humans (5, 6). One possible mediator of asbestos-associated inflammation is 
myeloperoxidase, a major constituent of neutrophils that generates hypochlo-
rous acid (HOCl) and reactive nitrogen species, including nitric oxide-derived 

inflammatory oxidants when nitrate and nitrite become available (7, 8). Nitra-
tion of tyrosine residues to 3-nitrotyrosine, a hallmark of inflammation as well 
as a footprint of many types of oxidative injury, may play a role in human lung 
disease (9) and is increased in the lungs of rats after asbestos inhalation (10). 
Myeloperoxidase can contribute to 3-nitrotyrosine formation in vivo and directly 
modulate inflammatory responses via regulation of nitric oxide bioavailability 
during inflammation (11, 12). Although myeloperoxidase seems to mediate 
host defense reactions through its microbicidal activity, its role in the develop-
ment or modulation of inflammation after inhalation of exogenous oxidants is 
unclear. Moreover, how myeloperoxidase status affects the hyperplastic re-
sponses of lung epithelial cells that are critical to lung remodeling and/or car-
cinogenesis is of relevance to a broad realm of lung diseases.  
After initial injury by airborne pathogenic fibers such as asbestos, epithelial 
cells undergo compensatory hyperplasia and metaplasia (13). Epithelial cell 
survival and re-epithelialization are thought to be critical to repair of the epithe-
lium after damage, but unchecked epithelial cell proliferation may also be a risk 

factor in the development of lung cancers. Epithelial cells are also important 
contributors to chemokine and cytokine elaboration that may play a role in the 
inflammation of cancers, and fibroproliferative diseases of the lung (14).  
Asbestos fibers induce localized oxidative stress through multiple mechanisms 
including impaired phagocytosis of longer (>8 �m) fibers, by epithelial cells or 
alveolar macrophages, iron-dependent reactions occurring on the fiber surface, 
and by elicitation of an inflammatory response (15). After inhalation or intratra-
cheal administration of asbestos fibers to rodents, an initial inflammatory re-
sponse, characterized by increases in PMNs in BALF and lung tissues, is ob-
served (1, 16–18). Increases in PMNs are also observed in the BALF and 
lungs of workers exposed to asbestos and individuals with a variety of pneu-
moconiosis (19, 20). The relationship between PMN influx and the develop-
ment of lung inflammation or epithelial cell changes is not well understood.  
Here, we used a well-characterized murine model of inflammation and bron-
chiolar epithelial cell proliferation (16) to show that brief inhalation of chrysotile 
asbestos causes increases in myeloperoxidase activity in BALF and immuno-
reactive protein in distal lung epithelium. We then compared the responses of 
myeloperoxidase-null (Mpo-/-  ref. 21) and normal (Mpo+/+) mice at 9 and 30 
days after initiation of asbestos inhalation. At these time points, both epithelial 

total thesis definitief.pdf   38total thesis definitief.pdf   38 4-4-2008   10:06:394-4-2008   10:06:39



Chapter 3 

 39

cell proliferation and inflammation are observed in this model (16). Our results 

show that asbestos-associated inflammation is delayed in myeloperoxidase-
null mice. Moreover, the bronchiolar epithelial cells of asbestos-exposed mye-
loperoxidase-null mice exhibit significant increases in cyclin D1 immunoreactiv-
ity and Ki-67-positive epithelial cells, indications of proliferation and re-entry 
into the cell cycle at 9 days. These novel observations show that myeloperoxi-
dase status affects patterns of acute inflammation and cell survival and/or pro-
liferation, processes intrinsic to epithelial cell repair and hyperplasia.  
 
MATERIALS AND METHODS 
 
Myeloperoxidase assays To determine whether inhalation of asbestos 
caused release of myeloperoxidase into lavage fluids, a series of initial ex-
periments were done on sham and asbestos-exposed C57BL/6 male mice (8-
12 weeks old) obtained from Charles River (Wilmington, MA). Sham mice or 
those exposed to asbestos for 9 days (n = 4-5/group) were killed using an i.p. 
injection of sodium pentobarbital, and lungs lavaged with sterile Ca2+- and 
Mg2+-free PBS (CMF-PBS) as described below in a total volume of 1 mL. Fif-
teen micrograms of protein in ~100 μL of fresh bronchoalveolar lavage super-
natant was immediately mixed with 100 �L of fresh 3,3'-5,51-
tetramethylbenzidine reagent prepared from a stock solution of 300 mmol/L 
sodium acetate buffer (pH 5.4), 15 mmol/L tetramethylbenzidine prepared in 
dimethylformamide, and 60 mmol/L H2O2. All chemicals were from Sigma (St. 
Louis, MO). The oxidation of tetramethylbenzidine by myeloperoxidase was 
measured at 630 nm over a 20-minute period, with readings every 5 minutes.  
 
Myeloperoxidase-null (Mpo-/-) mice Gene-targeted myeloperoxidase-null 
(Mpo-/-) mice (21) and normal (Mpo+/+) littermates were bred into the C57BL/6 
background (>95% congenic) to allow direct comparison with our previous 
experiments using this strain (16). All mice were obtained from the animal 
facility of the University of Alabama at Birmingham and screened serologically 
for the absence of mouse hepatitis virus. Eight- to 12-week-old mice were 
housed and allowed to acclimate for 1 week in a HEPA-filtered clean air envi-
ronment under controlled conditions of temperature, humidity, and light and 
provided food and water ad libitum before the initiation of inhalation exposures.  
 
Inhalation protocol Previous time course experiments using chrysotile asbes-
tos in inhalation experiments with C57BL/6 mice showed that neutrophilic in-
flux in BALF samples peaked at 10 days, whereas proliferation of bronchiolar 
epithelium and alveolar duct cells was maximal between 14 and 30 days (16). 
Based on these observations, Mpo-/- and normal (Mpo+/+) littermates were ex-
posed to either ambient air or National Institutes of Environmental Health Sci-
ences reference samples of chrysotile asbestos for 6 hours per day, 5 days a 
week, for a total of 9 or 30 days. The chemical and physical characteristics of 
National Institutes of Environmental Health Sciences chrysotile asbestos have 
been previously described (22). Asbestos fibers were aerosolized using a 
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modified Timbrell generator to generate a target concentration of 7 to 10 
mg/m3 air, as previously described (23). Aerosol characteristics and concentra-
tions were measured daily using a Sierra cascade impactor. All procedures 
were approved by the University of Vermont Institutional Animal Care and Use 
Committee.  
 
Bronchoalveolar lavage procedures and assays on bronchoalveolar la-
vage fluids Following asbestos exposure for 9 days, four groups of mice (Mpo-

/- sham, Mpo+/+ sham, Mpo-/- asbestos, and Mpo+/+ asbestos; n = 4/group) re-
ceived a lethal dose of pentobarbital, and the trachea was cannulated with 
polyethylene tubing. Lungs were then lavaged with sterile CMF-PBS in a total 
volume of 1 mL. Total cells in bronchoalveolar lavage were enumerated, and 2 
x 104 cells were centrifuged onto glass slides at 800 rpm. Cytospins were 
stained using the Hema3 kit (Biochemical Sciences, Inc., Swedesboro, NJ), 
and differential cell counts were done on 500 cells/mouse. Total protein in 
BALF was determined on cell-free BALF supernatant stored at –80°C with the 
Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA). A lactate dehy-
drogenase assay to indicate lytic activity was done on BALF supernatant using 
the Cytotox 96 nonradioactive cytotoxicity assay (Promega, Madison, WI) ac-
cording to the manufacturer's protocol. Results were quantified by spectropho-
tometry.  
 
Histopathology and scoring of inflammation The lungs from additional mice 
(n = 4/group/time point) at both 9 and 30 days were instilled through the tra-
chea with CMF-PBS at a constant pressure of 14 cm H2O and placed in 4% 
paraformaldehyde at 4°C overnight for fixation of the tissue before embedding 
of tissue blocks in paraffin. Lung sections were cut at a 5-�m thickness for 
immunohistochemistry as described below, or stained with H&E. The 30-day 
lung sections were also stained using Masson's trichrome technique for the 
detection of collagen as an indication of fibrosis (16). Inflammation was scored 
by a certified pathologist (K. Butnor) using a blind code for identification of 
slides and an inflammation scale from 1 to 4; with 1 indicating absent inflam-
mation, 2 showing mild predominantly lymphocytic inflammation restricted to 
peribronchiolar regions, 3 indicating moderate peribronchiolar mononuclear 
neutrophilic inflammation with minimal extension into adjacent tiers of alveoli, 
and 4 as severe mixed peribronchiolar and adjacent alveolar inflammation.  

Ki-67 immunoperoxidase technique The expression of Ki-67 protein is a 
requirement for progression through the cell division cycle and is an accurate 
marker of cell proliferation (24). To quantitate bronchiolar epithelial cell proli-
feration, lung sections from 9-day sham- and asbestos-exposed Mpo-/- and 
Mpo+/+ mice were deparaffinized in xylene, rehydrated through a series of 
graded ethanols, and equilibrated in water. Antigen retrieval was then done 
using a 1:10 dilution in PBS of 10x DAKO target retrieval solution (DAKO, 
Carpinteria, CA) in a 95°C water bath for 40 minutes followed by 20 minutes of 
cooling to room temperature. Sections were then treated with DAKO peroxi-
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dase block for 30 minutes followed by a 5-minute wash in TBS before incuba-
tion in DAKO serum-free protein block for 30 minutes. Sections were then 
immersed in 50 �L of a 1:25 dilution of monoclonal rat anti-mouse Ki-67 pri-
mary antibody (DAKO), a 1:600 dilution of biotinylated anti-rat IgG secondary 
antibody (Vector Laboratories, Burlingame, CA), a 1:25 dilution of rat whole 
serum (Zymed, South San Francisco, CA), and 1% bovine serum albumin in 
PBS at room temperature for 30 minutes before blocking of excess secondary 
antibody with normal rat serum for 1.5 hours. Negative controls were incu-
bated in PBS without primary antibody, and all sections incubated overnight at 
4°C in a humidified chamber. The following day, sections were washed twice 
in 1x TBS, treated for 30 minutes with horseradish peroxidase streptavidin 
(Vector) and incubated in 3,3'-diaminobenzidine (DAKO) for 3 minutes. Sec-
tions were then rinsed in double-distilled water, counterstained for 30 seconds 
in hematoxylin, dehydrated through increasing concentrations of ethanol, and 
washed in xylene twice for 15 minutes before coverslips were mounted in His-
tomount (Zymed). Slides were then examined by light microscopy using an 
Olympus BX50 upright microscope (Olympus America, Inc., Lake Success, 
NY) with associated MagniFier software. The number of Ki-67-positive immu-
noreactive epithelial cells was determined on a total of at least five distal bron-
chioles on duplicate lung sections per animal.  

Myeloperoxidase and cyclin D1 immunofluorescence in lung sections To 
confirm the negative status of Mpo-/- mice (with respect to expression of mye-
loperoxidase) and to determine if myeloperoxidase and cyclin D1 immunoreac-
tivity was associated with epithelial cells of Mpo+/+ mice, lung sections from 
sham and asbestos-exposed Mpo-/- and Mpo+/+ mice were deparaffinized in 
xylene for 5 minutes (twice), rehydrated through a graded series of ethanols, 
and equilibrated in water. Slides were then boiled in 1x DAKO target retrieval 
solution for 40 minutes, and cooled for 20 minutes. After a wash in 1x PBS for 
5 minutes, sections were blocked with 10% normal goat serum (Jackson Im-
munoResearch Laboratories, West Grove, PA) diluted in PBS. A polyclonal 
rabbit anti-myeloperoxidase 562 (a kind gift from Marie Luise Brennan, Cleve-
land Clinic, Cleveland, OH) or a polyclonal rabbit anti-cyclin D1 (Labvision 
Corporation, Fremont, CA) were diluted in 1% bovine serum albumin in PBS, 
and slides were incubated overnight at 4°C. After washing with PBS, slides 
were incubated with a 1:400 dilution of AlexaFluor 647-conjugated goat anti-
rabbit IgG (Molecular Probes, Eugene, OR) in PBS for 1 hour at room tem-
perature. SYTOX Green (1:1000, Molecular Probes) in PBS was used as a 
counterstain for nuclei. Controls included slides incubated with secondary 
antibody alone. Sections of mouse intestinal epithelium were used as positive 
controls for cyclin D1 immunoreactivity. Negative controls for cyclin D1 in-
cluded sections of normal lungs and intestine incubated with secondary anti-
body alone. Slides were examined by using a Bio-Rad MRC 1024ES confocal 
scanning laser microscope system (Bio-Rad Laboratories).  

total thesis definitief.pdf   41total thesis definitief.pdf   41 4-4-2008   10:06:404-4-2008   10:06:40



Chapter 3 

 42 
 

Statistical analysis Data were analyzed using two-way ANOVA and Student-
Newman-Keul's tests to adjust for multiple pair-wise differences. p �0.05 be-
tween groups were considered significant.  

 
RESULTS 
 
Myeloperoxidase activity is increased in bronchoalveolar lavage fluids 
and observed in distal bronchiolar epithelial cells in normal (Mpo+/+) mice 
after inhalation of asbestos  
To determine if myeloperoxidase activity was increased in BALF from C57BL/6 

mice after inhalation of asbestos, we did a number of experiments to optimize 
detection of myeloperoxidase in cell-free BALF at 9 days, i.e., the peak time of 
asbestos-induced inflammation (16). Myeloperoxidase activity was not de-
tected in BALF from sham mice using protein concentrations of up to 50 �g 

(Figure 1, top, solid lines). Conversely, fresh lavage samples from four asbes-
tos-exposed mice showed linear reactions over a 20-minute period (Figure 1, 
top, dashed lines).  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Myeloperoxidase activity in BALF. Fifteen micrograms of protein in 100 �L of BALF 
supernatant from sham- and asbestos-exposed C57BL/6 mice (n = 4/group) was mixed with 
100 �L tetramethylbenzidine reagent, and the oxidation of tetramethylbenzidine was mea-
sured at 630 nm over a 20-minute period. All sham mice showed no increases in activity 
(solid lines), whereas the four asbestos-exposed mice showed linear release kinetics over 
time (dashed lines).  
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Figure 1A-D: Myeloperoxi-
dase immuno-localization in 
bronchiolar epithelial cells 
(bottom). Anti-myeloperoxi-
dase reactivity (red), and 
nuclei stained with SYTOX 
Green (green). Representa-
tive images of lung tissue 
sections stained for myelop-
eroxidase and examined by 
confocal scanning laser 
microscope. A, 9-day sham-
exposed normal (Mpo+/+); B, 
9-day asbestos-exposed 
normal (Mpo+/+); C, 9-day 
sham-exposed Mpo-/-; D, 9-
day asbestos-exposed Mpo-/-. 
All original magnifications, 
400X. 
 
 
 
 

 
We then focused on whether myeloperoxidase protein could be detected in 
bronchiolar or alveolar duct epithelial cells of normal mice, as these are the cell 
types encountering asbestos fibers at sites of deposition and progenitor cells of 
asbestos-induced lung cancer. Immunohistochemistry revealed that sham 
control mice showed no detectable myeloperoxidase in bronchiolar epithelium 

or surrounding tissue (Figure 1A), but after inhalation of asbestos, myeloper-
oxidase was observed in the cytoplasm of distal bronchiolar epithelial cells 
(Figure 1B). No myeloperoxidase was observed in either sham or asbestos-
exposed null mice (Figure 1C and D).  
 
Patterns of asbestos-associated inflammation are delayed in Mpo(-/-) null 
mice  
Chrysotile asbestos-induced markers of inflammation in BALF have been pre-
viously characterized in our murine model at various time periods after initial 
exposures to asbestos. PMN influx in BALF peaks at 9 days (16). In line with 
earlier data, total protein in BALF and lactate dehydrogenase levels, an indica-
tion of lung permeability reflecting dead or dying cells as well as plasma pro-
teins, were elevated (p �0.05) in asbestos-exposed Mpo+/+ and Mpo-/- mice in 
comparison with sham mice (Figure 2A and B). In comparison with respective 

sham groups, total inflammatory cell numbers in BALF also did not change 
significantly in asbestos-exposed normal or MPO-null mice (Figure 2C). How-
ever, fewer cells were noted in BALF samples from myeloperoxidase-null in 
comparison with normal (Mpo+/+) sham mice (p �0.05). This was due to a sig-
nificant decrease (p �0.05) in alveolar macrophages in Mpo-/- mice (Figure 2D). 
Compared with sham controls, both normal and Mpo-/- asbestos-exposed mice 
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exhibited increases (p �0.05) in the number of neutrophils and lymphocytes. 
However, Mpo-/- mice showed lower (p �0.05) numbers of macrophages and 
lymphocytes than normal mice in response to asbestos (Figure 2D).  
 

 
 
Figure 2: Markers of cell injury and inflammation in bronchoalveolar lavage. Total protein (A) 
and lactate dehydrogenase (B) are significantly increased (p �0.05) in asbestos-exposed 
(+Asb) animals in comparison with sham controls at 9 days. Total (C) and differential cell 
counts (D) on bronchoalveolar lavage samples from sham- and asbestos-exposed (+Asb) 
mice at 9 days. Columns, mean; bars, ± SE; * significantly different (p �0.05) from shams in 
each group; † significantly different (p �0.05) from respective Mpo+/+ group. 
 
Lung histopathology at 9 days supported the results of BALF studies. In normal 
Mpo+/+ mice, inhalation of asbestos caused a characteristic influx of macro-
phages into alveolar tissue and peribronchiolar mononuclear and neutrophilic 
inflammation that was not observed in sham mice (Figure 3B and 4A). The 
lungs of Mpo-/- mice showed no inflammatory response to asbestos at this time 
point (Figure 3C and 4A). However, at 30 days, inflammation scores of both 
normal and Mpo-/- asbestos-exposed mice were comparable and significantly 
increased (p �0.05; Figure 3E, F, and 4B) in comparison with respective sham 
controls (Figure 3D and 4B).  
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Figure 3: Histopathologic findings in lungs at 9 (A-C) and 30 (D-F) days (H&E stained sec-
tions). A, 9-day sham Mpo+/+ lung shows no inflammation; B, 9-day asbestos-exposed Mpo+/+ 
lung showing mild peribronchiolar mononuclear inflammation and scattered alveolar macro-
phages; C, 9-day asbestos-exposed Mpo-/- lung demonstrating essentially absent inflamma-
tion; D, 30-day sham Mpo-/- lung is devoid of inflammation; E, 30-day asbestos-exposed 
Mpo+/+ lung features moderate neutrophilic and mononuclear inflammation extending from 
the bronchiolar epithelium into surrounding alveoli. Moderate intra-alveolar macrophage 
infiltration is also present; F, 30-day asbestos-exposed Mpo-/- lung exhibits moderate mixed 
peribronchiolar inflammation. All original magnifications, 200X. 
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Figure 4: Grading of peribronchiolar inflam-
mation in lungs at 9 (A) and 30 (B) days. 
Columns, mean; bars, ± SE; * significantly 
different (p �0.05) from shams in each group; 
† significantly different (p �0.05) from respec-
tive Mpo+/+ group. 
 

 
 
Asbestos-associated epithelial cell proliferation is increased in the distal 
bronchioles of Mpo-/- mice in comparison with normal mice 
We and others have shown that incorporation of 5' bromodeoxyuridine is in-
creased in the bronchiolar epithelium of rodents after inhalation of chrysotile 
asbestos (16, 25). This technique requires preinjection of mice or implantation 

of mini-pumps containing bromodeoxyuridine and does not differentiate be-
tween unscheduled, unsuccessful, DNA synthesis or cell proliferation. In con-
trast, incorporation of Ki-67 is a sensitive and specific immunocytochemical 
method not requiring injection of a precursor into animals and measuring the 
number of epithelial cells progressing through the cell division cycle (24). In 
comparison with sham control groups (Figure 5), increases in the number of 
Ki-67-positive bronchiolar epithelial cells were observed in both asbestos-
exposed groups at 9 days—whereas numbers of Ki-67-positive cells doubled in 
normal mice, myeloperoxidase-null mice showed ~4-fold increases (p �0.05) in 
the number of proliferating cells. At 30 days, the number of Ki-67-positive cells 
was increased in asbestos-exposed Mpo+/+ mice and comparable to levels in 
asbestos-exposed Mpo-/- mice. 
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Figure 5: Ki-67 immunoperoxidase staining to show replicating distal bronchiolar epithelial 
cells in lungs of mice at 9 days. A, sham Mpo+/+; B, asbestos-exposed Mpo+/+; C, sham Mpo-/-

; D, asbestos-exposed Mpo-/-; L, bronchiolar lumen. All original magnifications, 400X. Quanti-
tation of Ki-67-positive distal bronchiolar epithelial cells at 9 (E) and 30 (F) days. Columns, 
mean; bars, ± SE; * significantly different (p �0.05) from sham groups; †significantly different 
(p �0.05) from asbestos-exposed Mpo+/+ group. 
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Cyclin D1 is a marker of cell cycle progression that has been previously un-
characterized in models of lung injury. To confirm our quantitative results using 
Ki-67 to delineate cells not in G0, we also examined immunolocalization of 
cyclin D1 comparatively in the distal bronchiolar region and alveolar duct junc-
tions, sites of initial fiber deposition (25), in sham and asbestos-exposed mice. 
As shown in Figure. 6, dual fluorescence studies using SYTOX Green to de-
monstrate nuclei, showed that both nuclear (yellow indicating colocalization of 

cyclin D1, with nucleus) 
and cytoplasmic fluores-
cence (red) occurred 
predominantly in distal 
bronchiolar epithelial cells. 
Cyclin D1 immunofluores-
cence was occasionally 

observed in sham normal 
(Figure 6A) and Mpo-/- 
mice (Figure 6B). How-
ever, it was more pre-
dominant in asbestos-
exposed groups (Figure 
6C and D), particularly in 
Mpo-/- mice, where it was 
also observed in meso-
thelial cells (arrowhead) 

and at sites of alveolar 
duct junctions (arrow). 
Although quantitation of 
cyclin D1 cells in epithe-
lium was not feasible due 
to its infrequent expres-
sion and colocalization in 
both the nucleus and cy-
toplasm, trends of ex-
pression in various 
groups of mice were simi-
lar to those observed with 
Ki-67 labeling. 

