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BACKGROUND AND PURPOSE

Acute exacerbations of chronic obstructive pulmonary disease (COPD), which are often associated with respiratory infections,
are defined as a worsening of symptoms that require a change in medication. Exacerbations are characterized by a reduction
in lung function, quality of life and are associated with increased pro-inflammatory mediators in the lung. Our aim was to
develop an animal model to mimic aspects of this exaggerated inflammatory response by combining key etiological factors,
tobacco smoke (TS) and bacterial lipopolysaccharide (LPS).

EXPERIMENTAL APPROACH
Rats were exposed to TS for 30 min twice a day for 2 days. On day 3 animals were exposed to LPS for 30 min followed by
exposure to TS 5 h later. Inflammation, mucus and lung function were assessed 24 h after LPS.

KEY RESULTS

Neutrophils, mucus, oedema and cytotoxicity in lung and/or bronchoalveolar lavage was increased in animals exposed to
combined LPS and TS, compared with either stimulus alone. Lung function was impaired in animals exposed to combined LPS
and TS. Inflammatory cells, oedema and mucus were unaffected by pretreatment with the corticosteroid, budesonide, but
were reduced by the phosphodiesterase 4 selective inhibitor roflumilast. Additionally, lung function was improved by
roflumilast.

CONCLUSIONS AND IMPLICATIONS

We have established an in vivo model mimicking characteristic features of acute exacerbations of COPD including lung
function decline and increased lung inflammation. This model may be useful to investigate molecular and cellular mechanisms
underlying such exacerbations, to identify new targets and to discover novel therapeutic agents.

Abbreviations

BAL, broncho alveolar lavage; BCA, bicinchoninic acid; BSA, bovine serum albumin; COPD, chronic obstructive
pulmonary disease; FEViq, forced expiratory volume in the first 100 milliseconds; FITC, fluorescein isothiocyanate;
FVC, forced vital capacity; GOLD, global initiative for chronic obstructive lung disease; LDH, lactate dehydrogenase;
LPS, lipopolysaccharide; MUCSAC, muucin-SAC; NaCMC, sodium carboxymethylcellulose; NBF, neutral buffered
formalin; PBS, phosphate buffered saline; PDE, phosphodiesterase; PEG300, polyethylene glycol 300 <; PRRs, Pathogen
recognition receptors; TLC, Total lung capacity; TLR4, toll like receptor 4; TS, tobacco smoke; UEA-1, Ulex europaeus
agglutinin-1
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Introduction

An acute exacerbation of chronic obstructive pul-
monary disease (COPD) is defined as ‘an event in
the natural course of the disease that is character-
ized by a change in the patient’s baseline dyspnea,
cough or sputum beyond day-to-day variability and
sufficient to warrant a change in management’
(Pauwels et al., 2001; Celli and MacNee, 2004). An
increased frequency of COPD exacerbations is asso-
ciated with a reduction in patient health status
resulting in a major detrimental effect on acute mor-
bidity and mortality (Seemungal efal., 1998).
Current therapeutic agents have limited effects and
thus acute exacerbations requiring hospitalization
are a significant burden on healthcare services (Sul-
livan etal.,, 2000; Calverley, 2008). Discovering
effective therapeutic interventions for acute exacer-
bations of COPD should improve patient quality of
life and also reduce the disease burden.

The most common causes of an acute exacerba-
tion are thought to be viral and bacterial infections.
Indeed a study recently demonstrated that respira-
tory viral and/or bacterial infections were isolated
from 78% of COPD patients admitted to hospital
with exacerbations of their disease (Papi etal.,
2006). Specifically, the Gram negative bacteria, non-
typeable Haemophilus influenzae and Moraxella
catarrhalis, are two of the most commonly isolated
bacterial pathogens from patients during exacerba-
tions (Sethi and Murphy, 2001).