 

Figure 6: Immunofluorescent localization of cyclin D1 by confocal scanning laser microscopy 
in lung sections at 9 days. Representative images of lung tissue sections stained with an 
antibody to cyclin D1 (red) or SYTOX Green (green) to stain nuclei. Yellow, overlap of sig-
nals indicating colocalization (see arrow and arrowhead). A, sham Mpo-/-; B, sham Mpo+/+; C, 
asbestos-exposed Mpo-/-; D, asbestos-exposed Mpo+/+; E, mouse intestine (+, control); F, 
lung section stained with secondary antibody alone (–, control); L, lumen of distal bronchiole; 
P, pleural space. All original magnifications, 400X. 
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DISCUSSION 
 
We show for the first time that myeloperoxidase is an important factor in the 
acute inflammatory response to inhaled asbestos. Because asbestos is an 
oxidative stress (15) and a potent inflammatory agent in lung and pleura (4, 26, 
27), our findings may be relevant to the inflammation and proliferation of cells 
observed after exposure to a number of carcinogenic environmental toxicants. 
Our initial interest in the role of myeloperoxidase in asbestos-induced inflam-
mation stemmed from observations that PMNs are the predominant cell type 
infiltrating the lung after brief inhalation or intratracheal exposures to asbestos 
(4). Although neutrophils produce a plethora of chemokines and cytokines after 
inhalation of oxidant gases and oxidant-generating particulates such as asbes-
tos or silica, myeloperoxidase production by neutrophils has been classically 

linked to its microbicidal and inflammatory effects via the generation of the 
halogenating oxidant, HOCl. Although HOCl is the major reactive species ge-
nerated by myeloperoxidase, recent work shows that myeloperoxidase also 
participates in nitrotyrosine formation in some, but not all, neutrophil-rich ani-
mal models of inflammation (28). Because asbestos is known to induce induc-
ible nitric oxide synthase in alveolar macrophages (29) and nitrotyrosine forma-
tion in rat lungs which subsequently develop inflammation and fibrosis (10), the 
myeloperoxidase-catalyzed formation of nitric oxide-derived inflammatory oxi-
dants might also be critical in the early pathogenesis of asbestos-associated 

diseases.  
Here, we show that myeloperoxidase enzyme activity occurs in PMN-rich 
BALF after inhalation of asbestos by mice. Moreover, we show that myeloper-
oxidase protein is found in the distal bronchiolar epithelium at alveolar duct 
bifurcations, sites of asbestos fiber deposition. Increased myeloperoxidase 
activity in homogenized lung tissues in an amiodarone-induced rat model of 
pulmonary fibrosis and its decrease with indicators of fibrosis (lung hy-
droxyproline, transforming growth factor-�1 expression, etc.), have been 
documented after gastric intubation of the antioxidant and anti-inflammatory 
agent, curcumin (30), but the cell types expressing myeloperoxidase under 
these circumstances were unclear. Our results support the hypothesis that 
myeloperoxidase is generated predominantly by PMNs, but has the capacity to 

cross the epithelium, presumably by pinocytosis or phagocytosis as do asbes-
tos fibers (31). This model is supported by a study showing myeloperoxidase 
immunoreactivity in the alveolar epithelial compartment of lung tissues from 
patients with sickle cell disease or those undergoing lung transplant rejection 
(32).  
A number of in vitro models show that high concentrations of oxidants cause 
cytotoxicity or cytostasis, whereas lower concentrations cause cell proliferation 
and transformation (33, 34). Likewise, asbestos is an agent causing cell injury 
at higher concentrations and proliferation at lower concentrations in airway 
epithelial cells in vitro (35). The fact that myeloperoxidase and asbestos might 
cooperatively contribute to oxidant-associated cell damage is supported by 
many observations showing that these agents increase oxidative stress in lung 
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tissue (17, 34). For example, myeloperoxidase in the sputum of patients with 
cystic fibrosis enhances cell death after addition of generating systems of hy-
drogen peroxide to human tracheobronchial epithelial cells (36). In asbestos-
exposed Mpo-/- mice, initial oxidant profiles in lung tissue may be lower than 
those in asbestos-exposed Mpo+/+ mice, thus favoring an environment promo-
ting cell survival and mitogenesis. Our data thus support a model whereby 
acute epithelial cell proliferation by asbestos is initially curtailed under in-
creased oxidative stress in Mpo+/+ mice. However, as inhalation of asbestos 
ensues from 9 to 30 days, it is known that oxidative stress-inducing fibers ac-
cumulate and inflammation increases (1, 6, 9, 37). These factors may explain 
why the numbers of Ki-67 immunoreactive epithelial cells are comparable in 
both normal and myeloperoxidase-null mice at 30 days.  
Cyclin D1 and its partner, cyclin-dependent kinase 4, promote G1 to S phase 
progression via phosphorylation of the retinoblastoma protein. The exciting 
discovery that cyclin D1 is expressed in pulmonary epithelial cells, and that 
expression corresponds with quantitative trends in asbestos-induced prolifera-
tion, as assayed by Ki-67 labeling, provides some insight into the molecular 
mechanisms of oxidant-induced proliferation. We have previously shown that 
initial injury and subsequent proliferative effects of asbestos in vitro and in vivo 
are linked to stimulation of the extracellular signal-regulated kinases, ERK1/2 
and ERK5 in epithelial cells (38-41). Increased ERK phosphorylation is linked 
causally to increased activation and expression of the activator protein-1 (AP-
1) family members, c-fos, fra-1 (ERK1/2) and c-Jun (ERK5) in pulmonary cells 
as well as elevated AP-1 activity (41–43). HOCl also activates ERK1/2, growth 

arrest, and apoptosis in human umbilical vein endothelial cells, and loss of 
viability is enhanced when the survival pathway, ERK1/2, is inhibited (44). 
These results also suggest the importance of AP-1-mediated gene expression 
in HOCl-induced cell responses. Because cyclin D1 is an AP-1-dependent 
gene (45), it may be a key player in the induction of asbestos-induced cell 
cycle reentry and progression. Our immunolocalization results in lung epithe-
lium in vivo are consistent with recently published observations in neonatal rat 
cardiomyocytes in vitro where cyclin D1 localization is predominantly cyto-
plasmic (46). However, when cyclin D1 is ectopically expressed in the nucleus 
of postnatal cardiocytes in vivo, cell cycle reentry, as evaluated by the expres-
sion of Ki-67, is increased. This observation and recent work from our group 
(47) suggests that trafficking and accumulation of cell signaling proteins and 
transcription factors in the nucleus may be important in the induction of re-
sponses to oxidants.  
In summary, our results show that myeloperoxidase activity is increased in 
lavage fluid after inhalation of asbestos fibers. Myeloperoxidase also localizes 
in bronchiolar epithelial cells in asbestos-exposed mice where it may act di-
rectly to cause alterations in epithelial cells. Our data reveal that myeloperoxi-
dase status is functionally important not only in the control of epithelial cell 
proliferation in response to asbestos but also in the induction of asbestos-
induced inflammation. The inflammatory profiles of BALF in asbestos-exposed 
normal and Mpo-/- mice did not reflect differences in the number of PMNs, but 

total thesis definitief.pdf   50total thesis definitief.pdf   50 4-4-2008   10:06:514-4-2008   10:06:51



Chapter 3 

 51

rather decreases in alveolar macrophages and lymphocytes in Mpo-/- mice. It is 
therefore tempting to speculate that myeloperoxidase catalyzed HOCl directly 
or through signaling pathways involving tyrosine nitration affects redox-
sensitive transcription factors, such as AP-1 or nuclear factor �B, that are 
linked to chemokine elaboration and influx of macrophages and lymphocytes. 
The fact that, myeloperoxidase plays a critical role in initial asbestos-
associated epithelial cell repair responses and inflammation may be important 
in the prevention of asbestos- and oxidant-related lung cancers.  
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ABSTRACT 
 
Lung neutrophilia is common to a variety of lung diseases. The production of 
reactive oxygen and nitrogen species during neutrophils oxidative burst has 
been associated with protein and DNA damage. Myeloperoxidase (MPO) is an 
enzyme stored in the granula of neutrophils. It is important in the host defence 
because it generates the reactive oxidant, hypochlorous acid. MPO enzyme 
activity also results in the formation of the protein adduct chlorotyrosine and 
the formation of reactive nitrogen species.  
We hypothesized that MPO contributes to the development of lung neutrophilia 
and the subsequent oxidative stress and damage by LPS to cellular and mo-
lecular structures in the lung. To test this hypothesis wild type (WT) and Mpo-/- 
mice were given a single LPS instillation after which the development of lung 
neutrophilia, oxidative stress, DNA damage and nitrotyrosine formation were 
examined. Mpo-/- mice demonstrated a decreased lung neutrophilia that 
peaked earlier compared to neutrophilia in WT mice. Oxidative stress, indi-
rectly measured by heme-oxygenase 1 (ho-1) expression and DNA damage, 
assessed by 8-hydroxy-2’deoxyguanosine (8-OHdG) staining were however 
not different in LPS exposed WT and Mpo-/- mice. Nitrotyrosine formation was 
decreased in LPS exposed Mpo-/- mice compared to WT mice. These results 
indicate that MPO not only contributes to protein modification, but also pro-
motes the development of lung neutrophilia. 
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INTRODUCTION 
 
Neutrophilia is a feature common to all stages of chronic obstructive 
pulmonary disease (COPD) (1) and increased neutrophil levels are reported in 
induced sputum of COPD patients during exacerbations (2). Neutrophilia is 
also a key player in lung disorders such as acute respiratory distress 
syndrome (3), idiopathic pulmonary fibrosis (4), asbestosis (5) and cystic 
fibrosis (7). Reactive oxygen and nitrogen species (ROS/RNS) produced du-
ring the oxidative burst of neutrophils, contribute significantly to tissue da-
mage. Nitrotyrosine (NO2Tyr) formation is a marker of neutrophilia related 
protein modification (6, 7). A recent study has reported increased levels of 
NO2Tyr positive inflammatory cells and MPO in sputum of severe COPD pa-
tients (8). Besides from protein damage, lung neutrophilia is associated with 
DNA damage in the respiratory tract, as described in a recently published re-
view (9). 
MPO has been described as a protein with pro-inflammatory properties inde-
pendent of its enzymatic activity (10). We have recently reported data demon-
strating a significant reduction of neutrophil influx in Mpo knock out (-/-) mice as 
compared to Mpo+/+ wild type (WT) mice after inhalation of the inflammatory 
fiber chrysotile asbestos (11). This clearly implicates that MPO plays a critical 
role in the development of asbestos induced lung inflammation.  
In this study the hypothesis that MPO contributes to the development of lung 
neutrophilia and the subsequent oxidative stress and damage by LPS to cellu-
lar and molecular structures in the lung is tested. This was done by exposing 
Mpo-/- and WT mice to a single intratracheal instillation of LPS to induce tran-
sient lung neutrophilia.  
The development of lung neutrophilia was examined by quantification of neu-
trophil influx and MPO activity. NO2Tyr formation in lungs was analyzed as 
markers of neutrophil related oxidative protein modification. Furthermore, oxi-
dative DNA damage was investigated by 8-hydroxy-2’deoxyguanosine (8-
OHdG) staining. Oxidative stress was examined by heme-oxygenase 1 (ho-1) 
expression. HO-1 is an anti-oxidant and therefore an indirect marker of oxida-
tive stress. Lastly, cytokine and chemokine expression in lungs and BALF 
were investigated.  
Our results show that LPS exposure results in a dramatic increase in MPO 
activity in WT mice. Neutrophil influx in response to LPS exposure is signifi-
cantly decreased in Mpo-/- mice compared to WT mice. Ho-1 expression levels 
increased after LPS exposure but similar levels were observed in WT and 
Mpo-/- mice, as were 8-OHdG levels. NO2Tyr formation was significantly in-
creased after LPS exposure, but reduced in Mpo-/- compared to WT mice. 
Lastly, LPS exposed Mpo-/- mice demonstrated an altered pattern of IL-6, 
keratinocyte-derived chemokine (KC), MIP-1�, RANTES, IL-13 and IFN-� in 
BALF in comparison to WT mice. Although measures of oxidative damage 
were unchanged, data suggest that MPO not only plays an important role in 
the development of lung neutrophilia, but also contributes to NO2Tyr formation 
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to proteins in resident lung cells and altered chemokine and cytokine produc-
tion that may govern inflammatory responses. 
 
MATERIALS AND METHODS 
 

Animals and treatment 12-wk-old male WT C57BL/6 mice were obtained 
from Charles River (Maastricht, The Netherlands). Mpo-/- mice were generated 
by Y. Aratani (12) and bred into the C57BL/6 background. Mice were housed 
individually in standard laboratory cages and allowed food and water ad libitum 
throughout the experiments. The studies were carried out under a protocol 
approved by the Institutional Animal Care Committee of Maastricht University.  
WT C57BL/6 and Mpo-/- mice (n = 6 per group) were anesthetized with a mix of 
75 mg/kilogram ketamine (Nimatek, Auv Cuijk, The Netherlands) and 3mg/kg 
xylazine (Sedamun, Auv Cuijk, The Netherlands), and acute lung inflammation 
was induced by intratracheal instillation of 20 μg LPS (Escherichia coli, sero-
type O55:B5, Sigma, St.Louis, MO) dissolved in 50 μl sterile 0.9% NaCl as 
described previously (13). Sham mice were instilled with 50 μl LPS-free sterile 
0.9% NaCl. After intratracheal instillation, mice were kept in an upright position 
for 10 minutes to allow the fluid to spread throughout the lungs. Mice were 
sacrificied 1, 2, 3, 4 or 5 days after LPS instillation with 115 mg/kg sodium 
pentobarbital (Ceva Sante Animale, Maassluis, the Netherlands) and right lung 
lobes were removed and snap frozen at -80°C. Left lung lobes were prepared 
for immunohistochemistry as described below. Separate animals were used 
for collection of bronchoalveolar lavage fluid (BALF). 
 
Myeloperoxidase activity assay MPO activity was determined using a Mye-
loperoxidase Assay Kit (CytoStore, Calgary, Canada) according to manufac-
turer’s protocol. Briefly, approximately 50 μg of snap frozen lung from LPS and 
sham treated animals was homogenized in 1 ml cold sample buffer and centri-
fuged at 4°C for 5 minutes at 14,000 rpm. MPO activity was determined in 20 
μl supernatants in duplicate using development reagent. Activity was mea-
sured over 25 seconds at 450 nm. Development reagent without sample was 
used as a control.   
 
Immunohistochemistry After thoracotomy the left lung was inflated with 10% 
zinc-buffered formalin (pH 5.5) at a pressure of 20 cm H2O through the trachea 
and subsequently fixed in 10% zinc-buffered formalin for 24 hours. After paraf-
fin embedding, 4 μm sections were cut and mounted on slides.  
MPO staining Lung sections from sham and LPS-exposed mice were deparaf-
finized, and endogenous peroxidase activity was blocked with 0.3% H2O2 in 
methanol. Sections were blocked using 20% (v/v) normal swine serum in TBS 
for 30 min. MPO was detected using a polyclonal rabbit anti-MPO antibody 
(0398, DAKO, Glostrup, Denmark) followed by a swine anti-rabbit biotin la-
belled secondary antibody (E0413, DAKO). Labeling was visualised using 
avidin-biotin peroxidase (K0377, DAKO) and histogreen (Linaris, Wertheim, 
Germany).  
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8-OHdG staining Sections were deparaffinized and endogenous peroxidase 
activity was blocked as described above. Antigen retrieval was performed by 
microwave treatment in Vector Unmasking Fluid (Vector Laboratories, Burlin-
game, CA). Primary antibody mouse anti-mouse 8-OHdG (N45.1, Japan Insti-
tute for the Control of Aging) was used together with the Mouse on Mouse Kit 
(Vector Laboratories, Burlingame, CA) according to manufacturer’s protocol. 
Labeling was visualized with avidin-biotin peroxidase (Vector Laboratories) 
and 3,3’-diaminobenzidine (DAKO). Controls include omitting primary antibody 
and isotype control IgG1 (DAKO). Both controls were negative. 
NO2Tyr staining Sections were deparaffinized and blocked as described 
above. Antigen retrieval was performed by microwave treatment in 10 mM 
citrate buffer (pH 6.0). Primary antibody mouse anti-NO2 (189542, Cayman 
Chemical, Ann Arbor, MI) was used together with the Mouse on Mouse Kit. 
Labeling was visualized as described above. Staining controls were performed 
by omitting primary antibodies and revealed no staining.  
 
Quantification of neutrophil influx and NO2Tyr formation in lung tissue 
H&E stained sections were used to quantify infiltration of neutrophils into 
lungs. At a magnification of 200X, random fields were selected and the num-
ber of infiltrated still intact neutrophils was counted. At least 5 fields per section 
were analyzed. NO2Tyr formation was scored blindly by 3 separate observers 
and scaled 1-5 with: 1 indicating no NO2Tyr staining; 2 showing light staining in 
areas of NO2Tyr formation; 3 indicating clear NO2Tyr formation without intense 
stained areas; 4 showing local intense staining; and 5 as intense NO2Tyr for-
mation through the entire section.  
 
Quantitative PCR detection of ho-1 expression Total lung RNA was iso-
lated using the RNeasy Mini Kit (Qiagen Inc., CA) according to manufacturer’s 
protocol. Total RNA was reverse transcribed, using the Abgene Kit (Abgene, 
Epsom, UK) with random decamers and oligo dT primers, and the resulting 
cDNA was amplified by real-time PCR using the MyIQ5 (Biorad, Hercules, CA) 
with the following primers: ho-1 (Forward) 5’-CCGCCTTCCTGCTCAACAT-3’, 
(Reverse) 5’-CATCTGTGAGGGACTCTGGTCTT-3’, Calnexin (Forward) 5’- 
GCAGCGACCTATGATTGACAACC-3, (Reverse) 5’- GCTCCAAACCAATAG-
CACTGAAAGG -3’. Each PCR reaction contained 1X SYBR® Green PCR 
master mix (Applied Biosystems, Foster City, CA) and 0.3 μM each of forward 
and reverse primer. Following, an initial 10 min incubation at 95°C, thermal 
cycling was performed using 45 cycles of 94°C for 15s, 60°C for 30s and 72°C 
for 30s. Gene expression was quantified using standard curves for the respec-
tive cDNA products. All changes in ho-1 cDNA levels were normalized to 
changes in calnexin cDNA as a “housekeeping” gene.  
 
Taqman gene expression assay Quantitative PCR amplifications were per-
formed according to manufacturer’s protocol on an ABI Prism 7900HT Se-
quence Detection System (Applied Biosystems, Applera Nederland, Nieu-
wekerk a/d IJssel, The Netherlands), using 384 wells plates precoated with 
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Taqman primer/probes from Applied Biosystems (low density array format). 
Table 1 shows the genes and respective Assay IDs for the predesigned 
TaqMan probe and primer sets (Applied Biosystems) used. The binding 
probes were 5'-labeled with a 6-carboxyfluorescein dye and a non-fluorescent 
quencher at the 3' end. All assays span exon-intron boundaries and cover the 
major transcript forms.  Ten �l of cDNA was mixed with 40 �l of nuclease-free 
water and 50 �l of TaqMan Universal PCR Master Mix. One hundred �l of the 
sample-specific PCR mixture was loaded into 1 sample port; the cards were 
centrifuged twice for 1 min at 1200 rpm and sealed to prevent well-to-well con-
tamination. The cards were placed in the Micro Fluidic Card Sample Block of 
an ABI Prism 7900 HT Sequence Detection System (Applied Biosystems). The 

thermal cycling conditions were 2 min at 50°C and 10 min at 94.5°C, followed 
by 40 cycles of 30s at 97°C and 1 min at 59.7°C. Relative quantitation of gene 
expression was calculated on the expression of the house keeping gene 
gapdh according to the comparative Ct method (�Ct = Ctgene of interest – Ctgapdh). 
Comparison of gene expression in different samples was performed based on 
the differences in �Ct of individual samples (��Ct).  
 
Table I: Gene Array ID’s 

 
Bioplex analysis of plasma cyto-
kines and chemokines To quantify 
cytokine and chemokine levels in 
BALF, a multiplex suspension protein 
array was performed using the Bio-
plex Protein Array System and a 
Mouse cytokine 23-plex panel (Bio-
Rad, Hercules, CA) as described in 
(14). This method of analysis is based 
on LuminexTM technology and simul-
taneously measures IL-1�, IL-1�, IL-
2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-
12(p40), IL-12(p70), IL-13, IL-17, 
TNF-�, RANTES, MIP-1�, MIP-1�, 
MCP-1, KC, G-CSF, GM-CSF, IFN-� 
and Eotaxin protein. Briefly, anti-
cytokine/chemokine antibody conju-
gated beads were added to individual 
wells of 96-well filter plate and ad-
hered using vacuum filtration. After 
washing, 50 μl of pre-diluted of stan-
dards (range between 32,000 pg/ml 
and 1.95 pg/ml) or plasma samples 
were added and the filter plate 
shaken at 300 rpm. Thereafter, the 
filter plate was washed, and 25 μl of 

CYTOKINE RECEPTORS 
TNFr1� Mm00441875_m1 
TNFr1� Mm00441889_m1 

CHEMOKINE RECEPTORS 
CCR1 Mm00438260_s1 

CXCR1 Mm00731329_s1 
CXCR2 Mm00438258_m1 

TOLL LIKE RECEPTORS 
TLR-4 Mm00445274_m1 

CYTOKINES 
IL-6 Mm00446190_m1 

TNF-� Mm00443258_m1 
IL-10 Mm00439616_m1 
IL-1� Mm00434228_m1 

CHEMOKINES 
MIP-1� Mm00441258_m1 

KC Mm00433859_m1 
RANTES Mm01302428_m1 

MIP-2 Mm00436450_m1 
MCP-1 Mm00441242_m1 

HOUSEKEEPING 
GAPDH Mm99999915_g1 
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pre-diluted multiplex biotin-conjugated antibody was added. After washing, 50 
μl of pre-diluted streptavidin conjugated phycoerythrin was added followed by 
an additional wash and the addition of 125 μl of Bio-plex buffer to each well. 
The filter plate was analyzed using the Bio-Plex Protein Array System, and 
concentrations of each cytokine and chemokine were determined using Bio-
Plex Manager Version 3.0 software. 

Statistical Analysis Data were reported as mean ± SEM. Data were analyzed 
using the Mann-Whitney U test. Values of p �0.05 between groups were con-
sidered significant.  

 
RESULTS 
 
Development of acute lung neutrophilia after intratracheal LPS instil-
lation 
To determine MPO activity at each time point during inflammation and to con-
firm Mpo-/- status, total MPO activity was determined in lung tissue of WT and 
Mpo-/- mice after LPS exposure. Figure 1 shows a time dependent increase in 
MPO activity after LPS exposure in WT animals. MPO activity peaks 2-3 days 
after instillation and decreases to control levels after 4 days. Mpo-/- mice do not 
demonstrate MPO activity.  
 
 Figure 1: Increases in MPO 

activity in whole lung homoge-
nates from LPS-exposed WT, but 
not Mpo-/- mice. MPO activity 
increased rapidly after LPS instil-
lation and returned back to nor-
mal 4 days post exposure. Ab-
sence of MPO activity in sham 
and LPS-exposed Mpo-/- mice 
confirms their knock-out status. 
Values are represented as mean 
± SEM. * p �0.05 in comparison 
to respective sham group. # p 
�0.05 in comparison to LPS 
exposed WT mice.  
 

 
 
To localize MPO in the lungs of WT animals and to confirm the absence of 
MPO activity in Mpo-/- mice, sections were stained for MPO. WT animals ex-
posed to LPS showed MPO staining in neutrophil clusters through out the lung 
(Figure 2B). While no MPO staining occurred in WT sham (A) and both sham 
and LPS exposed Mpo-/- mice (C, D) in lung.  
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Figure 2: LPS exposure increases MPO levels in WT mouse lungs that are localized in clus-
ters of infiltrating neutrophils. Paraffin sections of sham and LPS-exposed WT and Mpo-/- 
mice were stained for MPO. A, Sham WT. B, LPS WT. C, Sham Mpo-/-. D, LPS-exposed 
Mpo-/- mice lack MPO staining. Bars = 50 μm. 
 
In line with MPO activity data above we demonstrate in Figure 3 a striking 
increase in neutrophil influx in WT mice that peaks 3 days post exposure and 
returns to control levels 5 days after exposure. LPS exposed Mpo-/- mice show 
a striking decrease in neutrophil influx as compared to WT mice. Moreover, in 
comparison to WT mice lung neutrophilia in Mpo-/- mice peaks earlier, namely 
2 days post exposure and returns to control levels by day 5. 
 
 Figure 3: Decreased neutrophil 

influx after LPS exposure in 
lungs of Mpo-/- mice lungs as 
compared to WT mouse lungs. 
Quantification of neutrophil 
influx on H&E stained paraffin 
sections demonstrated an 
inflammatory peak at 2-3 days 
post exposure. Values are 
represented as mean ± SEM. * 
p �0.05 in comparison to re-
spective ham. #  p �0.05 in 
comparison to LPS-exposed 
WT mice. 
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Increased anti-oxidant expression as a result of increased total oxidative 
stress in LPS- exposed WT and Mpo-/- mice  
Ho-1 mRNA expression was examined in whole lung RNA of LPS exposed WT 
and, Mpo-/- mice as a general marker of oxidative stress. Indeed, LPS induced 
an increase in ho-1 expression in WT and Mpo-/- mouse lungs as shown in 
Figure 4A significant from sham groups at all times, i.e. 4 and 5 days. Mpo-/- 
mice showed similar ho-1 expression levels compared to WT mice. The ex-
pression of ho-1 relative to amount of neutrophil infiltration in lung, however, 
was higher in Mpo-/- mice compared to WT mice (Figure 4B). 
 

 
Figure 4: LPS instillation results in in-
creased mRNA expression of ho-1 in WT 
and Mpo-/- mice. A) Whole lung mRNA 
was isolated and ho-1 expression was 
analyzed by Q-PCR and normalized 
against calnexin expression. Ho-1 expres-
sion increased after LPS instillation, but 
similar levels were found in WT and Mpo-/- 
mice. Values are represented as mean ± 
SEM. B) Ho-1 expression correlated with 
number of infiltrating neutrophils, but the 
expression of ho-1 relative to neutrophil 
infiltration was higher in Mpo-/- mice com-
pared to WT. * p �0.05 in comparison to 
respective sham. # p �0.05 in comparison 
to LPS exposed WT mice. 
 
 
 
 
 

 
Oxidative stress-induced 8-OHdG DNA damage in WT and Mpo-/- mice  
Lung neutrophilia is known to induce oxidative stress related DNA damage to 
lung epithelial cells (9, 15). The contribution of MPO to possible DNA damage 
by LPS was investigated by 8-OHdG determination. Figure 5A and 5B demon-
strate that immunohistochemical analysis of 8-OHdG revealed 80-90% positive 
nuclei in bronchiolar and alveolar epithelial cells in sham treated animals. 
These same levels were also found in LPS-treated WT and Mpo-/- mice (Figure 
5C-D). All infiltrating neutrophils in LPS treated mice stained positive for 8-
OHdG. 
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Figure 5: 8-OHdG immunostaining revealed no differences between sham and LPS exposed 
WT and Mpo-/- mice. Paraffin sections of NaCl (sham) and LPS exposed WT and Mpo-/- mice 
were prepared and stained for 8-OHdG. High levels (80-90%) of DNA adduct formation 
occurred in lung epithelium of sham mice. LPS exposed WT and Mpo-/- demonstrated similar 
levels of 8-OHdG staining in alveolar and bronchial epithelial cells 72 hours after LPS instilla-
tion compared to sham mice. All recruited inflammatory cells, in WT and Mpo-/- mice showed 
8-OHdG staining.  A, Sham WT. B, LPS WT. C, Sham Mpo-/- . D, LPS Mpo-/-. Bars, 50 μm. 
 
 
Decreased oxidative protein modification in Mpo-/- compared to WT mice  
Semi-quantitative scoring of immunohistochemical analysis of NO2Tyr forma-
tion revealed an increase in NO2Tyr staining in LPS-treated WT and Mpo-/- 
animals compared to sham treated mice. NO2Tyr formation in LPS-treated 
Mpo-/- mice showed trend toward a decrease compared to WT mice (Figure 
6C). In WT and Mpo-/- lungs, NO2Tyr formation was specifically localized at 
sites of neutrophil infiltration and was present in and on all resident lung cells 
and infiltrated inflammatory cells (Figure 6 A-B).  
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Figure 6: Decreased NO2Tyr formation in Mpo-/- 
mice compared to WT mice after LPS exposure. 
Paraffin sections of A) NaCl (sham) and B) LPS-
exposed WT and Mpo-/- mice were stained for 
NO2Tyr. NO2Tyr formation was present at sites in 
all cells at sites of neutrophil infiltration. C) Semi-
quantitative analysis of NO2Tyr formation.  Values 
are represented as mean ± SEM. * p �0.05 in 
comparison to respective WT. 
 
 
Mpo-/- mice show normal inflammatory 
receptor gene expression patterns  
Possible knock-out effects on expression 
patterns of several receptors known to be 
important in the development of lung in-
flammation were investigated by Q-PCR. 
Tlr-4, tnfr-1�, tnfr-1�, ccr-1 and cxcr-2 
mRNA levels were not different in sham 
treated WT and Mpo-/- mice (Figure 7). In 
contrast to what one would expect, cxcr-1 
expression was significantly increased in 
sham treated Mpo-/- mice compared to WT 
mice. 
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Figure 7: Similar receptor 
mRNA expression levels in 
WT and Mpo-/- mice. Expres-
sion levels of tlr-4 and cyto-
kine and chemokine receptors 
were measured in whole lung 
mRNA after NaCl instillation 
as described in Materials and 
Methods. Values are repre-
sented as mean ± SEM. * p 
�0.05 in comparison to re-
spective WT. 
 
 
 
 
 
 
 
 
 

 
Mpo-/- mice show altered patterns of inflammation associated cytokines 
and chemokines  
The induction of cytokines and chemokines was determined on mRNA levels 2 
days post exposure and protein levels were determined 3 days post exposure 
in BALF. Figure 8 demonstrates a significant increase in mRNA expression of 
neutrophil and macrophage chemotactic proteins il-6, kc, mip-1� and rantes 
after LPS in WT mice. mRNA expression levels of kc and rantes were signifi-
cantly reduced in Mpo-/- after LPS as compared to WT mice. Of the investi-
gated cytokines and chemokines tnf-�, il-1�, il-10, mcp-1 and mip-2 showed a 
significant increase in mRNA expression after LPS exposure, but knock-out 
effects were not observed (data not shown).  Although mRNA expression lev-
els of il-6 and mip-1� were not reduced in Mpo-/- mice either, Figure 9 shows 
that protein levels of IL-6 and MIP-1� were significantly reduced in Mpo-/- mice 
as compared to WT mice. 
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Figure 8: Mpo-/- mice show 
altered mRNA expression 
levels of various cyto-
kines/chemokines as compared 
to WT mice after LPS instilla-
tion. Cytokine and chemokine 
expression levels were mea-
sured in whole lung mRNA 2 
days after LPS exposure as 
described in Materials and 
Methods. Values are repre-
sented as mean ± SEM. * p 
�0.05 in comparison to respec-
tive sham. # p �0.05 in com-
parison to LPS exposed WT 
mice. 
 
 
 

 
 
IL-13, capable of inhibiting IL-6 and KC, was decreased in Mpo-/- mice in com-
parison to WT mice, as was the neutrophil and macrophage activity promoting 
cytokine IFN-�. In line with these results, a significant decrease of the blood 
monocyte chemoattractant, RANTES, was observed in Mpo-/- mice after LPS 
exposure. IL-4 and IL-9 were also significantly decreased in Mpo-/- mice after 
LPS exposure compared to WT mice. Of the panel of 23 cytokines and 
chemokines measured in BALF IL-1�, IL-1�, IL-3, IL-10, IL-12(p40), IL-
12(p70), IL-17, MIP-1�, MCP-1, G-CSF, GM-CSF and Eotaxin were all ele-
vated in BALF after LPS exposure in WT and Mpo-/- mice (data not shown). IL-
2 protein levels showed a slight decrease after LPS exposure (data not 
shown). Protein concentrations of IL-5 and TNF-� in BALF in respons to LPS 
were not different from control levels at day 3 in WT and Mpo-/- mice (data not 
shown). 
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Figure 9: Mpo-/- mice 
demonstrated altered 

cytokine/chemokines 
protein levels compared 
to WT mice after LPS 
instillation. Cytokine and 
chemokine protein le-
vels were measured in 
BALF 3 days after LPS 
exposure as described 
in Materials and Me-
thods. Values are rep-
resented as mean ± 
SEM. * p �0.05 in com-
parison to respective 
sham. # p �0.05 in 
comparison to LPS 
exposed WT mice. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
DISCUSSION 
 
MPO is an important enzyme in innate defence by producing HOCl and other 
reactive oxidants (16). This study aimed to investigate the contribution of MPO 
to LPS induced lung inflammation and subsequent damaging effects on lung 
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epithelial cells via the production of reactive oxidants using a knock-out ap-
proach. Ideally, after LPS instillation the development of lung neutrophilia 
would be identical in WT and Mpo-/- mice except for the absence of MPO in the 
knock-out animals. This was however not what we found.  
We report here a significant decreased neutrophilia in Mpo-/- mice compared to 
WT animals that peaks 2 days after LPS exposure. WT mice revealed an in-
flammatory peak 2-3 days post exposure that returned to control levels 5 days 
post exposure. This decrease in neutrophil influx in Mpo-/- mice confirms our 
previous work demonstrating decreased neutrophil levels in BALF of Mpo-/- 
compared to WT mice after chrysotile asbestos exposure (11). A similar early 
peak in neutrophilia, as we report here, has been shown before in Mpo-/- mice 
in a study on ultraviolet-induced skin inflammation (17). In earlier studies by 
our group, we reported peak neutrophil influx in Swiss mice 1 day after LPS 
exposure (18). This suggests a strain-dependent time response to intratra-
cheal LPS instillation.  
We furthermore show that LPS instillation results in a dramatic increase in 
MPO activity in WT mice. Moreover, we demonstrate that MPO is predomi-
nantly localized in clusters of infiltrated and activated neutrophils. We demon-
strated previously in a mouse model of asbestosis that MPO occurred in distal 
bronchiolar epithelium at alveolar duct bifurcations, site of asbestos fiber 
deposition (11). This suggests that distribution of MPO within the lung may be 
disease model dependent.  
Elevated levels of NO2Tyr, an index of protein nitration, are associated with 
neutrophil influx and have been reported in various lung disorders like COPD 
(8, 19) and idiopathic pulmonary fibrosis (4). In the present study we demon-
strate a decrease in NO2Tyr formation after LPS exposure in Mpo-/- mice com-
pared to WT animals. This is in line with earlier data demonstrating less nitro-
tyrosine in Mpo-/- mice in a peritonitis model of acute inflammation (20). A con-
tribution of MPO to protein nitration has also been demonstrated in the lung 
disease cystic fibrosis (21). Furthermore, MPO dependent nitration mecha-
nisms have been found in the inflammatory condition atherosclerosis (22) and 
neurodegenerative diseases like multiple sclerosis (23). Other well described 
mechanisms (6), such as inducible NO· synthases (iNOS) may contribute sig-
nificantly to NO2Tyr formation which explains why there is still a big increase in 
NO2Tyr formation in Mpo-/- mice although the neutrophilic inflammation is dra-
matically lower in these mice.  
Besides effects on protein modification, neutrophil infiltration has also been 
linked to oxidative stress related DNA damage. We did not find an increase or 
decrease in the levels of DNA adduct 8-OHdG after LPS instillation in WT or 
Mpo-/- mice. 8-OHdG has been used extensively to measure DNA damage in 
models of lung inflammation with various outcomes. Our data are in line with 
data from an inflammatory model of quartz exposure where no difference was 
found in 8-OHdG levels in the lungs of sham or quartz exposed rats (24). It 
has been suggested that 8-OHdG induction would predominantly occur in 
proliferating cells (25). This could be an explanation for our findings, since we 
did not find an increase in the proliferation marker Ki-67 (unpublished data) in 
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lung cells of LPS exposed WT and Mpo-/- mice. A significant increase in ho-1 
expression in WT and Mpo-/- mice after LPS exposure was observed sugges-
ting ROS related damage. The dose of LPS used here results in a dramatic 
lung neutrophilia in WT mice and subsequent oxidative stress. This suggests 
that compensatory feedback mechanisms like the anti-oxidant marker ho-1 are 
up-regulated. This dramatic neutrophilia however does not clarify why Mpo-/- 
mice show similar patterns of 8-OHdG and ho-1 expression as WT mice. 
Aratani and colleagues reported data (26) on a study comparing Mpo-/-, 
NADPH-oxidase-/- and double knock-out mice in a model of pulmonary infec-
tion that could explain these findings. They reported that H2O2 used by MPO is 
solely produced by NADPH-oxidase. It is therefore tempting to speculate that 
Mpo-/- mice that are incapable of converting H2O2 to HOCl, build up H2O2. In-
creased H2O2 levels could explain 8-OHdG formation and ho-1 mRNA expres-
sion, since H2O2 is a very potent oxidant like HOCl.  
Cytokines and chemokines are key players in the recruitment of neutrophils 
and macrophages to inflammatory sites. We demonstrate here that the de-
creased neutrophilia found in Mpo-/- mice exposed to intratracheal LPS is not 
due to differences in inflammatory receptor expression patterns, but due to 
significantly lower protein levels of the neutrophil attractants KC, IL-6 and MIP-
1� in BALF compared to patterns in WT mice. The positive contribution of 
these inflammatory signaling molecules to the development of lung neutro-
philia is in line with the literature. The lowered levels of neutrophil attractants in 
the lungs of Mpo-/- mice are in contrast to recent work in a model of lung fungal 
infection where Mpo-/- mice demonstrated KC levels comparable to that of WT 
mice (27). IL-13 has been described to inhibit IL-6 and IL-8 production by hu-
man monocytes (28). It is therefore tempting to speculate that decreased pro-
tein levels of IL-13 in BALF of Mpo-/- are due to decreased IL-6 and KC, the 
mouse equivalent of IL-8, levels. After neutrophils become apoptotic, macro-
phages come in to action to phagocotyze apoptotic cells and cell debris. 
RANTES has been shown to be a chemoattractant for peripheral blood mono-
cytes. Since neutrophil numbers were significantly lower in Mpo-/- mice com-
pared to WT, it is therefore tempting to speculate that as a result of this 
RANTES production, neutrophils were not increased to the same extent as in 
WT mice.  
Besides from the neutrophil chemo attractants, MPO itself has been described 
to play a role in the activation of neutrophils. Lau and colleagues (10) have 
demonstrated that MPO binds to CD11b/CD18 integrins on neutrophils, lea-
ding to induction of intracellular signaling cascades and translating into up-
regulated neutrophil degranulation and CD11b surface expression. 
CD11b/CD18 is a critical mediator for neutrophil adherence before extravasa-
tion. One could therefore speculate that the decreased early neutrophilia is a 
result of decreased extravasation capacity and that decreased lung epithelial 
protein damage and chemo attractant production are a consequence of this, 
leading to earlier clearance of the inflammation.   
In summary, our results show that MPO activity is increased after LPS expo-
sure. MPO localizes in clusters of infiltrated and activated neutrophils of LPS 
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exposed WT mice. Neutrophil influx in response in Mpo-/- mice compared to 
WT mice is however significantly decreased. Ho-1 expression levels increased 
after LPS exposure but were similar in WT and Mpo-/- mice, as were 8-OHdG 
levels. NO2Tyr levels were increased after LPS exposure, but reduced in Mpo-

/- compared to WT mice. Lastly, LPS exposed Mpo-/- mice demonstrated an 
altered pattern of inflammatory cytokines and chemokines. Although measures 
of oxidative damage were unchanged, data suggest that MPO not only plays 
an important role in the development of lung neutrophilia, but also contributes 
to NO2Tyr formation in resident lung cells and altered chemokine and cytokine 
production that may govern inflammatory responses. 
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ABSTRACT 
 
Myeloperoxidase (MPO) is a protein stored in neutrophil granula. MPO 
contributes to the development of inflammation through the enzymatic 
production of reactive oxygen and nitrogen species as well as independent of 
its enzymatic activity, by promoting neutrophil extravasation. Persistent 
neutrophilia is thought to play a key role in the development of lung diseases. 
The consequence of chronic neutrophilia is a continuous exposure of lung 
epithelial cells to a variety of proteolytic enzymes, like MPO. Here we describe 
a study in which wild type (WT) and Mpo knock out (-/-) mice were repeatedly 
exposed to LPS to induce chronic lung inflammation and structural changes. 
This study was conducted to test the hypothesis that MPO contributes to the 
development of chronic lung inflammation and structural changes. The results 
demonstrated that chronic LPS exposure leads to increased persistent lung 
inflammation in WT and Mpo-/- mice. Airspace enlargement was increased 
after chronic LPS exposure and significantly increased in Mpo-/- compared to 
WT mice. This however did not lead to lung function alterations. In addition, 
the antioxidants, reduced glutathione (GSH) and vitamin C, were increased 
after chronic LPS exposure and Mpo-/- mice demonstrated a significant in-
crease in GSH/GSSG in comparison to WT mice. Matrix metalloprotease 
(MMP) mRNA levels in LPS-exposed Mpo-/- mice were significantly elevated 
compared to sham mice, no differences were found in chemokine and cytokine 
expression patterns between WT and Mpo-/- mice. From this study we can 
conclude that MPO modulates the antioxidant status of LPS induced lung in-
flammation and the expression patterns of MMPs.  
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INTRODUCTION 
 
Myeloperoxidase (MPO) is a heme protein and one of the enzymes stored in 
neutrophil granula. It is a key player in innate defence against bacteria and 
fungi (1), since enzymatic activity of MPO leads to hypochlorous acid (HOCl) 
formation. Chlorination of proteins by HOCl is a hallmark of MPO related pro-
tein modification (2). Other reactive oxygen and nitrogen species (ROS/RNS) 
formed by MPO such as nitrogen dioxide contribute to an inflammatory state of 
the lung, via the formation of nitrotyrosine (NO2Tyr) (3). MPO also has been 
described as a pro-inflammatory factor independent of its catalytic capacity by 
contributing to neutrophil extravasation (4). We have reported a significant 
reduction of neutrophil influx in Mpo knock out (-/-) mice as compared to Mpo+/+ 
wild type (WT) mice after inhalation of the inflammatory fiber, chrysotile asbes-
tos (5). This clearly implicates that MPO plays a critical role in the develop-
ment of lung inflammation.  
Persistent neutrophilia is thought to play a key role in the development of lung 
diseases such as chronic obstructive pulmonary disease (COPD) (6), idio-
pathic pulmonary fibrosis (7) and cystic fibrosis (8). The consequence of 
chronic neutrophilia is a continuous exposure of lung epithelial cells to a vari-
ety of proteolytic enzymes normally stored in the granula of neutrophils. MPO, 
one of these proteolytic enzymes, may play a contributing role in the develop-
ment of chronic inflammation and lung structure alterations.  
Here we describe a study in which WT and Mpo-/- mice were repeatedly ex-
posed to LPS to induce chronic lung inflammation and structural changes. This 
study was conducted to test the hypothesis that MPO contributes to the deve-
lopment of chronic lung inflammation and structural changes.  
Pulmonary function alterations as a result of structural changes in the lung are 
associated with increased neutrophil chemo-attractant interleukin (IL)-8 (9). 
The influx of inflammatory cells is mainly dependent on the release of these 
chemotactic factors at a site of inflammation. Keratinocyte-derived chemokines 
(KC) and IL-6 are the major neutrophil attractants, while monocyte chemotactic 
protein-1 (MCP-1) attracts monocytes and macrophages. Both cell types have 
been reported to be elevated in sputum of COPD patients (9), we therefore 
examined the induced lung inflammation and associated chemokines and 
cytokines. 
Currently, there are at least three mechanisms associated with tissue remode-
ling. Thus we made an attempt to elucidate the contribution of three of the 
major mechanisms to the airspace enlargement that was found after chronic 
LPS exposure. The first mechanism involves ROS production. Neutrophils are 
known to produce ROS, and recent data show that blocking ROS production in 
mice or administration of antioxidant enzymes to rats protects against 
bleomycin induced pulmonary fibrosis (10) and respectively asbestosis (11). 
As a response to ROS, antioxidant enzymes levels are often increased. The 
antioxidant ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG) 
is lower in sputum of COPD patients due to increased levels of GSSG (12), 
indicating increased oxidative stress. Another water soluble antioxidant is vi-
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tamin C and cross talk between GSH and vitamin C has been described pre-
viously (13).  An increase in the antioxidant, heme-oxygenase I, has also been 
reported during severe exacerbations of COPD (14).  Furthermore, oxidative 
stress has been linked to increased apoptosis (15), a second mechanism of 
lung remodeling examined here, since increased apoptosis has been found in 
the alveoli of patients with emphysema (16, 17) and in animal models of em-
physema (18). Lastly, we explored changes in matrix metalloproteases 
(MMPs), as they have been reported as a contributing factor in emphysema 
development (19). It is known that neutrophils directly contribute to MMP pro-
duction by releasing MMP-8 and MMP-9 (20, 21).  
 