During an exacerbation, COPD patients have
elevated levels of inflammatory mediators in
sputum compared with patients with stable COPD.
Studies have shown an increase in inflammatory
cells including neutrophils, eosinophils and
T-lymphocytes in sputum, BAL and/or lung tissue
(Balbi et al., 1997; Drost et al., 2005; Fujimoto et al.,
2005; Tsoumakidou et al., 2005). These increases in
inflammatory cells are associated with an increase in
mucus and other inflammatory mediators and
cytokines(Aaron et al., 2001; Gompertz et al., 2001;
Fujimoto et al., 2005). As well as a transient increase
in inflammation during exacerbations, the exacer-
bations appear to result in a small but significant
increase in the rate of lung function decline com-
pared with non-exacerbating COPD patients
(Donaldson et al., 2002).

As in stable COPD, this exaggerated inflamma-
tory response during an acute exacerbation is
treated with corticosteroids. Clinical trials suggest
that oral corticosteroids may have beneficial effects
reducing exacerbation rate and the associated mor-
bidity (Davies et al., 1999; Niewoehner ef al., 1999).
Inhaled corticosteroids have also been shown to
reduce the frequency of exacerbations in COPD
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patients (Pauwels et al., 1999; Vestbo et al., 1999;
Burge et al., 2000; Alsaeedi et al., 2002). The inflam-
mation observed in COPD patients is well recog-
nized to be less responsive to steroids than that seen
in asthma (Adcock and Barnes, 2008); indeed the
levels of neutrophils and cytokines in the sputum
have been shown to be unaffected by high doses of
inhaled corticosteroids in COPD patients (Culpitt
et al., 1999). In addition to corticosteroids, the effect
of the selective phosphodiesterase (PDE)4 inhibitor,
roflumilast, has been evaluated in the clinic in
COPD patients (Spina, 2008). First, in stable COPD
patients, roflumilast had some anti-inflammatory
effects and caused a small improvement in lung
function (Rabe etal., 2005; Grootendorst etal.,
2007). Interestingly, in a study in which patients
with severe COPD were treated with roflumilast, for
1-year, a decreased exacerbation rate in the most
severe COPD patients (GOLD stage 1V) was
observed. However, when the whole cohort was
included, there was no significant reduction in exac-
erbation rate (Calverley et al., 2007). As exacerba-
tions are thought to play an important role in the
progression of COPD, the identification of novel
therapies which have more pronounced benefits in
the treatment of exacerbations would be expected to
lead to substantial improvements in the patient’s
quality of life and mortality.

Little is known about the cellular and molecular
mechanisms underlying acute exacerbations of
COPD and thus there is a requirement to develop
suitable model systems to provide insights and
facilitate the discovery of novel therapeutic agents.
Studies have been performed in mice by exposing
them to a combination of tobacco smoke (TS) and
bacterial lipopolysaccharide (LPS). These studies
demonstrate that mice exhibit a different inflamma-
tory profile when exposed to LPS in combination
with TS compared with animals exposed to either
LPS or smoke alone (Meng et al., 2006; Lee et al.,
2007). For example an increase in BAL neutrophils
together with an increase in lung tissue apoptosis
was observed in mice exposed to the combination of
LPS and TS versus either stimulus alone (Lee et al.,
2007).

The objective of our study was to establish an
acute model system to try and reproduce aspects of
the increased inflammatory response seen during an
acute exacerbation of COPD by exposing Sprague-
Dawley rats to a combination of LPS and TS. In
addition to inflammatory cells, we measured mucus
levels and various lung function parameters. To
further characterize this model, we tested the effects
of two known anti-inflammatory agents, a corticos-
teroid, budesonide and the phosphodiesterase
(PDE)4 inhibitor roflumilast. Enhanced inflamma-
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tion and reduced lung function was observed in the
rats exposed to a combination of LPS and TS versus
rats exposed to either stimulus alone. In addition,
the inflammation induced by a combination of LPS
and TS was insensitive to steroids, whereas a PDE4
inhibitor was effective at reducing the inflammation
and improving lung function parameters. It is
anticipated that this model will provide insights
into the pathways involved in the enhanced
inflammatory response observed during an acute
exacerbation of COPD, and thus facilitate the iden-
tification of novel effective therapeutic agents.