 
MATERIALS AND METHODS 
 
Animals and treatment 12-wk-old male WT C57BL/6 mice were obtained 
from Charles River (Maastricht, The Netherlands). Mpo-/- mice were generated 
by Y. Aratani (22) and bred into the C57BL/6 background. Mice were housed 
individually in standard laboratory cages and allowed food and water ad libitum 
throughout the experiments. The studies were carried out under a protocol 
approved by the Institutional Animal Care Committee of Maastricht University 
(GGO: IG 04-072).  
WT and Mpo-/- mice (n = 8-12 per group) were briefly anesthetized with a mix 
of 75 mg/kg ketamine (Nimatek, Auv Cuijk, The Netherlands) and 3 mg/kg 
xylazine (Sedamun, Auv Cuijk, The Netherlands). Chronic lung inflammation 
was induced by intratracheal instillation of 10 μg LPS (Escherichia coli, sero-
type O55:B5, Sigma, St.Louis, MO) dissolved in 50 μl sterile 0.9% NaCl as 
described previously (23). This procedure was repeated 24 times at intervals 
of 4 days. Sham mice were instilled 24 times with 50 μl LPS-free sterile 0.9% 
NaCl. After intratracheal instillation, the mice were kept in an upright position 
for 10 minutes to allow the fluid to spread throughout the lungs. Mice were 
euthanized at two time points, 1 day or 1 week after the last LPS instillation 
using 115 mg/kg sodium pentobarbital administered intraperitoneally (Ceva 
Sante Animale, Maassluis, the Netherlands). These time points were chosen 
to investigate the combination of acute and chronic inflammation at 1 day after 
the last exposure and the persistence of chronic inflammation 1 week after the 
last exposure. 
 
Pulmonary function assessment Mice were anesthetized using 90 mg/kg 
sodium pentobarbital administered via intraperitoneal injection. Mice were 
tracheotomized using an 18-gauge blunted needle and mechanically ventilated 

(flexiVent; SCIREQ, Inc., Montreal, Canada) at a rate of 2.5 Hz, with a tidal 
volume of 0.2 ml and 3 cm H2O positive end-expiratory pressure. After ap-
proximately 2 minutes of regular ventilation, two deep sighs to a pressure limit 
of 25 cm H2O were performed and then two pressure-volume (PV) loops were 
delivered by stepwise inflation and deflation of the lungs. From the second PV 
loop, delivered approximately 2 minutes in the protocol, the Quasi-static Elas-
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tance (Est) and parameter K of the Salazar-Knowles equation were deter-
mined. Mice were then delivered alternating snap shots and 8 second prime-
waves every minute until another PV loop was delivered at 20 minutes of the 
protocol. From the snap shot and 8 second primewave delivered at minutes 9 
and 10 the following physiological properties were determined: Resistance (R) 
and Elastance (E), and Newtonian Resistance (RN), Tissue Damping (G), and 
Tissue Elastance (H), respectively. 
 
Assesment of airspace enlargement After thoracotomy the left lung was 
inflated with 10% zinc-buffered formalin (pH 5.5) at a pressure of 20 cm H2O 
through the trachea and subsequently fixed in 10% zinc-buffered formalin for 
24 hours. Mean chord length was determined on 3 μm thick H&E stained par-
affin sections as a measure for airspace enlargement. Each section was sys-
tematically scanned by means of a motorized microscope stage at fixed dis-
tances along the x- and y-axis to obtain a representative set of fields of view. A 
combined test system consisting of 5 points and 3 lines, points on airspace 
and intersections with the alveolar epithelium were counted at a final magnifi-
cation of 853X. The mean chord length (mean free airspace distance) was 

calculated according to the formula ][
2

m
I
LpP

Cm �
�
� ��

� , with the length per 

point (Lp) being 62.9 �m. Analyses were performed on a personal computer-
based Olympus BX 51 light microscope equipped with a Cast-Grid 2.01 system 
(Olympus, Denmark). 
 
Myeloperoxidase activity assay MPO activity was determined using a Mye-
loperoxidase Assay Kit (CytoStore, Calgary, Canada) according to manufac-
turer’s protocol. Briefly, approximately 50 μg of snap frozen lung from LPS and 
sham treated animals were homogenized in 1 ml cold sample buffer and cen-
trifuged at 4°C for 5 minutes at maximum speed. MPO activity was determined 
in 20 μl supernatant in duplicate using development reagent. Activity was 
measured over 25 seconds at 450 nm. Development reagent without sample 
was used as control.   
 
Immunohistochemistry After paraffin embedding, 4 μm sections were cut 
and mounted on slides.   
MPO staining Lung sections from sham and LPS-exposed mice were deparaf-
finized and endogenous peroxidase activity was neutralized with 0.3% hydro-
gen peroxide (H2O2) in methanol. Sections were blocked using 20% (v/v) nor-
mal swine serum in Tris-Buffered Saline (TBS) for 30 min. MPO was detected 
using a polyclonal rabbit anti-MPO antibody (0398, DAKO, Glostrup, Denmark) 
followed by a swine anti-rabbit biotin labelled secondary antibody (E0413, 
DAKO). Labelling was visualised using avidin-biotin peroxidase (K0377, 
DAKO) and histogreen (Linaris, Wertheim, Germany). Sections were counter-
stained with hematoxylin and coverslips were applied. Lung sections of Mpo-/- 

mice revealed no staining.  
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Macrophage staining Lung sections from sham and LPS exposed mice were 
deparaffinized and antigen retrieval was performed by microwave treatment 
with 10mM Tris Buffer, pH10. Endogenous peroxidase activity was neutralized 
with 0.3% H2O2 in methanol. Macrophages were detected using the primary 
antibody rat anti-mouse MAC-3 (550292, BD Pharmingen, San Jose, CA, 
USA) followed by a rabbit anti-rat biotin labelled secondary antibody (E0468 
DAKO). Staining was visualised using 3-amino-9-ethylcarbazole (AEC). Sec-
tions were counterstained with hematoxylin and coverslips were applied. 
Inflammation Scoring Inflammation was scored by two individual observers 
using a blind code for identification of slides and an inflammation scale from 1 
to 4; with 1 indicating absent inflammation, 2 showing mild macrophage infiltra-
tion, 3 indicating moderate macrophage infiltration, and 4 as severe mixed 

macrophage and neutrophil inflammation. 
 
Assesment of antioxidant status  
GSH/GSSG The GSH/GSSG ratio was determined in whole lung homoge-
nates according to the method described by Baker et al. (24) using the enzy-
matic DTNB-reductase recycling method. GSH is oxidized by DTNB leading to 
the formation of GSSG and TNB (5’-thio-2-nitro-benzoic acid). The formation 
of TNB was measured at 405 nm. GSSG was determined after derivatization 
of GSH with 2-vinylpyridine. 
Vitamin C Vitamin C content of whole lung homogenates was analyzed by an 
HPLC method with fluorometric detection (25). Vitamin C was oxidized to de-
hydroascorbic acid and subsequently derivatized with o-phenylenediamine to 
the fluorescent 3-(1,2-dihydroxyethyl)furo[3,4-b]quinoxaline-1-one, which was 
detected. 
 
mRNA expression levels of matrix metalloproteases, chemokines and 
cytokines Total lung RNA was isolated using the RNeasy Mini Kit (Qiagen 
Inc., CA) according to manufacturer’s protocol. Total RNA was reverse tran-
scribed, using the Abgene Kit (Abgene, Epsom, UK) with random decamers 
and oligo dT primers, and the resulting cDNA was amplified by quantitative 
polymerase chain reaction (Q-PCR) using the MyIQ5 (Biorad, Hercules, CA) 
for the detection of kc, il-6, mcp-1, mip-2, mmp-2, -8, -9 and -12. Each PCR 
reaction contained 1X SYBR® Green PCR master mix (Applied Biosystems, 
Foster City, CA) and 0.3 μM each of forward and reverse primer. Following an 
initial 10 min incubation at 95°C, thermal cycling was performed using 45 cy-
cles of 94°C for 15s, 60°C for 30s and 72°C for 30s. Gene expression was 
quantified using standard curves for the respective cDNA products. All gene 
expression changes were normalized to hprt-1expression. Table 1 shows the 
primer sequences used. 
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Table I: Primer sequences 
 
GENE 

 
forward primer 

 
reverse primer 

kc 
NM008176.2 5’-CACTGCACCCAAACCGAAG-3’ 5'-TCAGGGTCAAGGCAAGCC-3’ 

il-6 
NM031168 5’-GTATGAACAACGATGATGCACTTG-3’ 5’-GAAGACCAGAGGAAATTTTCAATAGG-3’ 

mcp-1 
NM011333 5’-GCTGGAGAGCTACAAGAGGATCA-3’ 5’-CAGACCTCTCTCTTGAGCTTGGT-3’ 

mip-2 
NM009140.2 5’-GCCCCCAGGACCCCA-3’ 5’-CTTTTTTGACCGCCCTTGAGA-3’ 

mmp-2 
NM008610.2 5’-CGATGTCGCCCCTAAAACAG-3’ 5’-CTTGAGGGTATCTTTCAGCACAAA-3’ 

mmp-8 
NM008611.3 5’-CCCAGTACCTGAACACCTGGAA-3’ 5’-TTAAGCTTCTCTGCAACCATCGT -3’ 

mmp-9 
NM013599.2 5’-TCTTCCCCAAAGACCTGAAAAC-3’ 5’-GCCCGGGTGTAACCATAGC-3’ 

mmp-12 
NM008605.3 5’-TGAGGCAGAAACGTGGACTAAA-3’ 5’-ATTGACTTTGGATTATTGGAATGCT-3’ 

hprt-1 
NM013556 5’-AGCTACTGTAATGATCAGTCAACG-3’ 5’-AGAGGTCCTTTTCACCAGCA-3’ 

 
Assesment of apoptosis After paraffin embedding, 4 μm sections were cut 
and mounted on slides. Lung sections from sham and LPS-exposed mice were 
deparaffinized and antigen retrieval with sodium citrate (10mM, pH 6.0) was 
performed by microwave treatment. Endogenous peroxidase activity was neu-
tralized with 3% hydrogen peroxide (H2O2) in phosphate-buffered saline (PBS). 
Sections were blocked using 5% (v/v) normal goat serum in PBS for 30 min. 
Active Caspase-3 was detected using a polyclonal rabbit anti-cleaved cas-
pase-3 antibody (9661, Cell Signaling Technology, MA) followed by a goat 
anti-rabbit biotin labelled secondary antibody (E0413, DAKO). Labeling was 
visualised using avidin-biotin peroxidase (K0377, DAKO) and DAB (K3468, 
DAKO). Sections were counterstained with hematoxylin and coverslips were 
applied.  
 
Statistical Analysis Data were reported as mean ± SEM. Data were analyzed 
using Mann-Whitney U test. Values of p �0.05 between groups were consid-
ered significant.  
 
RESULTS 
 
Increased MPO activity in WT mice occurs directly after chronic LPS 
exposure  
To determine MPO activity during chronic inflammation and to determine Mpo-

/- status, total MPO activity was determined in lung tissue of WT and Mpo-/- 
mice 1 day and 1 week after the last LPS exposure. Figure 1A shows an in-
crease in MPO activity 1 day after the last LPS exposure in WT animals. MPO 
activity decreased to control levels 1 week after the last exposure. Mpo-/- mice 
do not demonstrate MPO activity.  
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To localize MPO in the lungs of WT animals and to confirm the absence of 
MPO activity in Mpo-/- mice, sections were stained for MPO. Figure 1C demon-
strates that WT animals show MPO staining (arrows) 1 day after the final LPS 
instillation in neutrophil clusters in close proximity to the large airways. Sham- 
(Figure 1B) and LPS- exposed WT mice 1 week after instillation (Figure 1D) 
show neither accumulation of neutrophils in the airways nor MPO staining. 
Sham and LPS treated Mpo-/- mice (Figure 1E, F and G) were negative for 
MPO staining, as expected.  
 

 
 
Figure 1A: Increased MPO activity in 
whole lung homogenates of LPS ex-
posed WT mice. A) MPO activity was 
increased 1 day after the last LPS instil-
lation and returned back to baseline 
levels 1 week post exposure. Absence of 
MPO activity in Mpo-/- mice confirms their 
knock-out status. Values are repre-
sented as mean ± SEM. * p �0.05 in 
comparison to respective sham. # p 
�0.05 in comparison to LPS-exposed WT 
mice.  
 
 

 
 
Increased lung inflammation after chronic LPS exposure in WT and Mpo-/- 

mice  
Histopathology on MAC-3 stained lung sections revealed that lung inflamma-
tion in WT C57BL/6 mice was similar to that of Swiss mice chronically exposed 
to LPS (26), previously described by our group. Figure 2 shows that Mpo-/- 
mice demonstrate inflammation levels equal to C57BL/6 WT mice. Elevated 
neutrophil and macrophage numbers were observed 1 day after the last expo-
sure. Neutrophil numbers were back to sham levels 1 week later, macrophage 
numbers were however still elevated 1 week after the last exposure compared 
to sham treated mice.  
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Figure 1B-G: Chronic LPS exposure increased MPO levels in WT mice localized in clusters 
of infiltrated neutrophils. Paraffin sections of Sham and LPS exposed WT and Mpo-/- mice 
were stained for MPO. Mpo-/- mice lack MPO staining. B, Sham WT. C, LPS exposed WT +1 
day. C, LPS exposed WT +1 week. E, Sham Mpo-/-. F, LPS exposed Mpo-/- +1 day. G, LPS 
exposed Mpo-/- +1 week. Bars = 25 μm. 
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Figure 2: Grading of lung inflammation 
1 day and 1 week after the last LPS 
exposure. Values are represented as 
mean ± SEM. * p �0.05 in comparison 
to respective sham.  
 
 
 
 
 
 
 
 

Chronic LPS exposure results in airspace enlargement in WT and Mpo-/- 
mice that does not translate to lung function alterations 
Emphysematous changes of the alveolar lung tissue are found in patient with 
chronic lung inflammation (16). Morphological analysis of lung sections from 
sham and LPS-exposed WT and Mpo-/- mice was performed, to investigate 
airspace enlargement in the lungs of these animals. Figure 3A demonstrates a 
significant increase in mean chord length (Cm), a measure of airspace 
enlargement, in LPS exposed WT and Mpo-/- mice. LPS exposed Mpo-/- mice 
showed a significant increase in Cm compared to LPS treated WT animals.  
  

 
Figure 3: Increased airspace enlargement in chronic LPS exposed Mpo-/- mice compared to 
WT animals does not result in alterations in lung function parameters. A) Quantification of 
mean linear chord length in paraffin sections of sham and LPS exposed WT and Mpo-/- mice 
1 week after the last exposure demonstrated airspace enlargement in LPS exposed WT 
mice. Mpo-/- mice show significantly more enlargement compared to WT mice. B) Lung func-
tion measurements prior to sacrifice reveal no difference in quasi-static Elastance (Est) in 
LPS exposed WT and Mpo-/- mice compared to sham treated animals. Values are repre-
sented as mean ± SEM. * p �0.05 in comparison to respective sham. # p �0.05 in compari-
son to LPS exposed WT mice. 
 
 
To investigate whether these morphological changes translate into lung func-
tional alterations, lung function measurements were performed. Figure 3B 
shows that the quasi-static elastance (Est), a measure of the static elastic re-
coil pressure of the lungs at a given lung volume, is not changed in LPS ex-
posed mice in comparison to sham animals. Respiratory system resistance 
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(R), a measure of the level of contriction in the lungs, was not changed in LPS-
exposed mice compared to sham animals (data not shown). The elastance, a 
measure for the elastic rigidity of the lungs, and the newtonian resistance, a 
measure for the resistance of the central airways, were unchanged in LPS 
exposed mice (data not shown).  
 
 
Mpo-/- mice demonstrate a significantly increased GSH/GSSG ratio and 
lower vitamin C levels compared to WT mice after chronic LPS exposure 
Oxidative stress is thought to be a key contributor to airway remodeling (10). 
Therefore, we determined the antioxidant status of lungs repeatedly exposed 
to LPS by measuring the GSH/GSSG ratio and the total vitamin C content. 
Figure 4A shows that Mpo-/- mice have a significantly higher basal GSH/GSSG 
ratio compared to WT mice. LPS induced an increase in the GSH/GSSG ratio 
1 day after the last LPS exposure in WT and Mpo-/- mice. This increase was 
further enhanced in Mpo-/- mice and was still present 1 week later. WT mice 
did not show an increase 1 week after LPS treatment. Figure 4B demonstrates 
an increase in total vitamin C content after repeated LPS exposure in WT ani-
mals. This increase was present in Mpo-/- mice as well, but demonstrated a 
trend towards a decrease compared to LPS treated WT mice. 
  

 
Figure 4: Chronic LPS exposure results in increased anti-oxidant levels in Mpo-/- and WT 
mice. A) Sham levels of GSH/GSSG were higher in Mpo-/- mice compared to WT animals. 
This GSH/GSSG ratio was increased after chronic LPS exposure in WT and Mpo-/- mice 
compared to their respective sham groups and persisted longer in Mpo-/- compared to WT 
mice. B) Total vitamin C content increased after chronic LPS exposure in WT and Mpo-/- 

mice. Vitamin C levels showed however a trends towards a decrease in Mpo-/- mice in com-
parison to WT animals. * p �0.05 in comparison to respective sham. # p �0.05 in comparison 
to LPS exposed WT mice. 
 
Alveolar cell apoptosis is not present after chronic LPS exposure in WT 
and Mpo-/- mice 
Apoptosis has been described to be increased in patients with emphysema 
(16, 17). Immuno-histochemical staining of cleaved caspase-3, a crucial step 
in the process of cell apoptosis, was performed to investigate the contribution 
of apoptosis in this model of airspace enlargement. Analyses of stained sec-
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tions revealed that chronic LPS exposure in WT and Mpo-/- mice did not cause 
apoptosis in resident lung cells or infiltrated inflammatory cells at the two time 
points examined (data not shown). 
 
Mpo-/- mice show increased mmp-2, -8 and -12 expression compared to 
WT mice after chronic LPS exposure 
MMPs are known to contribute to tissue destruction and the development of 
emphysema (19). Q-PCR was performed to investigate the expression pat-
terns of mmp-2, 8, 9 and 12 in the lungs of WT and Mpo-/- mice after chronic 
LPS exposure. MMP-8 and -9 are released by neutrophils. MMP-2 can be 
released from epithelial (27) cells and alveolar macrophages (28). MMP-12 is 
released by macrophages (29).  
 

 
Figure 5: Q-PCR revealed in-
creased levels of mmp-2, -8 and 
-12 after chronic LPS exposure 
in Mpo-/- mice. Mmp-2, -8 and -
12 expression levels were ele-
vated 1 day after the last LPS 
exposure. Mmp-2 and -12 in-
creased even further 1 week 
after the last exposure. Mmp-9 
expression decreased 1 day 
after LPS exposure in WT mice, 
but not in Mpo-/- animals. Values 
are represented as mean ± 
SEM. * p �0.05 in comparison to 
respective sham. # p �0.05 in 
comparison to LPS exposed WT 
mice. 
 
 
 
 
 

 
Figure 5 demonstrates that mmp-2 was up-regulated 1 day after the last LPS 
exposure in Mpo-/- mice and was even further up-regulated 1 week after the 
last exposure. Mmp-8 expression showed a trend of up-regulation in WT mice 
and was significantly up-regulated in Mpo-/- mice 1 day post exposure. Mmp-8 
expression levels were near those of the sham 1 week after the last exposure 
in WT and Mpo-/- mice. Mmp-9 expression exhibited a trend towards a de-
crease in WT and Mpo-/- mice 1 day post exposure, but Mpo-/- mice had raised 
mmp-9 expression levels in comparison to LPS-exposed WT mice 1 day after 
LPS treatment. Mmp-12 expression was increased in Mpo-/- mice 1 day after 
LPS exposure and was still elevated 1 week after the last exposure. Mmp-12 
expression in WT animals was not changed by chronic LPS exposure.  
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Similar cytokine and chemokines mRNA expression patterns after chro-
nic LPS exposure in WT and Mpo-/- mice 
Cytokine and chemokines play a crucial role in the development of inflamma-
tion. In Mpo-/- mice we have already reported on altered expression levels 
during acute inflammation associated with inhalation of asbestos (5). Here we 
investigate the expression patterns of the neutrophil-associated chemo attrac-
tants kc, il-6, mip-2 and macrophage chemoattractant mcp-1 in a model of 
chronic LPS exposure.  
 
 

Figure 6: Chronic LPS 
exposure leads to similar 
cytokine and chemokine 
mRNA expression pat-
terns in Mpo-/- and WT 
mice. Kc, mip-2 and mcp-
1 expression was ana-
lyzed by Q-PCR and 
normalized against hprt-1 
expression. Kc expres-
sion decreased signifi-
cantly 1 day after the last 
LPS exposure in WT and 
Mpo-/- mice, but returned 
back to sham levels 1 
week later. Mip-2 on the 
contrary increased signifi-
cantly 1 day after the last 
exposure and returned to 
sham levels 1 week later. 
No differences were 
found in mcp-1 expres-
sion. Values are repre-
sented as mean ± SEM. * 
p �0.05 in comparison to 
respective sham. # p 
�0.05 in comparison to 
LPS exposed WT mice. 