Methods

In vivo protocols

All animal care and experimental studies were per-
formed under a Project License issued by the United
Kingdom Home Office under the Animal (Scientific
Procedures) Act 1986 and approved by local ethical
review processes (ERP). Adult male Sprague-Dawley
rats (250-350 g; eight per treatment group) were
housed in rooms maintained at constant tempera-
ture (21 £ 2°C) and humidity (85 = 15%) with a
12 h light cycle and 15-20 air changes per hour.
Animals were allowed food, RM1 Pellets (SDS UK
Ltd) and water ad libitum.

In these studies inflammation was induced by
the combination of LPS and TS, LPS alone or TS
alone. For these studies rats were exposed to TS
(1R3F Kentucky Research cigarettes) for 30 min
twice a day on two consecutive days with at least a
5 h gap between each exposure. On the morning of
day 3 animals were exposed for 30 min to aero-
solized LPS (E. coli serotype 0111:B4; 0.3 mg-mL™)
generated by a Topaz ATM210 compressed air
aerosol generator. Five hours after LPS exposure,
animals were exposed to TS for 30 min. In the
groups in which rats were exposed to TS alone, the
same protocol was followed, but instead of aero-
solized LPS, rats were exposed to a saline aerosol
generated in the same manner for 30 min. In the
groups exposed to LPS alone the same protocol was
followed with rats exposed to room air for 30 min in
the place of each TS exposure. Budesonide (prepared
in 0.5% NaCMC), roflumilast [prepared in 70%
PEG300/30% Glucose (5% w/v)] or the respective
vehicles were given orally (0.5 mL per rat) 1 hour
prior to each exposure to either air/TS or saline/LPS.
In the satellite study where lung function was
assessed, rats were treated orally (0.5 mL per rat) 1
hour prior to each smoke exposure on day 1 and
then 1 hour prior to the first smoke exposure on
days 2 and 3. The doses and route of administration
of budesonide and roflumilast were selected based

on what has been reported in other in vivo model
systems  (Birrell efal.,, 2005, Wollin etal,
2006).Animals were killed with an overdose of
euthatal (200 mg i.p) 24 h after the saline/LPS
exposure.

Bronchoalveolar lavage fluid and lung

tissue analysis

Bronchoalveolar lavage (BAL) was performed by
instilling 3 x 4 mL of sterile phosphate buffered
saline (PBS) (without calcium and magnesium) into
the airways through a cannula and then recovering
the PBS. Cytospins were prepared for differential cell
count analysis by centrifuging aliquots of BAL fluid
in a cytospin at 55x g with low acceleration at room
temperature for 5 min. The slides were then fixed
and stained on a Bayer Hema-Tek using modified
Wright Giemsa stain. The remaining BAL fluid was
spun at 300 g for 10 min at 4°C. The supernatant
was removed and stored at —80°C until required for
analysis of total protein and lactate dehydrogenase
activity. The cell pellet was re-suspended in methyl-
violet for analysis of total cell counts using a
haemocytometer. Differential cell counts of the cells
recovered from the airway lumen were determined
by light microscopy from the cytospin preparations
using standard morphological criteria and the per-
centage of macrophages, lymphocytes and neutro-
phils were determined. The concentration of the
total protein in the BAL was determined using a
bicinchoninic acid (BCA) protein assay kit following
manufacturer’s instructions (Thermoscientific,
Cramlington, UK). Lactate dehydrogenase activity
was assessed using a Cytotoxicity detection kit fol-
lowing manufacturer’s instructions (Roche Diagnos-
tics, Burgess Hill, UK).

Immediately after BAL, the top right lung lobe
was removed and enzymically digested using a
method modified from the literature (Underwood
et al., 1997). The lung lobe was perfused with room
temperature RPMI 1640 using a peristaltic pump to
remove the blood. The tissue was chopped finely
using a Mclllwain chopper and incubated for 1 h at
37°C with gentle agitation in 10 mL RPMI 1640/
10% FBS containing collagenase (1 mg-mL™) and
DNase (25 pg-mL™) in a shaking water bath. The
recovered cells were filtered through a cell sieve
(mesh size 70 um) and washed three times with
room temperature RPMI 1640. Total and differential
cell counts were performed on the cells that were
recovered. The remaining right lung lobes were tied
off and snap frozen in liquid nitrogen. Total RNA
was isolated from lung tissue using the RNeasy mini
RNA isolation kit (Qiagen™). First strand cDNA
was prepared using the first strand cDNA synthesis
kit (Applied Biosystems). For TagMan reverse
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transcriptase-PCR, inventoried TagMan gene
expression assays for B-actin and MUCSAC were
purchased from Applied Biosystems and experi-
ments performed wusing an ABI PRISM 7900
sequence detector.