 
Figure 6 shows that mRNA expression of kc decrease significantly 1 day after 
the last LPS exposure. Interestingly, this is in contrast to mip-2, which in-
creases significantly directly after the last LPS exposure. Both chemoattrac-
tants return to sham expression levels 1 week later. There were no differences 
found between WT and Mpo-/- mice. Mcp-1 expression levels did not demon-
strate differences between the sham and LPS exposed mice, nor were there 
any significant transgenic effects. Il-6 expression levels were not detectable in 
lung in this model of chronic lung inflammation. 
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DISCUSSION 
 
MPO is an important enzyme in innate defence through the enzyme-catalyzed 
production of HOCl and other reactive oxidants (1). This study aimed to inves-
tigate the contribution of MPO to the development of chronic lung inflammation 
and emphysematous changes in a model of LPS-induced chronic lung inflam-
mation.  
Here we show that lung inflammation after chronic LPS exposure is similar in 
C57BL/6 WT mice and Swiss WT mice as previously reported (26). Mpo-/- mice 
demonstrated the same lung inflammation after chronic LPS exposure as 
C57BL/6 WT mice. In line with this finding were mRNA expression levels of the 
chemokines kc, mip-2 and mcp-1. The results of the study presented here 
confirm our earlier published data in a model of chrysotile asbestos-induced 
chronic inflammation (5), where we did not find chronic inflammatory differ-
ences between WT C57BL/6 and Mpo-/- mice. In this publication we demon-
strate that, although acute inflammation is attenuated, the chronic lung in-
flammation in Mpo-/- mice is comparable with that of WT C57BL/6 mice.  
Although we did not find differences in inflammatory cell profiles or levels of 
lung inflammation, there was a small but significant increase in airspace 
enlargement in LPS treated Mpo-/- mice in comparison to LPS treated WT 
mice. Therefore, we attempted to elucidate the mechanisms contributing to 
these structural changes after chronic LPS exposure.  
The first mechanism investigated was oxidative stress due to an altered anti-
oxidant status of chronic LPS-exposed lungs. Our results demonstrate an in-
creased GSH/GSSG ratio due to increased GSH levels. This ratio is still ele-
vated in Mpo-/- mice 1 week after the last exposure. GSH levels have been 
reported to show a two-fold induction in chronic smokers compared to non-
smokers (30), most likely due to upregulation of �-glutamylcysteine synthetase 
(�-GCS). This enzyme is the rate limiting factor in GSH synthesis. It is likely 
that chronic lung inflammation in mice leads to an elevated �-GCS level as 
well. Why the increase in GSH/GSSG ratio is prolonged in Mpo-/- mice com-
pared to WT animals, requires further investigation. We report here for the first 
time that vitamin C, unlike GSH a non thiol anti-oxidant, is increased after 
chronic LPS exposure compared to sham mice. Vitamin C is increased in 
BALF of smokers compared to non-smokers (31). Similarly, alveolar macro-
phages from smokers have both increased levels of ascorbic acid and aug-
mented uptake of ascorbate (31, 32). These data are in line with our own pre-
sented herein In contrast to GSH levels, vitamin C levels in Mpo-/- mice dem-
onstrate a trend towards a decrease compared to LPS treated WT animals. It 
has been shown before that ROS are more reactive towards some antioxi-
dants than towards others. For example, the main targets for HOCl seem to be 
thiol-containing GSH, as well as, methionine and cysteine residues in proteins 
(33). But GSH can also be oxidized by H2O2 to form GSSG. We were not able 
to determine whether or not this reaction occurs in our model. We did not find 
an absolute increase in GSSG levels, but this may be due to increased activa-
tion of glutathione reductase which would result in increased reduction of 
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GSSG. A second explanation why we did not find an increase in GSSG levels 
is the possibility of GSH to reacts with another structure containing a sulfide 
group, leading to mixed disulfides.  
Interestingly, our data indicating increased airspace enlargement in Mpo-/- 
mice compared to WT mice, are opposite of what would be expected with re-
gard to the current knowledge of �1-antiprotease inhibition by HOCl. Mpo-/- 
mice, not able to produce HOCl, would be expected to have increased �1-
antiprotease activation, resulting in decreased elastase activity. This would 
lead to a decrease in airspace enlargement, since �1-antiprotease oxidation by 
HOCl results in inhibition of �1-antiprotease and therefore an increase elastase 
activity. Increased elastin breakdown results in alveolar wall destruction and 
mucus hypersecretion (34). The fact that our results are opposite, suggest that 
this mechanism does not contribute to airspace enlargement in this model of 
chronic lung inflammation. 
The second mechanism known to contribute to airspace enlargement in pa-
tients with emphysema (16, 17) and in animal models of emphysema (18) is 
apoptosis. Intracellular caspase-3 has to be cleaved for a cell to undergo 
apoptosis (35, 36). Furthermore, oxidative stress has been linked to increased 
apoptosis (15).  In our model of LPS-induced chronic lung inflammation, where 
we did observe airspace enlargement, we did not find cells that were positive 
for cleaved caspase-3. This indicates that apoptosis does not seem to play a 
role in our model of chronic lung inflammation and airspace enlargement in-
duced by repeated LPS exposure. This is in contrast to a recently published 
study in which a significant increase in apoptotic cells was found after 3 weeks 
of LPS exposure (37). The discrepancy between the studies may be explained 
by the susceptibility of the mouse strain used. We used C57BL/6 mice while 
the study of Lee et al. used AKR/J mice.  
The third mechanism investigated to explain the significant increase in air-
space enlargement in LPS-exposed Mpo-/- in comparison to LPS treated WT 
mice was the expression of MMPs, since they have been reported as a con-
tributing factor to emphysema development (19). It is known that neutrophils, 
the predominant inflammatory cell type recruited to the lung in response to 
LPS exposure, directly contribute to MMP production by releasing MMP-8 and 
MMP-9 (20, 21). MMP-8 and MMP-9 are released from activated neutrophils 
and described to be of importance in chronic inflammatory lung disease. MMP-
8 and MMP-9 activity have been reported by our group to be increased and 
correlate with neutrophil numbers in sputum of COPD patients (38). In line with 
these findings are the data presented here on mmp-8 expression. Mmp-8 ex-
pression was found to be increased directly after LPS exposure with a signifi-
cant elevation in lungs of Mpo-/- mice. In contrast to the results in humans in 
our previous study (38), data presented here show decreased mmp-9 levels in 
lungs of mice at 1 day after LPS exposure that returned to sham levels 1 week 
after LPS treatment. The discrepancy between these studies may not only be 
explained by the fact that the study presented here is a mouse study but also 
by the fact that the human study has a mixed patient group of smoker and ex-
smokers. This means that for some patients the time interval between the 
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inflammatory stimulus and the time of tissue sampling was over 6 months. The 
time interval between inflammatory stimulus and analysis in our mouse model 
was the same for all mice, 1 day (or 1 week) after LPS exposure. Here we 
describe for the first time a significant increase in mmp-2 expression in lung in 
Mpo-/- mice after chronic LPS exposure. WT mice demonstrated a trend to-
wards an increase after LPS treatment. These data are in line with a recently 
published article reporting that MMP-2 expression in mild/moderate and se-
vere COPD patients to be increased compared to smokers and non-smokers 
(39).  
During the development of chronic inflammation, the role of macrophages 
becomes increasingly important. We have recently reported a significant in-
crease in alveolar macrophages after chronic LPS exposure in Swiss mice 
(26). Here we demonstrate the novel finding that, although overall macrophage 
infiltration is not different in Mpo-/- mice compared to WT animals, the expres-
sion of mmp-12 increases significantly after chronic LPS exposure in Mpo-/- 
mice. This increase is even more pronounced 1 week after the last exposure. 
WT animals showed a slight trend toward an increase after LPS treatment. 
These data are in line with two recently published studies that demonstrate an 
increase in MMP-12 in tissue, BALF (40) and induced sputum (41) of COPD 
patients. It is interesting to find a trend towards increased expression of mmp-
2, -8 and -9 in Mpo-/- compared to WT mice, although inflammatory cell infiltra-
tion is similar. This may be due to the fact that none of the investigated MMPs 
are solely expressed by neutrophils and macrophages. Resident non-
inflammatory cells capable of producing MMPs may be triggered differently in 
WT and Mpo-/- mice. As for MMP-12, there is even some evidence that it can 
also be produced by bronchial epithelial cells (42).  
Although we did find significant airspace enlargement after chronic LPS treat-
ment in WT and Mpo-/- mice, this did not translate into measurable lung func-
tion alterations. This is in line with a paper reporting on the lack of correlation 
between structural emphysema and lung compliance in two mouse strains 
tested in a model of cigarette smoke induced emphysema (43).  
In summary, our results show that chronic LPS exposure leads to increased 
lung inflammation in WT and Mpo-/- mice 1 day after the last exposure. This 
inflammation is still elevated 1 week later. Airspace enlargement is increased 
after chronic LPS exposure and significantly increased in Mpo-/- compared to 
WT mice. This however does not lead to lung function alterations. As a result 
of oxidative stress, GSH/GSSG and vitamin C are increased after chronic LPS 
exposure. Mpo-/- mice demonstrate a significant increase in GSH/GSSG in 
comparison to WT mice. Mmp-2, -8 and -12 mRNA expression levels in LPS-
exposed Mpo-/- mice were significantly elevated compared to sham mice. 
Lastly, kc mRNA expression was significantly decreased while mip-2 was sig-
nificantly increased directly after LPS exposure. Expression levels of mcp-1 
were unchanged. There were no differences found in chemokine and cytokine 
expression patterns between WT and Mpo-/- mice. From this study we can 
conclude that neutrophils and MPO are not a key factor in the development of 
chronic lung inflammation. MPO however seems to have an effect on the anti-
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oxidant status of LPS induced lung inflammation and the expression patterns 
of some MMPs.  
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ABSTRACT 
 
To investigate the role of bronchiolar epithelial NF-�B activity in the develop-
ment of inflammation and fibrogenesis in a murine model of asbestos inhala-
tion, we used transgenic mice expressing an I�B� mutant (I�B�sr) resistant to 
phosphorylation-induced degradation and targeted to bronchiolar epithelium 
using the CC10 promoter. Sham and chrysotile asbestos-exposed CC10-
I�B�sr transgenic (Tg+) and Tg- mice were examined for altered epithelial cell 
proliferation and differentiation, cytokine profiles, lung inflammation and fibro-
genesis at 3, 9 and 40 days. KC, IL-6 and IL-1� were increased (p �0.05) in 
bronchoalveolar lavage fluid (BALF) from asbestos-exposed mice, but to a 
lesser extent (p �0.05) in Tg+ vs. Tg- mice. Asbestos also caused increases in 
IL-4, MIP-1� and MCP-1 in BALF that were more elevated (p �0.05) in Tg+ 
mice at 9 days. Differential cell counts revealed eosinophils in BALF that in-
creased (p �0.05) in Tg+ mice at 9 days, a time point corresponding with  sig-
nificantly increased numbers of bronchiolar epithelial cells staining positively 
for mucus production. At all time points, asbestos caused increased numbers 
of distal bronchiolar epithelial cells and peribronchiolar cells incorporating the 
proliferation marker, Ki-67. However, bronchiolar epithelial cell and interstitial 
cell labeling was diminished at 40 days (p �0.05) in Tg+ vs. Tg- mice. Our 
findings demonstrate that airway epithelial NF-�B activity plays a role in or-
chestrating the inflammatory response as well as cell proliferation in response 
to asbestos. 
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INTRODUCTION 
 
Asbestos is a family of naturally occurring mineral fibers associated with the 
development of lung cancers, mesotheliomas, and fibroproliferative diseases, 
i.e., pleural and diffuse interstitial fibrosis or asbestosis (1, 2). Asbestos-
associated lung repair has been compared to models of wound healing 
wherein early injury to epithelial cells by inhaled fibers leads to compensatory 
hyperplasia. The mechanisms of asbestos-related diseases are still unclear, 
but rodent inhalation models have revealed that bronchiolar and alveolar type 
II (ATII) epithelial cells, that when transformed give rise to bronchiolar and 
peripheral carcinomas, undergo early injury and proliferation and are linked to 
the initiation of inflammation and fibroproliferation (3-5).  
Recently, the airway epithelium has been recognized as a critical regulator of 
the innate immune system. For example, examination of bronchial biopsies and 
isolated airway epithelial cells in culture has revealed that many inflammatory 
cascades become activated in lung epithelium after various stresses or infec-
tion (6). These intracellular signaling cascades promote inflammatory re-
sponses that aid in the elimination of infectious agents and/or contribute to the 
development of respiratory disease. 
Of the many signaling cascades activated in airway epithelium in response to 
stimulation, NF- �B has been implicated as one of the most important in regu-
lation of inflammation. NF-�B is a ubiquitous transcription factor that can be 
activated by cytokines, reactive oxygen species (ROS), growth factors, bacte-
ria and viruses, ultraviolet irradiation, airborne particulate matter (PM) and 
inorganic minerals such as asbestos or silica (6-10). NF-�B activity is tightly 
controlled by the inhibitory protein, I�B�, that is normally present in the cytosol 
complexed to NF-�B dimers, thereby preventing the nuclear localization of NF-
�B and ensuring low basal transcriptional activity. Upon stimulation, I�B� be-
comes phosphorylated at serines 32 and 36 by the activity of the I�B kinase 
(IKK) complex, then ubiquinated, and degraded through the 26S proteasome 
pathway. This exposes the nuclear localization sequence of NF-�B, allowing its 
retention in the nucleus, thus facilitating DNA binding and the transcriptional 
up-regulation of genes downstream of the �B motif. The regulation and degra-
dation of NF-�B are topics of contemporary interest, as many NF-�B inducible 
genes encode inflammatory chemokines and cytokines, adhesion molecules, 
growth factors, enzymes and transcription factors (7). For example, interleukin-
6 (IL-6) (11), and interleukin-8 (IL-8) (12)/macrophage inflammatory protein 2 
(MIP-2) (13), two putative mediators of inflammation and fibrogenesis in lung, 
have NF-�B binding sequences in their promoter regions that are critical to 
their transcriptional activation. NF-�B is also linked to increased cell survival 
and may govern proliferative responses after stress (14).  
We have shown previously that asbestos fibers cause activation of the NF-�B 
signaling pathway in tracheal epithelial cells in vitro (8) and in lung epithelium 
after inhalation of asbestos by rats (15). In vivo, striking increases in nuclear 
translocation of p65 (Rel A), the subunit causing transcriptional activation of 
NF-�B, occur in distal bronchiolar and alveolar epithelial cells after brief expo-
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sures to asbestos fibers (15). Thus, the induction of NF-�B in airway epithe-
lium by asbestos may be a critical event promoting asbestos-associated 
epithelial cell alterations, inflammation and fibrogenesis. To test this hypothe-
sis, we created a transgenic mouse expressing an I�B� mutant (also referred 
to as an I�B� super repressor) resistant to phosphorylation-induced degrada-
tion and under transcriptional control of the CC10 promoter to inhibit NF-�B 
selectively in airway epithelial cells. The CC10-I�B�sr mice, as previously 
characterized (14, 16), were then bred into the C57BL/6 background and 
evaluated in a murine inhalation model of chrysotile asbestos-induced fibro-
genesis at time points of peak epithelial cell proliferation, inflammation and 
fibrogenesis, i.e. 3, 9 and 40 days, respectively (4, 5). Based upon results with 
CC10-I�B�sr mice after intranasal instillation of LPS (16) and in the ovalbumin 
(OVA) sensitization and challenge model (14), we hypothesized that acute 
inflammation in response to asbestos would be curtailed. However, our results 
show that inhalation of chrysotile asbestos causes lung recruitment of eosino-
phils that are proportionally greater in Tg+ mice at 9 days and minimal recruit-
ment of neutrophils. Data also reveal candidate cytokines and chemokines that 
may govern altered immune cell profiles and increased mucus production by 
bronchiolar epithelial cells in Tg+ mice, in contrast to patterns found in the 
OVA model (14). In addition, we hypothesized, based upon a compendium of 
data in tumor cells after exposure to chemotherapeutic drugs, that NF-�B 
might be a survival factor promoting epithelial cell mitogenesis after injury by 
asbestos. We demonstrate that asbestos-induced bronchiolar epithelial and 
interstitial cell proliferation is diminished at 40 days in CC10-I�B�sr mice, sug-
gesting that NF-�B may be a survival factor in normal epithelial cells that 
modulate mitogenesis of adjacent fibroblasts after epithelial cell injury by as-
bestos fibers. 
 
MATERIALS AND METHODS  
 
CC10-I�B�sr mice These mice were originally characterized by Poynter et al. 
(14, 16) and bred 6-8 times into the C57BL/6 background. Eight to 12 week old 
mice were housed and allowed to acclimate for 1 week in a HEPA-filtered 
clean air environment under controlled conditions of temperature, humidity, 
and light and provided food and water ad libitum before the initiation of inhala-
tion exposures. Before starting the experiments, the presence or absence of 
the transgene was determined using Southern Blot analysis on tail DNA iso-
lated using a DNA Extraction Kit (Strategene Cloning Systems, CA), according 
to the manufacturer’s protocol. Ten μg whole tail DNA was immobilized on a 
nitrocellulose membrane and hybridized with a 32P-labeled hGH-probe. The 
signal was visualized by exposing the hybridized membrane to X-OMAT AR 
film (Kodak Scientific Imaging, Rochester, NY) at -80ºC overnight. Mice were 
housed in the University of Vermont Animal Inhalation Facility during experi-
ments. All studies were approved by the University of Vermont Institutional 
Animal Care and Use Committee. 
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Inhalation protocol CC10-I�B�sr transgene-positive (Tg+) mice and trans-
gene-negative (Tg-) littermates [N = 5 per each of 4 groups (Tg+ sham, Tg+ 
asbestos, Tg- sham, Tg- asbestos) per time point] were exposed to either 
ambient air (sham) or National Institute of Environmental Health Sciences 
(NIEHS) reference samples of chrysotile asbestos for 6 hours per day, 5 days 
a week for a total of 3, 9 or 40 days in duplicate experiments. These time 
points were selected based upon previous work showing that they represented 
peak times of epithelial cell proliferation, inflammation and fibrogenesis, re-
spectively, in lungs of chrysotile asbestos-exposed C57BL/6 mice (4, 5, 17). 
The chemical and physical characteristics of NIEHS chrysotile asbestos have 
been previously described (18), and fibers were endotoxin-free as determined 
by the Limulus Amebocyte Lysate gel clot assay (Endosage, Charles River 
Labs, Wilmington, MA). Asbestos fibers were aerosolized using a modified 
Timbrell generator to generate a target concentration of 7-10 mg/m3 air, as 
previously described (19). Aerosol characteristics and concentrations were 
measured daily using a Sierra cascade impactor. 
Mice were euthanized via intraperitoneal injection of sodium pentobarbital and 
lungs were lavaged as described below. The lungs were then perfused and 
inflated under pressure with phosphate-buffered saline (PBS). The left lobes 
were tied off, excised, fixed in 4% paraformaldehyde, and embedded in paraf-
fin for histology and immunocytochemistry, as previously described (4, 5). The 
right lobes were excised and frozen at -80ºC for isolation of protein or RNA.   
 
Nuclear translocation of Rel A (p65) in distal bronchiolar epithelium To 
determine whether nuclear translocation of Rel A occurred at initial sites of 
asbestos deposition and to verify that this did not occur in asbestos-exposed 
Tg+ mice, Tg+ and Tg- sham and asbestos-exposed mouse lungs were in-
stilled with PBS for 5 min at a pressure of 25 cm H2O, placed into Tissue-Tek 
OCT Compound (Sakura Finetek, Inc., Torrance, CA), and frozen sections 
prepared. Slides were fixed for 5 minutes in 3% paraformaldehyde in PBS, 
washed and permeabilized for 20 min with 1% Triton X-100 in PBS, and 
blocked with 10% goat serum in PBS for 1 hr. Slides were then incubated at 
room temperature with Ab for Rel A (10 ug/ml, SC-372, Santa Cruz Biotech-
nology, Santa Cruz, CA) in 1% BSA/PBS for 3 h. Following 3X PBS washes, 
slides were incubated for 30 min with goat anti-rabbit Alexa 647-labeled sec-
ondary Ab (Molecular Probes, Eugene, OR) in PBS and counterstained with a 
1:1000 dilution of SYTOX Green (Molecular Probes) in PBS to label nuclei. 
Slides were then washed and coverslipped, and distal bronchioles (defined as 
those with a < 800 micron perimeter at 400X magnification) were scanned 
using a Bio-Rad MRC 1024 confocal scanning laser microscope.  
 
Bronchoalveolar lavage (BAL) and differential cell counts Following 
euthanasia, tracheas of mice were cannulated with polyethylene tubing. Lungs 
were then lavaged with sterile calcium and magnesium free PBS in a total 
volume of 1 ml. Total cells in BAL fluid (BALF) were enumerated, and 2x104 
cells were centrifuged onto glass slides at 600 rpm. Cytospins were stained 
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using the Hema3 kit (Biochemical Sciences, Inc. Swedesboro, NJ), and differ-
ential cell counts were performed on 500 cells/mouse (4).  
 
Bio-Plex analysis of BALF cytokines and chemokines To quantify cytokine 
and chemokine levels in BALF, a multiplex suspension protein array was per-
formed using the Bio-Plex Protein Array System and a Mouse Cytokine 22-
plex Panel (Bio-Rad, Hercules, CA) as described previously (5). This method 
of analysis is based on LuminexTM technology and simultaneously measures 
IL-1�, IL-1�, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-
17, TNF-�, RANTES, MIP-1�, MIP-1�, MCP-1, KC, G-CSF, GM-CSF, IFN-� 
and Eotaxin protein. Briefly, anti-cytokine/chemokine antibody conjugated 
beads were added to individual wells of a 96-well filter plate and adhered using 
vacuum filtration. After washing, 50 μl of pre-diluted standards (range between 
32,000 pg/ml and 1.95 pg/ml) or BALF (N = 5 samples/group) were added, and 
the filter plate shaken at 300 rpm for 30 min at room temperature. Thereafter, 
the filter plate was washed, and 25 μl of pre-diluted multiplex biotin-conjugated 
detection antibody was added for 30 min. After washing, 50 μl of pre-diluted 
streptavidin-conjugated phycoerythrin was added for 10 min followed by an 
additional wash and the addition of 125 μl of Bio-Plex assay buffer to each 
well. The filter plate was analyzed using the Bio-Plex Protein Array System, 
and concentrations of each cytokine and chemokine were determined using 
Bio-Plex Manager Version 3.0 software. 
 
Histopathology to evaluate inflammation and fibrosis Paraffin sections at 3 
and 9 days were stained with Hematoxylin and Eosin (H&E) and at 40 days by 
the Masson's trichrome technique to detect collagen. Sections were evaluated 
by a board-certified pathologist (KJB) using a blind coding system. Inflamma-
tion was scored on a scale from 1 through 4 (1 = no inflammation, 2 = mild 
inflammation that was rarely peribronchiolar and consisted of primarily lym-
phocytes, 3 = moderate inflammation with peribronchiolar neutrophils, eosino-
phils, lymphocytes and abundant macrophages, and 4 = severe inflammation). 
At 40 days, fibrosis was evaluated on a 1-4 scale (1 = no fibrosis; 2 = focal 
fibrosis; 3 = moderate fibrosis; and 4 = severe fibrosis). 
 
Ki-67 immunoperoxidase technique Ki-67 is a marker of cycling cells under-
going proliferation (17, 20). Lung sections were deparaffinized in xylene, rehy-
drated through graded ethanols and equilibrated in PBS (17). Antigen retrieval 
was then performed using a 1:10 dilution in PBS of 10X DAKO Target Re-
trieval Solution (DAKO, Carpinteria, CA) in a 95ºC water bath for 40 min fol-
lowed by 20 min cooling to room temperature. Sections were then treated with 
DAKO Peroxidase Block for 30 min followed by a 5 min wash in Tris Buffered 
Saline (TBS) before incubation in DAKO Serum Free Protein Block for 30 min. 
Sections were then immersed in 50 μl of a 1:25 dilution of monoclonal rat anti-
mouse Ki-67 primary antibody (DAKO), a 1:600 dilution of biotinylated anti-rat 
IgG secondary antibody (Vector, Burlingame, CA), a 1:25 dilution of  rat whole 
serum (Zymed, San Francisco, CA) and 1% bovine serum albumin in PBS at 
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room temperature for 30 min before blocking of excess secondary antibody 
with normal rat serum for 1.5 h. Negative controls were incubated in PBS with-
out primary antibody, and all sections were incubated overnight at 4°C in a 
humidified chamber. Sections were washed 3X in TBS, treated for 30 min with 
Horseradish Peroxidase Streptavidin (Vector), and incubated in 3,3'-
diaminobenzidine (DAB) (DAKO) for 3 min. Sections were then rinsed in 
ddH2O, counterstained for 30 sec in hematoxylin, dehydrated through increas-
ing dilutions of ethanol, and washed in xylene 2X for 15 min before coverslips 
were mounted in Histomount (Zymed). Ki-67 positive cells were quantitated in 
3 compartments: 1) the distal bronchiolar epithelium/alveolar duct epithelium; 
2) the peribronchiolar compartment of these same bronchioles; and 3) the lung 
interstitium excluding vessels and bronchioles. Distal bronchioles were re-
stricted to those with less than an 800 μm perimeter as viewed at 400X magni-
fication. Ki-67 positively stained cells in all compartments presented with dis-
tinct brown vs. purple nuclei, and the total number of Ki-67 positive and nega-
tive nuclei from all bronchioles on a lung section and their peribronchiolar re-
gion were quantitated to obtain an average of the % of positively stained cells 
per animal. For the interstitial compartment, an image of the interstitium of the 
lung was viewed at 400X with a grid superimposed. For each image, the % of 
Ki-67 positive cells in 5 boxes, excluding blood vessels, red blood cells, and 
bronchioles was determined to achieve an average (Means ± SEM) per ani-
mal. Means and SEMs were then calculated for all animals in each experimen-
tal group. 
 
Alcian blue staining We have recently reported that inhalation of chrysotile 
asbestos induces increased mucin production in bronchiolar epithelium as 
confirmed by both Alcian blue and Alcian blue/PAS staining, which peaks at 9 
days (5). To determine the percentage of mucus producing cells, lung sections 
from 3 and 9 day mice were deparaffinized, rehydrated, equilibrated in PBS 
and stained with Alcian blue (5). Lung sections were then graded by a board 
certified pathologist (KJB) using a blind coding system for the severity of mu-
cous metaplasia after evaluation of > 10 distal bronchioles (defined in size as 
< 800 microns in perimeter) per mouse. The numbers of Alcian blue positive 
epithelial cells were scored in individual bronchioles using a 1 to 4 scale for 
severity (1 = no positive cells, 2 = 1-25% positive cells, 3 = 26-50% positive 
cells, 4 = 51-100% positive cells). The extent of mucin production was ex-
pressed as the percentage of bronchioles exhibiting Alcian blue positive 
epithelial cells. 
 
RNA isolation and ribonuclease protection assays (RPA) Total RNA was 
extracted from lavaged frozen lungs using TRIzol Reagent (Invitrogen Life 
Technologies, CA) followed by a cleaning procedure using a RNeasy Mini Kit 
(Qiagen Inc. CA). Gene expression was assessed qualitatively and quantita-
tively using the Multi-Probe RNAse Protection Assay (RPA) system (Ribo-
quantTM Pharmingen, San Jose, CA) (21). The murine cytokine template set 
mCK-5c was used on RNA from 9 day animals (the time of peak inflammation) 
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employing  radiolabeled antisense RNA probes for ltn, rantes, mip-�, mip-1�, 
mip-2, ip-10, mcp-1, tca-3, eotaxin, l32 and gapdh. A fibrosis template was 
custom made by RiboquantTM Pharmingen and used on RNA from 40 day 
exposed animals with probes for il-1�, collagen 1, 2 and 10, tgf-�1, il-6, tenas-
cin, l32 and gapdh. In vitro transcription was carried out by incubation of 1 μl 
RNAsin (40U/μl), 1 μl GACU pool (10mM ATP, 10mM CTP, 10mM GTP, 
10mM UTP), 2 μl DTT (100mM), 4 μl transcription buffer, 1 μl RPA template, 
10 μl [�-32P] UTP and 1 μl T7 RNA polymerase (20U/μl). The mixture was 
incubated at 37°C for 60 min and then treated with Dnase I at 37°C for 30 min. 
The mixture was extracted with a combination of phenol and chloroform, and 
the RNA precipitated with ethanol at –80°C and collected by centrifugation at 
4°C. The RNA was resuspended in 50μl hybridization buffer and diluted to 
3x105 cpm/μl, for a total of 2μl per reaction. The lung RNA samples (5μg from 
each mouse) were dried in a vacuum evaporator and resuspended in 8μl hy-
bridization buffer. The RNA was denatured at 95°C for 3 min and then an-
nealed to the probe overnight at 56°C. RNase digestion was carried out at 
30°C for 45 min to remove all the single-stranded RNA. The protected RNA 
duplexes were purified by phenol/chloroform extraction and ethanol precipita-
tion at –80°C and collected by centrifugation at 4°C. The pelleted RNA was 
resuspended in 8μl gel loading buffer, incubated at 95°C for 3 min, and put on 
ice until separation on a 5% polyacrylamide/ 8M urea gel. Each specific hybrid-
ized product migrates according to its size, thereby allowing identification of 
individual bands that were assigned to specific mRNA products. After gels 
were dried, autoradiograms were developed and quantitated using a Bio-Rad 

phosphorimager (Bio-Rad, Hercules, CA). Results were normalized to expres-
sion of the housekeeping gene, l32. 
 
Statistical analyses Analysis of variance using the Student-Newman-Keul's 
procedure for adjustment of multiple pair-wise comparisons was performed to 
identify significant differences between groups at each time point. Analyses of 
statistical differences in the Alcian blue staining data and differential cell 
counts were performed using the non-parametric Kruskal-Wallis test. p values 
� 0.05 were considered statistically significant.  
 
RESULTS 
 
Our strategy was to first determine if abrogation of NF-�B signaling in bron-
chial epithelial cells affected epithelial cell and fibrogenic responses to asbes-
tos. We then examined cytokine and inflammatory cell profiles in BALF in 
sham and asbestos-exposed Tg+ and Tg- mice comparatively. Since chry-
sotile asbestos fibers preferentially deposit after inhalation in the distal bron-
chioles and alveolar duct regions, we focused specifically on these lung areas 
in our histopathologic and other analyses.  
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Distal bronchioles of CC10-I�B�sr Tg+ mice do not show nuclear trans-
location of Rel A (p65) in response to asbestos  
As shown in Figure 1A, distal bronchiolar epithelium from sham Tg- mice 
showed little nuclear localization of the NF-�B subunit, Rel A. At 9 days after 
asbestos inhalation (Figure 1C), marked nuclear translocation of Rel A was 
observed in some, but not all distal bronchioles, presumably reflecting those 
bronchioles in which maximum impingement and interaction of fibers with 
epithelial cells occurred.  Sham Tg+ mice also showed little nuclear localiza-
tion of Rel A (Figure 1B) and no nuclear translocation in response to asbestos 
(Figure 1D). 
 

 

Figure 1: Immunolocalization 
of the NF-�B subunit, Rel A 
(p65) shows that asbestos 
exposure (9 days) causes 
increased nuclear transloca-
tion in distal bronchiolar 
epithelium of Tg-, but not 
Tg+ mice. Frozen lung sec-
tions were prepared and 
stained with an antibody 
directed against Rel A fol-
lowed by incubation with an 
Alexa 647-conjugated sec-
ondary antibody (blue). A 
nuclear counter stain (SY-
TOX Green) was used to 
evaluate nuclear localization 
of Rel A. Overlapping signals 
(turquoise) indicate nuclear 
co-localization of Rel A. A, 
Sham Tg- lung. B, Sham 
Tg+ lung. C, Asbestos-
exposed Tg-   mouse lung. 
D, Asbestos exposed Tg+ 
mouse lung. Bars= 50 μm. 
 

Distal bronchioles of CC10-I�B�sr Tg+ mice exhibit decreases in chronic 
epithelial cell proliferation in response to asbestos 
We have shown recently that the peak time point of epithelial cell proliferation, 
as measured by nuclear Ki-67 immunoreactivity, occurs 3 days after exposure 
of C57BL/6 wild type mice to chrysotile asbestos (5). In studies here, we also 
measured cell proliferation in other distal lung compartments at 3, 9, and 40 
days post inhalation of asbestos to determine if they were altered by inhibition 
of NF-�B in bronchiolar epithelium. Bronchiolar epithelial cell proliferation was 
increased in asbestos-exposed Tg- and Tg+ mouse lungs at all time points; 
however, significantly fewer distal bronchiolar epithelial cells in Tg+ mice in-
corporated Ki-67 at 40 days (Figure 2A). Proliferation in the peribronchiolar 
regions of these bronchioles was also elevated in response to asbestos at all 
time points (Figure 2B). Ki-67 labeling in the lung interstitium was not elevated 
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in response to asbestos at 3 or 9 days, but at 40 days there was significantly 
less proliferation in Tg+ mice overall (Tg+ vs. Tg- averaged over both sham 
and asbestos-exposed mice) (Figure 2C).  No changes in any other endpoint 
examined (see below) were observed between sham Tg+ and sham Tg- 
mouse at any time point.  
 

Figure 2: Ki-67 immunoperoxidase 
staining reveals that proliferation of 
distal bronchiolar epithelial cells is 
decreased in CC10–I�B�sr (Tg+) mice 
after 40 days of asbestos exposure. A) 
Bronchiolar epithelial cell incorporation 
of Ki-67 over time. B) Incorporation of 
Ki-67 by peribronchiolar cells. C, Inter-
stitial cell incorporation of Ki-67. Values 
are graphed as Mean ±SEM. * p �0.05 
in comparison to respective sham group 
at same time point. # p �0.05 in com-
parison to asbestos Tg- mice at same 
time point. + = significant overall differ-
ence between Tg+ and Tg- mice at 
same time point averaged over sham 
and asbestos-exposed treatment 
groups. 
 
 
Mucin production in asbestos-
exposed CC10-I�B�sr (Tg+) 
mice is increased in compari-
son to Tg- mice 
We have recently reported that 
mucus accumulates in the bron-
chiolar epithelium of chrysotile 
asbestos-exposed C57BL/6 mice 
with a peak response at 9 days. 
Grading of Alcian blue-stained 
lung sections showed that Tg+ 
mice exhibited more mucin-
positive bronchiolar epithelial 
cells at 9 days compared to Tg- 
mice (Figure 3, Table I). In addi-
tion, the percentage of bronchi-
oles exhibiting mucus production 
was increased at the earlier 3 day 
time point in asbestos-exposed 
Tg+ mice. 
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Table I:  
Mucus production in bronchiolar epithelium (Alcian blue staining)a  

Group Sham Tg- Asbestos Tg- Sham Tg+ Asbestos Tg+ 

Severityb     

3 Day 1.0 ± 0 2.0 ± 0.3 1.0 ± 0.3 2.0 ± 0.3 

9 Day 1.0 ± 0 3.0 ± 0.0d 1.3 ± 0.3 3.75 ± 0.3de 

Extentc     

3 Day 42 ± 14 63 ± 16 15 ± 12 88 ± 7d 

9 Day 34 ± 10 25 ± 18 48 ± 18 63 ± 7 
 
a Values represent means ± SEM (n = 5 mice/group).  
b Severity was graded on a 1–4 score as described in Materials and Methods.  
c Extent was scored as the percentage of bronchioles exhibiting Alcian blue-positive epithelial      
cells.  
d p �0.05 compared with respective sham group.  
e p �0.05 compared with asbestos-exposed Tg- group. 

 
 
Figure 3: Mucin production 
in asbestos-exposed CC10-
I�B�sr (Tg+) mice is in-
creased in comparison to 
Tg- mice. Alcian blue stain-
ing demonstrates mucus 
production by distal bron-
chiolar epithelial cells in 
lungs at 9 days. A, Sham 
exposed Tg- lung. B, Sham 
exposed Tg+ lung. C As-
bestos exposed Tg- lung. D, 
Asbestos-exposed Tg+ 
lung. 
 
 
 
 

 
CC10-I�B�sr mice show altered patterns of asbestos-associated inflam-
mation compared to Tg- mice 
Although we have reported increased numbers of polymorphonuclear cells in 
the lungs and BALF of C57BL/6 mice inhaling chrysotile asbestos (17), we 
have not characterized the individual cell types in BALF comparatively over 
time.  
Here we show in comparison to sham mice with a BALF population consisting 
of alveolar macrophages that both asbestos-exposed Tg+ and Tg-mice exhibit 
increased total cell numbers in BALF with increased proportions of eosinophils 
and neutrophils at 3 days and elevated numbers of eosinophils, neutrophils 
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and lymphocytes at 9 days (Figure 4). At 40 days, total cell numbers in BALF 
are largely diminished, but small numbers of lymphocytes are observed and 
increased in Tg+ mice. In comparison to asbestos-exposed Tg- mice, CC10-
I�B�sr Tg+ mice inhaling asbestos also demonstrated significantly more eosi-
nophilia in BALF at 9 days. 

 
 
Figure 4: CC10-I�B�sr mice show al-
tered patterns of asbestos-associated 
inflammation as compared to Tg- mice. 
Differential cell counts in BALF. A, 3 
day. B, 9 day.  C, 40 day sham- and 
asbestos-exposed groups. Values are 
graphed as mean ± SEM. * p �0.05 in 
comparison to respective sham group at 
same time point. # p �0.05 in compari-
son to asbestos Tg- mice at same time 
point. 
 
 
As shown in Figure 5, lung sec-
tions from sham Tg- and Tg+ 
mice exhibited no inflammation, 
but lungs from asbestos-exposed 
animals at 3 and 9 days showed 
mild to moderate peribronchiolar 
inflammation with no apparent 
transgene effects (Table II). After 
40 days of exposure to asbestos, 
staining of collagen with the Mas-
son’s trichrome technique showed 
the development of focal peri-
bronchiolar fibrosis that was not 
seen in the lungs of sham animals 
(Table II, Figure 5B).  
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Table II: Scoring of Immune Cell Infiltration and Fibrosis in Lung Tissue 

Group Sham Tg- Asbestos Tg- Sham Tg+ Asbestos Tg+ 

Immune Cell Infiltrationa     

3 Day 1.3 ± 0.3 2.75 ± 0.3 * 1.0 ± 0.0 3.0 ± 0.0 * 

9 Day 1.5 ± 0.5 3.0 ± 0.0 * 1.0 ± 0.0 3.5 ± 0.3 * 

40 Day 1.25 ± 0.3 2.75 ± 0.3 * 1.0 ± 0.0 2.75 ± 0.3 * 

     

Fibrosis (40 Day)b 1.0 ± 0.0 2.3 ± 0.3 * 1.0 ± 0.0 2.0 ± 0.0 * 
 

a Evaluated on H&E stained sections using a 1-4 scoring system where 1 = no infiltration, 2 
= mild    infiltration,  3 = moderate infiltration, 4 = severe infiltration 

b Evaluated on lung sections stained with the Masson's trichrome method to detect collagen   
where 1 = no fibrosis, 2 = focal fibrosis, 3 = moderate fibrosis, 4 = severe fibrosis 

* = p � 0.05 compared to respective sham group 
 

 
Figure 5A: Both Tg- and Tg+ mice show mild to moderate inflammation and focal peribron-
chiolar fibrosis after asbestos inhalation. Histopathology on mouse lungs at 3, 9 and 40 days. 
H&E staining.  
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Figure 5B: Both Tg- and Tg+ 
mice show mild to moderate 
inflammation and focal peribron-
chiolar fibrosis after asbestos 
inhalation. Masson’s trichrome 
staining for collagen. 
 
 
 
 
 
 
 
 
 

 
Because the development of fibrosis was minimal in chrysotile asbestos-
exposed mice as has been reported previously (4, 5, 17) and unlikely to reveal 
transgene differences, we screened lung homogenates from 40 day mice us-
ing a custom-made RPA template for genes linked to fibrogenesis (Figure 
6A).Significant increases in tgf-�1, collagen 1 and tenascin mRNA levels were 
seen in asbestos-exposed lungs. Tgf-�1 gene expression was reduced (p 
�0.05) in Tg+ vs. Tg- mice, and tenascin gene expression was increased only 
in asbestos-exposed Tg- mice in comparison to sham mice. Increased gene 
expression of eotaxin and mip-1� were observed in asbestos-exposed mouse 
lungs at 9 days (Figure 6B). Other genes analyzed on RPAs did not demon-
strate asbestos-induced changes in expression, and results were not graphed. 
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Figure 6: Ribonuclease protection assay showing the difference in pattern of profibrotic gene 
expression in Tg- and Tg+ mice after asbestos inhalation. Ribonuclease protection assays on 
lavaged lungs at 40 (A) and 9 (B) days. Values are graphed as mean ± SEM. * p �0.05 in 
comparison to respective sham group at same time point; + p �0.05 in comparison to asbes-
tos Tg- mice at same time point. 
 
CC10-I�B�sr Tg+ mice show altered cytokine and chemokine levels in 
response to asbestos 
A number of cytokines were induced by asbestos and significantly diminished 
or increased selectively in Tg+ vs. Tg- mice (Figure 7). Levels of KC, a potent 
neutrophil chemoattractant, were significantly higher in BALF after inhalation of 
asbestos by Tg- but not Tg+ mice at all time points. IL-10 was induced by as-
bestos at 9 days in Tg- mice, but no asbestos-induced induction of IL-10 was 
observed in Tg+ mice. Additionally, IL-1� and IL-6 levels were higher in asbes-
tos-exposed Tg- vs. Tg+ mice at 40 days (p �0.05). In contrast, asbestos-
associated increases in IL-4, MIP-1� and MCP-1 were significantly higher in 
the BALF of 9 day asbestos-exposed Tg+ vs. Tg- mice. These data suggest 
that several asbestos-induced cytokines and chemokines not produced exclu-
sively by bronchiolar epithelial cells are modulated by suppression of NF-�B in 
the bronchiolar epithelium. Levels of IL-13, IL-5, RANTES, G-CSF, and GM-
CSF were significantly increased in asbestos-exposed mice at one or more 
time points but consistent transgene effects were not observed (data not 
shown). Of the panel of 22 cytokines/chemokines measured in BALF, eotaxin, 
MIP-1� and TNF-� levels were low or highly variable, showing no differences 
between groups at any time point. Levels of IL-12 (p70), IL-17, IFN-�, IL-1�, IL-
2, IL-3 and IL-9 were detected in BALF, but levels were not significantly differ-
ent in sham vs. asbestos-exposed mice (data not shown).  
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*

Table III: Summary of effects found in asbestos-exposed CC10-I�B�sr 
Tg+ vs Tg- mice  
 

Days Cytokine 
production 

Differential 
Cell Counts 

Mucin Pro-
duction 

Cell prolif-
eration 

 
Lung gene 
expression 

3 Days <KC, >IL-4 NDa ND ND NEb 

9 Days 
>MCP-1, 
>MIP-1�, 
No>IL-10c 

>Eosinophils Increased ND NE 

40 Days <KC, <IL-6, 
<IL-1� >Lymphocytes NE <Bronchiolar 

epithelial <TGF-�1 

 
a ND, No difference compared with Tg- mice.  
b NE, Not evaluated.  
c No increase in IL-10 in contrast to Tg- mice. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 

Figure 7: CC10-I�B�sr mice show altered pattern 
of various cytokines/chemokines in BALF as 
compared to Tg- mice after asbestos inhalation. 
Cytokine/chemokine levels were measured in 
BALF of 3, 9, and 40 day asbestos-exposed Tg-
and Tg+ mice as described in the ‘Materials and 
Methods’ section. Values are graphed as mean ± 
SEM. * p �0.05 in comparison to respective sham 
group at same time point. # p �0.05 in comparison 
to asbestos Tg- mice at same time point.  

total thesis definitief.pdf   113total thesis definitief.pdf   113 4-4-2008   10:07:174-4-2008   10:07:17



Chapter 6 

 114 
 

DISCUSSION 
 
We have shown previously that asbestos fibers cause activation of the NF-�B 
signaling pathway in airway epithelial cells (8, 15). Here we reveal that NF-�B 
activation in epithelial cells of the lung modulates their differentiation and 
chronic proliferation by asbestos as well as chemokines and cytokines pro-
duced by both epithelial and non-epithelial cells. Cell signaling in epithelial 
cells is integral to recruitment of inflammatory cell types and 
chemokine/cytokine expression, as has been shown recently in by others (22) 
and in our previous work using the CC10-I�B�sr mouse in lipopolysaccharide 
and allergen-induced models of airway inflammation (14, 16). However, there 
are distinct differences between the LPS, OVA, and asbestos inhalation mod-
els and endpoints examined in these studies. In the LPS model (16), a single 
bolus of LPS was intranasally instilled into mice, and an acute time study (30 
min to 24 hr) revealed increased neutrophil influx into BALF and lungs of LPS-
exposed Tg- vs. Tg+ mice that was maximal at 4 hrs.  ELISA on BALF re-
vealed increased MIP-2 and TNF-� protein in these mice, and RPAs on lung 
mip-2 mRNA levels at this time point also showed selective increases by LPS 
in Tg- animals.  In contrast, in the OVA sensitization and challenge model (14) 
all analyses were performed at 48 hr after a third daily administration of OVA 
challenge.  These acute studies documented: 1) total and differential cell 
counts in BALF and lung histopathology, both reflecting increased eosinophilia 
in Tg- mice; 2) Eotaxin-1, IL-4, IL-5, IL-13 and IFN-� by ELISA in BALF, some 
of which were reduced in Tg+ vs. Tg- mice, and 3) lung mRNA levels of 
chemokines (rantes, ip-10, mcp-1, eotaxin-1 and ccl20) that were increased in 
OVA-challenged Tg- vs. Tg+ mice. Although expression of Gob5 by semiquan-
titative PCR and PAS staining appeared less in lungs of OVA-challenged Tg+ 
mice, data were not examined statistically. Moreover, pulmonary function data 
did not reveal transgene effects. 
Here we performed a subchronic kinetic study (3, 9, 40 days) with CC10-
I�B�sr (Tg+) and Tg- mice using physiological administration of inhaled asbes-
tos fibers at airborne concentrations equivalent to historical occupational ex-
posures (1, 2). We characterized novel patterns in differential cell counts in 
BALF by asbestos over time and profiled cytokines in BALF using a robust 
Bio-Plex analysis. Because asbestos fibers are inhaled over time, and the 
majority is cleared from the lungs, it was unsurprising that the magnitude of 
inflammation and cytokine expression in this model was less robust than that 
seen with LPS (16) or the OVA model (14). 
Asbestos causes initial injury to epithelial (23) and mesothelial cells (15) in 
vitro that is followed by compensatory proliferation. Data in Figure 1 using 
incorporation of Ki-67 as a marker of proliferation correlate with earlier studies 
in rat and murine asbestos inhalation model using labeling with 5-
bromodeoxyuridine (BrdU) (24) or proliferating cell nuclear antigen (PCNA) 
(25). Studies show a robust increase in acute epithelial proliferation in re-
sponse to asbestos that is followed by less dramatic mitogenesis over time. 
Data here reveal that inhibition of NF-�B in distal bronchiolar epithelial cells 
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suppresses chronic proliferation (40 days), but not acute mitogenesis, in re-
sponse to asbestos. Our results are consistent with studies implicating NF-�B 
as a survival factor after cell injury by chemotherapeutic agents and oxidant 
stress (26). We have shown that other survival pathways such as extracellular 
signal-regulated kinases (ERK1/2 and ERK5) are important mediators of early 
epithelial cell proliferation by asbestos (27) and it is likely that cross-talk be-
tween the ERK/Activator Protein-1 and NF-�B signaling pathways occurs in 
our model. Our recent studies also reveal increased expression of Cyclin D1 in 
the distal bronchiolar epithelium of mice inhaling chrysotile asbestos at 9 days 
(17). Cyclin D1 and its partner, cyclin-dependent kinase 4 (CDK4), are critical 
in promoting the G1 to S phase progression via phosphorylation of the retino-
blastoma protein, and expression of Cyclin D1 is regulated by NF-�B in a 
myoblast model of proliferation and growth (28). Lack of NF-�B-regulated Cy-
clin D1 expression in bronchiolar epithelial cells from Tg+ mice might explain 
decreased epithelial cell mitogenesis in response to asbestos at later time 
points (40 days). We also noted decreased overall trends in interstitial cell 
proliferation in Tg+ mice at 40 days, which reflected less Ki-67 labeling in 
thickened interstitial areas containing fibroblasts. These data support the con-
cept that the extent of bronchiolar epithelial cell mitogenesis or survival corre-
lates with fibroblast proliferation that is intrinsic to fibrogenesis.  In this regard, 
a compendium of studies document epithelial cell modulation of fibroblast 
growth by cytokine production and other mechanisms (29, 30). Although focal 
peribronchiolar and interstitial fibrosis was noted in asbestos-exposed Tg+ and 
Tg- mice (Table II), longer times of exposure will be required to demonstrate 
possible transgene differences. 
We recently reported that chrysotile asbestos caused increased expression of 
Gob5 and mucin production peaking at 9 days in our inhalation model (5). 
Later, mucin production is diminished, presumably because fibers move pe-
ripherally within the lung over time and fiber dose to the epithelium diminishes. 
Novel findings here (Table I) show that  suppression of NF-�B in epithelial cells 
increases the severity and extent of mucin production at 9 days- moreover, 
increased numbers of mucin-positive epithelial cells are seen at 3 days only in 
asbestos-exposed Tg+ mice. Increased mucin production might have many 
functional ramifications in this model such as increased clearance of fibers and 
epithelial protection from fiber injury. Moreover, several cytokines linked to 
mucus metaplasia, such as IL-13 (31) and IL-4 (32) were elevated in BALF 
from mice exposed to chrysotile asbestos, and dramatic increases in IL-4 were 
seen in Tg+ mice at 9 days, the time point of greatest mucin production. Al-
though the increased eosinophilia and mucin production at 9 days may be 
linked to IL-4, future inhalation experiments using anti-IL-4 antibodies or IL-4 
null mice will be necessary to establish a cause and effect relationship. How-
ever, it should also be noted that mucin production by CC10-I�B�sr (Tg+) vs. 
Tg- mice in the OVA model appeared decreased, possibly reflecting less IL-13 
in BALF in the absence of changes in IL-4 in Tg+ mice (14). These results 
suggest different mechanisms of regulation of mucin production in these mod-
els. 
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We also reveal here significant increases in eosinophils in the BALF of mice 
exposed to chrysotile asbestos that are strikingly increased in CC10-I�B�sr 
Tg+ mice at 9 days (Figure 4). At this time point, neutrophils in BALF (albeit 
small in numbers) were significantly lower in Tg+ mice in comparison to Tg- 
mice. The interplay and balance between neutrophils and eosinophils may 
dictate the extent of inflammation as well as its general resolution by 40 days 
in the asbestos model. Levels of IL-5, a chemokine linked to eosinophilporesis, 
and eosinophil recruitment and survival, was increased in both Tg- and Tg+ 
mice at 3 days. Although lung mRNA levels of eotaxin were increased in as-
bestos exposed Tg- and Tg+ mouse lungs at 40 days, no increases in eotaxin, 
an NF-�B dependent chemokine that is important for eosinophil recruitment to 
the lungs and is expressed by airway epithelial cells (33) were detected in the 
BALF of asbestos-exposed mice.  In the OVA model, Eotaxin-1 and IL-5 were 
both decreased in BALF of OVA-exposed Tg+ mice, corresponding with less 
eosinophilia in BALF (14). A novel observation here is that, KC levels associ-
ated with neutrophil recruitment were strikingly decreased in asbestos-
exposed CC10-I�B�sr Tg+ mice at all time points. 
Several proinflammatory cytokines and chemokines such as IL-1�, MIP-1�, 
MCP-1 and IL-6 implicated as putative mediators of inflammation and fibro-
genic responses to asbestos (34), were elevated in BALF from mice exposed 
to asbestos, and exhibited transgene differences in expression at later time 
points. Although we were unable to demonstrate transgene differences in the 
focal fibrosis occurring in our model, decreased levels of IL-6 and IL-1� in 
BALF from asbestos exposed Tg+ mice at 40 days correlated with decreases 
in tgf-�1 and tenascin gene expression, indicators of fibrogenesis and lung 
remodeling. 
Airway epithelial NF-�B activation has been implicated in the initiation and 
perpetuation of lung inflammatory responses and is, therefore, regarded as a 
potential target of therapies for a number of diseases. NF-�B in the airway 
epithelium has been studied experimentally using adenoviral vectors to induce 
(35) or inhibit (36) its activity, and has also been inhibited using genetic ap-
proaches (14, 16, 37).  These studies demonstrate the capacity of airway 
epithelial NF-�B to modulate neutrophilic and eosinophilic inflammatory re-
sponses to endotoxin and allergens. The data presented herein demonstrate 
that airway epithelial NF-�B modulates the expression of neutrophilic 
chemokines. Although airway epithelial NF-�B has been shown to modulate 
the recruitment of eosinophils in the OVA (14) and LPS (16) models, asbestos-
induced eotaxin mRNA levels in lung were similar in both Tg+ and Tg- mice, 
and levels of eotaxin protein in BALF were comparable. However, the intrigu-
ing observation that increased eosinophilia and mucin production both occur at 
9 days suggest that they may be linked to IL-4 expresssion. 
In summary, we show in Table II, the different responses to asbestos in Tg+ 
vs. Tg- mice. These results suggest that NF-�B activity in the bronchiolar epi-
thelium is not only important in modulation of airway epithelial proliferation and 
differentiation, but also is involved in the regulation of cytokine production and 
recruitment of inflammatory cells to the lung. Our studies lend further support 
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to the hypothesis that epithelial cells have an impact on innate and possibly 
adaptive responses to asbestos. 
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GENERAL DISCUSSION 
 
Neutrophilic inflammation a is a key contributor to development of lung 
disorders such as COPD (1), acute respiratory distress syndrome (2), idio-
pathic pulmonary fibrosis (3), asbestosis (4) and cystic fibrosis (5). Levels of 
neutrophils in BALF correlate significantly with decline in FEV1 in long term 
asbestos workers (6). A similar correlation has been found in COPD patients. 
Neutrophil numbers and sputum levels of IL-8, the main neutrophil 
chemoattractant, from COPD patients correlate strongly with airflow limitation 
(7, 8). Markers of neutrophil-related damage, caused by ROS and RNS 
formation during neutrophilia, have been described in these diseases. NO2Tyr-
positive cells have been reported to be increased in sputum samples of COPD 
patients (9). General oxidative stress, measured indirectly by increased HO-1 
levels, was also found in these patients (9). ClTyr protein adducts, a specific 
marker for HOCl related oxidative damage due to MPO enzymatic activity, 
have been found in the airways of patients with cystic fibrosis (10). Neutrophil-
related oxidative stress can also lead to DNA damage such as oxidation, nitra-
tion, methylation or deamination of DNA. These mechanisms have been ele-
gantly described in a review by Knaapen and colleagues (11).  
 
The overall aim of this work was to investigate the consequences in lung 
epithelial cells of infiltrating neutrophils on the molecular, protein and whole 
cell level. There was a specific focus on the contributing effects on these pa-
rameters of the neutrophilic enzyme, MPO. In order to test the hypotheses of 
the separate studies, an in vitro approach was combined with several in vivo 
approaches as a proof of concept. Mpo-/- mice were tested in models of acute 
and chronic chrysotile asbestos- or LPS-induced inflammation. Ideally, WT 
and Mpo-/- mice would have developed lung neutrophilia in an identical fashion 
and to the same extent. This way the exact contribution of MPO to epithelial 
cell damage could have been determined.  
 
Acute lung inflammation 
The results show that knocking out the mpo gene causes an attenuated acute 
inflammatory response in both acute models tested (chapters 3 and 4). The 
decreased levels of neutrophil chemoattractants, found in the acute LPS 
model, could be an explanation for the decreased neutrophilia at day 2 and 3 
of inflammation. The initial situation is however identical in WT and Mpo-/- 
mice, since the inflammatory receptors related to the development of neutro-
philia are expressed in a similar fashion. It is therefore tempting to speculate 
that the reason for a decline in neutrophil influx must be sought in the extrava-
sation of neutrophils during the developmental phase of inflammation. Lau and 
colleagues (12) have recently found that MPO is involved in CD11b/CD18 
expression, crucial integrins during neutrophil extravasation. The lack of MPO 
could therefore result in a decreased capability of neutrophils to enter a site of 
inflammation. This would lead to a decreased stimulation of resident cells in 
this model, resulting in less stimulation of epithelial cells and resident macro-
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phages. Decreased stimulation of epithelial cells results in a lowered 
chemokine and cytokine production. In line with the results described in chap-
ters 3 and 4 are data described in (13). In these studies decreased neutrophil 
influx was shown in a renal model of ischemia and reperfusion, resulting in 
reduced renal failure in Mpo-/- mice. Unfortunately, no attempt was made to 
elucidate the mechanisms leading to decreased neutrophilia in these studies.  
 
Chronic lung inflammation 
The long term results of MPO deficiency in chronic inflammation were investi-
gated in chapter 3 and chapter 5. In the past, attempts have been made to 
link acute inflammation to the development of chronic inflammation. In the 
studies described here, it is demonstrated that this link is not straight forward. 
Repeated asbestos and LPS exposure eventually lead to similar patterns of 
inflammation in WT and Mpo-/- mice, although the differences between WT and 
Mpo-/- mice in acute responses, meaning the attenuated neutrophil inflamma-
tion and cytokine and chemokine levels, are striking. This means that neutro-
phils and MPO in particular are not a key factor in the development of chronic 
inflammation. Future research will need to focus on the possible additional 
mechanisms contributing to the chronic character of several inflammatory lung 
diseases.  
 
Tissue remodeling 
Another link often made is the one between chronic inflammation and tissue 
remodeling. Epithelial cell proliferation, although attenuated during acute in-
flammation, was equally high in WT and Mpo-/- mice after 30 days of asbestos 
exposure. Structural changes after chronic LPS exposure, measured by air-
space enlargement, was increased in WT and Mpo-/- mice and mathematically 
significant increased in Mpo-/- mice compared to WT animals. The difference in 
airspace enlargement between WT and Mpo-/- mice was, however, very small 
and whether these differences are relevant is the question.  
If progress is to be made in the treatment of inflammatory lung diseases asso-
ciated with tissue remodeling, further efforts will be needed to understand the 
regulation and possible link between the mechanisms causing inflammation 
and those leading to structural changes.  
 
Oxidative stress 
A possible contributing factor to chronic inflammation and tissue remodeling is 
oxidative stress. Although acute lung inflammation is attenuated in Mpo-/- mice, 
oxidative stress levels were similar in WT and Mpo-/- mice. This was measured 
indirectly by mRNA expression of the antioxidant ho-1. Aratani and colleagues 
reported data (14) on a study comparing Mpo-/-, NADPH-oxidase-/- and double 
knock-out mice in a model of pulmonary infection that could explain these 
findings. They reported that H2O2 used by MPO is solely produced by NADPH-
oxidase. It is therefore likely that Mpo-/- mice that are incapable of converting 
H2O2 to HOCl build up H2O2. This leads to similar levels of oxidative stress, 
only from a different oxidative source. As described in the introduction of this 
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thesis, the majority of oxidants produced by neutrophils originate from 
NADPH-oxidase.  
The idea that oxidative stress is a contributing factor to tissue remodeling is 
not only supported by data presented in chapter 5, but also by a paper de-
scribing protection against bleomycin-induced pulmonary fibrosis in p47phox-/- 
mice. These mice are deficient in ROS production via the NADPH-oxidase 
pathway (15). In line with all the findings in models of lung diseases, a recently 
published review on osteoarthritis (16), an inflammatory disorder of the joints, 
made an attempt to highlight the uncoupling effect of ROS on structural 
changes and inflammation. It was suggested that antioxidant therapy could be 
helpful to treat the structural changes in this disease. 
 
Epithelial cell responses during neutrophilia 
The in vitro studies (chapter 2) were used to determine epithelial cell re-
sponses to MPO under basal and inflammatory conditions. Results showed 
that MPO exposure leads to increased oxidative stress and transient DNA 
damage. Further results indicated that epithelial cell responses during neutro-
philia depend on the primary trigger initiating the inflammation. This was dem-
onstrated by the decreased IL-8 production with PMA as primary trigger. 
These findings fit with the results of the in vivo studies described in chapters 3 
and 4. Both asbestos and LPS exposed mice develop neutrophilic lung in-
flammation, but only bronchiolar epithelial cells from asbestos exposed mice 
demonstrate a proliferative profile. Proliferation was even further increased in 
asbestos-exposed Mpo-/- mice compared to asbestos-exposed WT mice. This 
supports the idea that the primary trigger, inducing neutrophilia, plays an im-
portant role in the epithelial cell responses during neutrophilia. Other mouse 
studies using CC10-I�B�sr mice that are incapable of Rel A translocation, and 
thus NF-�B transcriptional activity in bronchiolar epithelial cells supports this 
idea as well. In a study where CC10-I�B�sr and WT mice were exposed to 
LPS as described by Poynter et al. (17), CC10-I�B�sr mice demonstrated a 
decreased lung neutrophilia accompanied by decreased MIP-2 production. 
These same mice exposed to chrysotile asbestos (chapter 6), normally lead-
ing to mixed neutrophilia and eosinophilia, demonstrate an altered inflamma-
tory cell and cytokine/chemokine profile. This profile is characterized by a 
dramatic eosinophilic inflammation that is accompanied by decreased BALF 
levels of KC and increased levels of IL-4.  
 
Closing remarks 
A better understanding of processes leading to lung neutrophilia and the sub-
sequent responses of lung epithelial cells is needed to identify therapeutic 
targets in neutrophilic lung diseases. It would be of interest to explore the pos-
sibility of enzymatic inhibition of MPO, while keeping MPO intact as signaling 
molecule. This would mean that MPO will still contribute to neutrophil extrava-
sation via for instance CD11b/CD18 signaling. The damaging effects of MPO 
related to its enzymatic activity, as described in this thesis, would however not 
occur. This theory is very appealing, since it is known that MPO deficiency in 
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humans does not lead to increased risk of infections because of compensatory 
mechanisms taking over in the fight against infections (18).  
For this moment, it is important to remember that underlying pathogenic proc-
esses in the lung diseases where neutrophilia plays a role in are very different. 
Inside in these pathogenic processes will have to come from in vitro and in 
vivo models in combination with neutrophilia causing pathogenic substances. 
This research approach will contribute to a better understanding of the differ-
ent human lung diseases and thereby help to identify suitable therapeutic tar-
gets for each disease.  
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SUMMARY 
 
Neutrophils are highly specialized members of the innate immune system and 
are often the first immune cells to arrive at a site of infection. Their primary 
function is phagocytosis and destruction of micro-organisms and foreign mate-
rial. Several lung diseases, like COPD, asbestosis, ARDS, cystic fibrosis and 
idiopathic pulmonary fibrosis have to cope with neutrophilia. It is important that 
the consequences of neutrophilia, and MPO exposure specifically, for lung 
epithelial cells and responses by epithelial cells to neutrophil exposure are 
investigated. Neutrophilia is a key contributor to a variety of lung diseases and 
is therefore of significant clinical relevance. The overall aim of this work was to 
address the response of lung epithelial cells to infiltrating neutrophils on mo-
lecular, protein and whole cell level. There was furthermore a specific focus on 
the contributing effects of the neutrophilic enzyme MPO. An in vitro model and 
several mouse models of acute and chronic lung inflammation together with 
knock-out and transgenic approaches were used to address the above men-
tioned aims.  The results of the conducted studies are summarized below.  
 
Myeloperoxidase modulates lung epithelial responses to pro-
inflammatory agents 
In this study we focused on the responses of bronchial and alveolar epithelial 
cells to MPO exposure, with or without pre-exposure to a pro-inflammatory 
agent. The endpoints determined were 1) the up-take of MPO by lung epithe-
lial cells, 2) DNA strand breakage by MPO, 3) oxidative stress responses and 
4) the production of chemo-attractants. Furthermore we explored involvement 
of NF-�B and AP-1 signaling.  Analysis of MPO stimulated cells showed MPO 
up-take by bronchial and alveolar epithelial cells.  DNA strand breakage was 
increased by MPO, but this was a temporary effect. Furthermore, MPO expo-
sure resulted in increased oxidative stress levels indirectly measured by the 
upregulation of ho-1, which was further increased when cells were primed with 
a pro-inflammatory stimulus. Interestingly, MPO can inhibit IL-8 production by 
bronchial but not alveolar epithelium, indicating a possible negative feedback 
loop. Although IL-8 production involves NF-�B and/or AP-1 signaling, neither 
of these transcription factors were up- or down regulated after MPO exposure.  
 
Asbestos-induced lung inflammation and epithelial cell proliferation are 
altered in myeloperoxidase null mice 
This animal study aimed to unravel the contributing effects of MPO on the 
development of lung inflammation and epithelial cell changes in a murine 
model of chrysotile asbestos-induced lung inflammation. The endpoints meas-
ured in this study were 1) localization of MPO in resident lung cells during 
inflammation, 2) general levels of cell injury, 3) levels of inflammation and in-
flammatory cell profile and 4) epithelial cell proliferation. Chrysotile asbestos 
exposure resulted in MPO localization in bronchiolar epithelial cells of inflamed 
lungs. BALF analysis revealed increased total protein levels and LDH activity 
in WT and Mpo-/- mice after asbestos exposure. BALF cell content revealed a 

total thesis definitief.pdf   131total thesis definitief.pdf   131 4-4-2008   10:07:194-4-2008   10:07:19



Chapter 8 

 132 
 

decreased inflammatory response in Mpo-/- compared to WT mice after asbes-
tos exposure. Lastly, asbestos exposed Mpo-/- mice demonstrated increased 
bronchiolar epithelial cell proliferation compared to WT mice, addressed by Ki-
67 and cyclin D1. 
  
Myeloperoxidase deficiency attenuates LPS-induced acute lung inflam-
mation and subsequent epithelial injury 
In this study we used a model of LPS-induced acute lung inflammation to test 
the hypothesis that MPO contributes to the development of lung neutrophilia 
and the subsequent oxidative stress and damage by LPS to cellular and mo-
lecular structures in the lung. To test this hypothesis the following parameters 
were evaluated 1) MPO activity and localization during acute lung inflamma-
tion, 2) neutrophil influx, 3) oxidative stress levels, 4) DNA damage, 5) nitroty-
rosine formation, 6) basal cytokine and chemokine receptor expression levels 
and 7) cytokine and chemokine expression and production levels.  A single 
intratracheal dose of LPS resulted in a dramatic increase in MPO activity in 
WT mice that was absent in Mpo-/- mice. MPO is primarily localized in clusters 
of infiltrated neutrophils. Mpo-/- mice demonstrated a significant decrease in 
neutrophil influx compared to WT mice, although the levels of ho-1 and 8-
OHdG were similar in WT and Mpo-/- mice. The formation of nitrotyrosine pro-
tein adducts after LPS exposure was decreased in Mpo-/- animals compared to 
WT mice. Basal expression levels of all cytokine and chemokine receptors 
were similar in WT and Mpo-/- mice, except for cxcr-1. Interestingly, cytokine 
and chemokine expression and production levels were altered in Mpo-/- mice 
compared to WT animals.  
 
MPO deficiency aggravates airspace elargement and modulates tissue 
remodeling mechanisms 
In this chapter we describe a study in which we used a chronic LPS-induced 
lung inflammatory model to investigate the role of MPO in the development of 
chronic lung inflammation and airspace enlargement. We furthermore made an 
attempt to elucidate underlying remodeling mechanisms. The following end-
points were measured 1) MPO activity and localization, 2) inflammatory cell 
infiltration, 3) airspace enlargement, 4) lung function, 5) anti-oxidant status of 
the lung, 6) MMP expression patterns, 7) apoptosis and 8) cytokine and 
chemokine expression patterns. Repeated LPS exposure resulted in similar 
chronic lung inflammation in WT and Mpo-/- mice with increased MPO levels 1 
day after the last exposure in WT animals. Morphological analysis revealed 
airspace enlargement after chronic LPS exposure. This airspace enlargement 
was significantly higher in Mpo-/- mice compared to WT mice. Measurable lung 
function alterations were however not found. The anti-oxidant GSH was sig-
nificantly increased after chronic LPS exposure and further enhanced in Mpo-/- 
animals compared to WT mice. The anti-oxidant vitamin C was also increased 
after LPS exposure but demonstrated a trend towards a decrease in Mpo-/- 
mice compared to WT. MMP-2, -8 and -12 were enhanced in Mpo-/- mice com-
pared to WT mice. Apoptosis was not found in the lungs of sham or LPS 
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treated WT and Mpo-/- animals. Lastly, cytokine and chemokine expression 
patterns were equal in WT and Mpo-/- mice after chronic LPS exposure. 
 
Airway epithelial NF-�B activation modulates asbestos-induced inflam-
mation and mucin production in vivo 
Here we tested the hypothesis that the induction of NF-�B in airway epithelium 
is a critical event associated with epithelial cell alterations, inflammation and 
fibrogenesis in a murine model of chrysotile asbestos-induced inflammation. 
This hypothesis was tested by determining 1) NF-�B activation after chrysotile 
asbestos exposure, 2) epithelial cell proliferation in the different lung compart-
ments 3) mucin production and localization, 4) inflammatory cell profile, 5) 
levels of fibrosis and profibrotic gene expression and 6) cytokine and 
chemokine levels in the lung. Chrysotile asbestos exposure resulted in trans-
location of Rel A, the transcriptionally active subunit of NF-�B, in WT (Tg-) but 
not CC10-I�B�sr (Tg+) mice. Ki-67 immunostaining revealed decreased bron-
chiolar proliferation in Tg+ mice compared to Tg- mice after 40 days of asbes-
tos exposure. Mucin production was increased in Tg+ mice compared to Tg- 
mice after 9 days of chrysotile exposure. BALF cell content revealed a shift in 
inflammatory cell profile in Tg+ mice compared to Tg- mice, which was con-
firmed by the cytokine and chemokine pattern found in Tg+ animals.   
 
Closing remarks 
From the studies conducted here we can conclude that MPO causes damage 
to protein and molecular cell structures. MPO furthermore contributes to the 
development of acute lung inflammation. The type of primary trigger responsi-
ble for the influx of neutrophils contributes to the way lung epithelial cells re-
spond during neutrophilia. This means that a better understanding of lung 
diseases where neutrophilia plays a role in will have to come from unraveling 
the different underlying pathogenic processes of these diseases. Future re-
search using cell culture and animal models in combination with different 
pathogenic substances related to the development of neutrophilia will contrib-
ute to a better understanding of the different human lung diseases. This will 
help to identify suitable therapeutic targets for each disease. 

total thesis definitief.pdf   133total thesis definitief.pdf   133 4-4-2008   10:07:204-4-2008   10:07:20



 

total thesis definitief.pdf   134total thesis definitief.pdf   134 4-4-2008   10:07:204-4-2008   10:07:20



 135

 
 
 
 
 
 
 

SAMENVATTING 

total thesis definitief.pdf   135total thesis definitief.pdf   135 4-4-2008   10:07:204-4-2008   10:07:20



Chapter 9 

 136 
 

total thesis definitief.pdf   136total thesis definitief.pdf   136 4-4-2008   10:07:204-4-2008   10:07:20



Chapter 9 

 137

SAMENVATTING 
 
Achtergrond 
Het luchtwegoppervlak van humane longen wordt regelmatig blootgesteld aan 
potentieel schadelijke stoffen en micro-organismen. Dit oppervlak is bedekt 
met luchtwegepitheelcellen. Deze epitheelcellen spelen een zeer belangrijke 
rol in de afweer tegen mogelijk schadelijke stoffen. In gezonde personen is er 
niet of nauwelijks schade aan het luchtwegepitheel, maar in patiënten met een 
ontsteking gerelateerde longaandoening is dit vaak wel het geval. De schade 
bij deze individuen kan veroorzaakt zijn door blootstelling aan factoren van 
buitenaf, maar kan ook het gevolg zijn van aanwezige ontstekingscellen. Deze 
ontstekingscellen zijn aangetrokken door een soort van “lokeiwitten”, chemoki-
nen en cytokinen genaamd, geproduceerd door o.a. het luchtwegepitheel. Een 
van de voornaamste ontstekingscellen is de neutrofiel. Neutrofielen zijn 
gespecialiseerde cellen van het aangeboren immuunsysteem. Zij vormen de 
eerste verdediging ten tijde van een infectie. De voornaamste functie van neu-
trofielen is het vernietigen van micro-organismen en schadelijke stoffen.  
 
Neutrofilie in chronische en acute longaandoeningen 
Neutrofilie (door neutrofielen gedomineerde ontsteking) is een onderdeel van 
verschillende longziekten. Chronisch obstructief longlijden (COPD) is een 
aandoening aan de longen, die zich meestal op latere leeftijd uit in een gelei-
delijk en grotendeels onomkeerbare verslechterde longfunctie. Roken wordt 
gezien als de belangrijkste risicofactor voor de ontwikkeling van COPD. 80-
85% van de patiënten met COPD is dan ook een jarenlange roker (geweest). 
Belangrijk is echter wel om te vermelden dat maar 10-20% van alle rokers 
COPD ontwikkeld. Dit betekent dat ook tot nu toe onbekende genetische fac-
toren een rol spelen bij de ontwikkeling van COPD. Patiënten met COPD heb-
ben longemfyseem, chronische bronchitis of een combinatie van beide. Em-
fyseem wordt veroorzaakt door de afbraak van elastisch steunweefsel in de 
long, waardoor er uiteindelijk minder gasuitwisseling in de longen kan plaats-
vinden.  
Asbest-geïnduceerde fibrose, ook wel asbestose genaamd, is een tweede 
voorbeeld van een chronische longaandoening waarbij neutrofielen een be-
langrijke rol spelen. De ziekte ontwikkelt zich in verschillende fasen. 
Gedurende de blootstelling aan asbest is er continu ontsteking aanwezig in de 
long. Op lange termijn, soms wel tientallen jaren, zullen de asbestvezels fi-
brose (toename van bindweefsel) in de long tot gevolg hebben. Dit resulteert 
wederom in verminderde gasuitwisseling in de longen. 
Een voorbeeld van een acute longaandoening waarbij neutrofielen een belan-
grijke rol spelen is acuut respiratoir stress syndroom. Deze aandoening kan 
zich ontwikkelen als gevolg van een bestaande longziekte, maar ook als ge-
volg van bloedvergiftiging of zwaar lichamelijk letsel na een ongeluk. 40% van 
de patiënten komt te overlijden als gevolg van deze acute longaandoening en 
helaas is er tot op heden nog geen volledig effectieve therapie gevonden.  
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Ontwikkeling van neutrofilie in de long 
Neutrofilie ontwikkelt zich in de long als longepitheel gestimuleerd wordt tot het 
maken van de al eerder genoemde chemokinen en cytokinen. Deze productie 
zet een signaal cascade inwerking, die tot gevolg heeft dat de in de bloedbaan 
circulerende neutrofielen aangetrokken worden tot de bron van de chemokinen 
en cytokinen. Zij zullen de bloedbaan uittreden en het betreffende weefsel, in 
dit geval de long, betreden. Aangekomen op de plaats van bestemming, zullen 
zij proberen de bron van de ontsteking uit te schakelen. De neutrofiel doet dit 
door het fagocyteren, “opeten en vernietigen” van schadelijke deeltjes en mi-
cro-organismen en door verschillende enzymen los te laten in de directe om-
geving. Een van deze enzymen is myeloperoxidase (MPO).  
 
Myeloperoxidase 
Enzymatische activiteit van MPO zorgt voor de productie van HOCl. HOCl, 
vergelijkbaar met huishoud chloor, is een effectief middel in het bestrijden van 
schadelijke indringers, zoals virussen en bacteriën. Daarom zijn neutrofielen 
ook vaak als eerste cellen aanwezig wanneer er een ontsteking ontwikkelt. De 
enzymatische activiteit van MPO zorgt ook voor de ontwikkeling van zuurstof- 
en stikstofradicalen. Radicalen zijn zeer reactieve deeltjes welke, indien in 
grote hoeveelheden aanwezig, schade kunnen toebrengen aan DNA en eiwit 
in hun directe omgeving.  
 
Naast het onschadelijk maken van geïnhaleerde stoffen en micro-organismen, 
heeft neutrofilie ook effecten op de aanwezige epitheelcellen. Het is van groot 
belang om de gevolgen van neutrofilie en MPO blootstelling, voor deze long- 
epitheelcellen te onderzoeken. Ook moet de reactie van longepitheelcellen op 
de aanwezigheid van neutrofielen en MPO onderzocht worden, omdat neutro-
filie in belangrijke mate bijdraagt aan verscheidene longziekten en hierdoor 
klinisch zeer relevant is.  
 
Doel van het onderzoek 
Het doel van dit promotie traject was om de respons van longepitheelcellen op 
infiltrerende neutrofielen te onderzoeken op molecuul, eiwit en cel niveau. Er is 
speciaal gekeken naar de bijdrage van myeloperoxidase.  
 
Celkweek studies en verschillende muismodellen van acute en chronische 
longontsteking zijn gebruikt om de bovengenoemde doelen na te komen. De 
resultaten van de verrichte studies zijn hieronder kort weergegeven. 
 
Effecten van acute neutrofilie en MPO op longepitheelcellen  
Om acute effecten van MPO tijdens neutrofilie te kunnen onderzoeken, heb-
ben we gebruik gemaakt van een celkweek model. In dit model lieten we long-
cellen in een petrischaal groeien en werden stoffen toegevoegd die in de hu-
mane situatie neutrofilie veroorzaken. Vervolgens werd MPO toegevoegd aan 
de cellen, alsof er neutrofielen aanwezig waren.  
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Uit deze celkweek studies (hoofdstuk 2) is naar voren gekomen dat MPO 
blootstelling leidt tot zowel genetische schade (DNA) als ook schade aan ei-
witstructuren in longepitheelcellen. Verder is gebleken dat de reactie van long 
- op MPO beïnvloed wordt door de stimulus die de ontsteking veroorzaakt. 
Kortom, de reactie van asbest voorgestimuleerde epitheelcellen op MPO is 
niet gelijk aan de reactie van lipopolysaccharide (LPS, een onderdeel van de 
celwand van sommige bacteriën) voorgestimuleerde epitheelcellen op MPO.  
Omdat celkweek systemen niet zo complex zijn als levende organismen, zijn 
er ook muisstudies uitgevoerd. Hierbij is gebruik gemaakt van speciale muizen 
die geen MPO in de neutrofielen hebben, zogenaamde MPO knock-out 
muizen. Uit de dierstudies waarbij acute neutrofilie (door een eenmalige LPS 
toediening, hoofdstuk 4) of (4 dagen asbest inhalatie, hoofdstuk 3) werd 
geïnduceerd, is heel duidelijk naar voren gekomen dat MPO bijdraagt aan het 
infiltreren van neutrofielen in de long. Dit blijkt uit het feit dat MPO knock-out 
muizen veel minder neutrofielen in de long hadden na LPS of asbest blootstel-
ling dan normale (wild-type) muizen die wel MPO hebben. Verder hebben we 
in deze studies de resultaten van de celkweek studies kunnen bevestigen. 
Asbest geïnduceerde neutrofilie laat epitheelcellen anders reageren dan LPS 
geïnduceerde neutrofilie.  
  
Effecten van chronische ontsteking en MPO blootstelling op de long 
De effecten van MPO in chronische ontsteking zijn op twee verschillende ma-
nieren onderzocht. In de eerste studie (hoofdstuk 3) hebben wild-type en 
MPO knock-out muizen 30 dagen asbest ingeademd. Uit deze studie is geble-
ken dat, in tegenstelling tot acute neutrofilie, gebrek aan MPO het ontstaan 
van chronische longontsteking niet tegen kan gaan. Op het gebied van struc-
turele verandering in de long is naar voren gekomen dat asbest geïnduceerde 
fibrose in wild-type dieren niet verschillend is van fibrose in MPO knock-outs.  
In de tweede chronische studie (hoofdstuk 5) hebben wild-type en MPO 
knock-out muizen om de 3 dagen gedurende 4 maanden LPS in de longen 
gekregen. Ook in deze studie had MPO geen effect op het ontstaan van 
chronisch ontsteking. Hiermee werden de resultaten van de chronische asbest 
studie bevestigd. Dit in tegenstelling tot de structurele veranderingen na lang-
durige LPS blootstelling. In MPO knock-out muizen was er namelijk wel meer 
longemfyseem ontstaan na langdurige LPS blootstelling in vergelijking met 
wild-type dieren die met LPS waren behandeld. Ondanks dat de LPS behan-
delde muizen emfyseem hadden, is er geen verslechterde longfunctie gevon-
den bij deze dieren.  
 
In het laatste hoofdstuk hebben we onder andere getest of de verhoogde acti-
viteit van het signaaleiwit NF-�B in longepitheelcellen van grotere luchtwegen 
een kritieke stap is in de ontwikkeling van neutrofilie als gevolg van asbest 
blootstelling. Hiervoor zijn wild-type muizen vergeleken met muizen de geen 
NF-�B activiteit kunnen hebben in de longepitheelcellen van de grotere lucht-
wegen, zogenaamde transgene muizen. Resultaten van deze studie laten zien 
dat de transgene muizen minder neutrofielen in de long hebben en meer eo-
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sinofielen (een ander soort ontstekingscel) in vergelijking tot wild-type muizen. 
Hieruit kan geconcludeerd worden dat NF-�B inderdaad bijdraagt aan de pro-
ductie van de cytokinen en chemokinen die verantwoordelijk zijn voor het infil-
treren van neutrofielen in de long.  
 
 
Slotopmerking 
Uit de hier beschreven studies kunnen we concluderen dat het van belang is 
de oorzaak van de neutrofilie mee te nemen in de ontwikkeling van therapieën. 
De reactie van longepitheelcellen tijdens neutrofilie hangt namelijk mede af 
van de oorzaak van de neutrofilie. Toekomstig onderzoek, gebruikmakend van 
celkweek en diermodellen in combinatie met verschillende neutrofilie veroor-
zakende stoffen, zal bijdragen aan een betere kennis van de verschillende 
humane longziekten en aan het identificeren van passende therapieën voor 
deze longziekten. 

total thesis definitief.pdf   140total thesis definitief.pdf   140 4-4-2008   10:07:214-4-2008   10:07:21



 141

 
 
 
 
 
 
 

DANKWOORD / ACKNOWLEDGEMENTS 

total thesis definitief.pdf   141total thesis definitief.pdf   141 4-4-2008   10:07:214-4-2008   10:07:21



Dankwoord 

 142 
 

total thesis definitief.pdf   142total thesis definitief.pdf   142 4-4-2008   10:07:214-4-2008   10:07:21



Acknowledgements 

 143

DANKWOORD / ACKNOWLEDGEMENTS 
 
 
Onderzoek doe je nooit alleen en een proefschrift tot stand laten komen al 
helemaal niet! Ik denk dat ik dan ook maar gewoon vooraan ga beginnen met 
mensen bedanken en maar zie hoe lang dit hoofdstuk gaat worden. Daar 
gaatíe dan…… 
 
Prof. Wouters, mijn promotor. Toen u vernam waar mijn onderzoek in Vermont 
zich op had toegespitst, was het voor u direct duidelijk hoe deze samenwer-
king voort te zetten en de onderzoekslijn door te trekken naar het lopende 
onderzoek in Maastricht. Ik bewonder uw overkoepelde visie en wil u hartelijk 
danken voor uw vertrouwen en steun de afgelopen vier jaar.  
And then a special thanks for my other promotor. Brooke, when I first started 
as an intern in your lab in Vermont, you gave me the freedom to further de-
velop my interest in research. You had faith in me and encouraged me to get 
my PhD here in Maastricht. You have been a role model for me and I hope 
we’ll stay in touch in the future. 
Juanita, we hadden elkaar een keer gesproken over de telefoon en ik wist niet 
wie me op zou staan te wachten in de hal van het ziekenhuis. Nu zijn we zo-
maar ruim 4 jaar verder. Dank je wel voor je begeleiding en ondersteuning. 
 
Verder gaat mijn dank uit daar de beoordelingscommissie van mijn proef-
schrift, onder voorzitterschap van Prof. Cohen Tervaert en verder bestaande 
uit Prof. Bruggeman, Prof. Brusselle, Prof. Hiemstra en Prof. van Schooten. 
Hartelijk dank voor het kritisch beoordelen van mijn proefschrift.  
 
Omdat laboratorium dieren een zeer significant (hoewel ik niet weet welke 
toets ik hierop los zou moeten laten om dit te testen…) onderdeel van mijn 
onderzoek zijn, gaat mijn dank uit naar alle mensen werkzaam op de experi-
mentele gang van het CPV. Een aantal kan ik niet, niet bij naam noemen. 
Menig uurtje heb ik in ‘de kelder’ doorgebracht en altijd stonden Harry, Allard 
en Rik voor mij klaar. Heren mijn dank is groot! Verder uiteraard mijn dank aan 
de dames van het CPV-secretariaat Nadine en Marlies. Paulien dankjewel 
voor het mee coördineren van de Mpo-/- fok. Ondanks al die uurtjes in de kel-
der heb ik mij het “muis” nog niet eigen kunnen maken, dus de communicatie 
ging soms wat stroef (ik zou ook proberen te bijten als ik proefdier was), toch 
een “dankjewel” aan alle proefdieren, het is zeker niet voor niets geweest.  
 
Weer uit ‘de kelder’ omhoog gekomen stonden mijn PUL collega’s altijd voor 
mij klaar. Nadja and Johanna thanks for your good-fellowship and friendship, I 
hope it will last a long time. Marco en Jodil jullie uiteraard ook bedankt voor 
jullie hulp en de gezellige babbels in de OBP. Mieke, dank je wel voor een 
goede sfeer op ons kamertje, dat dit maar zo mag blijven! Harry, geen sta-
tistische uitdaging of computer probleem was te groot of onoplosbaar. Ik snap 
nog steeds niet hoe je het soms doet! Mijn dank is een vierkante meter zelfge-
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bakken kruimelpudding vlaai groot (helaas voor jou is mijn oven dat niet). 
Ramon, we hebben heel wat tijd vol gemaakt met dierexperimenten. Je was 
tijdens deze dagen op de muizen O-“Ka” niet alleen een gezellige collega, 
even enthousiast over onderzoek als ik, maar ook een luisterend oor en ik kon 
je altijd om (wijze) raad vragen. Op het moment dat ik dit schrijf, heb ik de 
overstap naar het spieronderzoek (nog niet) gemaakt, maar wanneer jij dit 
leest al wel. Toch ga ik nu gewoon al schrijven dat er een hele leuke, onder-
zoekstechnisch uitdagende tijd aan zit te komen. Heb er veel zin in! Niki en 
Dily, jullie ook hartelijk dank. Uiteraard wil ik hier ook mijn mede (oud)-aio’s op 
onze groep bedanken. Erica, Jos en Evi (suc-6 in het buitenland!). En voor 
degene die er ook bijna zijn of nog even moeten, Alex (zet ‘m op), Pascal (nog 
ff), Mieke (altijd gezellig als je op de uni bent). Celine, Ine en Bettine, succes!  
En last but not least, uiteraard de dames op het PUL-secretariaat, dank jullie 
wel.  
 
Wie ik ook zeker wil bedanken, zijn de mensen waar ik mee heb mogen sa-
men werken hier op de Uni en in het ziekenhuis. Robert Jan, mijn dank is 
groot voor alle leerzame uurtjes achter de microscoop. Peter, altijd fijn met je 
samengewerkt. Jammer dat je al weer een tijdje in Groningen zit, maar ik hoop 
dat we contact houden. Liesbeth (succes in Utrecht), Sofia (thanks for a good 
time and even better science, we’ll keep in touch) en last, but not least Nejla 
(MPO rules).   
 
Uiteraard was dit boekje er niet geweest als ik niet op zijn tijd had kunnen 
relaxen en een luisterend oor had gevonden in mijn vriendenkring. Botje, 
samen zijn we door alle leuke en minder leuke kanten van het aio-schap heen 
gefietst, ook voor jou komt het eind in zicht. Dank je wel voor je vriendschap 
en alle gezellige uurtjes, maar vooral ook voor het luisteren naar mijn oeverlo-
ze geklets! Ik had me geen betere paranimf kunnen wensen. Lot(tie) en Mar-
jolein ook jullie wil ik speciaal bedanken. We gaan al heel wat jaartjes terug en 
daar gaan nog heel wat jaartjes bijkomen! Maar niet alleen vriendinnen 
(ver(der)) weg, ook vriendinnen vlak bij (soms zelfs aan de overkant van de 
straat), altijd in voor een bakkie, een kletsje of een middagje relaxen in de 
thermen. Martien & Marcella, dank jullie wel voor alles! ’t Is nu tijd om eens 
goed te gaan feesten. 
And not only science but also friendship crosses boarders. So here we go…. 
Trisha, Marcella, Luca and Sabrina thanks for everything, especially for send-
ing me those hard to get papers. And a very special thanks for you, Masha. 
For lots of good times in VT, we’ll stay in touch.   
 
Verder uiteraard een speciale dankjewel voor familie. Alex, ondertussen een 
bonk van een vent, toch altijd een beetje mijn kleine broertje. Lief dat je er 
altijd voor mij bent, of het nu gaat om een ritje naar Schiphol, zomaar even 
bijkletsen of een (te) zonnig maar erg leuk middagje kanoën op de Maas (toch 
maar zonnebrand volgende keer!). En uiteraard, mijn grote broer Gijs, ook jij 
bedankt voor je support en interesse! Ondanks dat moeders het maar niets 
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vinden als de kids zover van huis gaan, toch ook altijd interesse van jou, José. 
Ook jij, bedankt voor je smsjes en belletjes vlak voor presentaties en congres-
sen de afgelopen jaren.  
Moeke en Jan, dank jullie wel voor de kans die jullie mij gegeven hebben om 
te gaan studeren en voor jullie interesse de afgelopen jaren. Ik ben blij dat ik 
met jullie steun iets heb gevonden dat echt mijn ding is! 
 
Echt ons ding moet ik eigenlijk zeggen, want er is er maar een die mij zo goed 
begrijpt en kent als jij, Roy. Dank je wel voor alles!  
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