Histology

The left lung lobe was insufflated with 10% neutral
buffered formalin (NBF) at a constant pressure of
25 cm H,O for histological assessment. Lung tissue
neutrophils were identified by staining 3 um lung
sections using substituted Napthol AS-D chloroac-
etate esterase method in paraffin sections. Changes
in mucus levels were detected using fluorescein con-
jugated Ulex europaeus agglutinin-1 (UEA-1) (Vector
Laboratories, Peterborough, UK) in conjunction
with a secondary antibody, Biotin-SP IgG fraction
monoclonal mouse anti-FITC (Jacksons Immunore-
search, Newmarket, UK). Immunohistochemistry
was performed on an automated immunostainer
(Ventana Medical Systems, Tuscon, AZ, USA) using
heat induced antigen retrieval and standard DAB
detection Kit (Ventana Medical Systems). The area of
UEA-1 staining was analysed on between 10 to 15
airway fields for each sample with a KS400 image
analyser (Image Associates, Congleton, UK). UEA-1
has been previously validated as a marker of respi-
ratory mucus levels (Jackson et al. 2002).

Lung function assessment

Lung function was measured using a forced manoeu-
vres system (Buxco, Winchester, UK). Rats were
anaesthetized (medetomidine 0.33 mg-kg ™"
ketamine™? 50 mg-kg”, 1mL-kg", ip.) and the
trachea cannulated. The tracheal cannula was con-
nected up to a manifold and a volume history
manoeuvre was performed three times. This ensures
all rats have a similar pretreatment regarding pulmo-
nary inflation pressure. Following this, three fast
flow manoeuvres were performed with at least a
one-minute interval between them. This manoeuvre
involved inflating the animal’s lungs to a tracheal
pressure of 25 cmH,O, holding this pressure for 2 s
and then exhaling as quickly as possible, until the
respiratory flow declined to 5 mL-s™. Total lung
capacity (TLC), forced vital capacity (FVC) and
forced expiratory volume in the first 100 ms (FEV1¢0)
were calculated from this manoeuvre. Subsequently,
a quasistatic pressure volume manoeuvre was per-
formed with the rat inspired to TLC and then slowly
expired to residual volume. The slope of the expira-
tion curve between 0-10 cm H,O was measured
(chord compliance; Cchord).

Statistics
All of the data are expressed as mean =* standard
error of the mean (SEM). The statistical analysis per-
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formed in these studies were those suggested by a
qualified statistician and based on hypotheses gen-
erated prior to the initiation of the studies. In
Figures 1-4 comparisons are made between each
group, but only the statistically significant ditfer-
ences are shown. In cases where two groups were
compared a Mann-Whitney U-test was performed.
Multiple group comparisons were performed using
the Kruskal-Wallis test followed by the Dunn’s mul-
tiple comparison post test. P < 0.05 was taken to
indicate statistical significance.

Materials

Sprague-Dawley rats (Charles-River, Margate, UK),
RM1 pellets (SDS UK Ltd.,, Witham, UK), 1R3F
Research cigarettes (Kentucky University, Lexing-
ton, KT, USA), budesonide, modified Wright-Giemsa
stain and LPS (E. coli 0111:B4) (Sigma, Dorset, UK),
roflumilast (Tocris, Bristol, UK), PBS, RPMI 1640,
fetal bovine serum (FBS) (Invitrogen, Paisley, UK),
BCA protein assay kit (Thermoscientific), cytotoxic-
ity detection kit, collagenase, DNase (Roche Diag-
nostics), RNeasy mini RNA isolation kit (Qiagen,
Crawley, UK), cDNA synthesis kit, gene expression
assays (Applied Biosystems, Warrington, UK).

Results

Effect of LPS and TS challenge on
inflammation in Sprague-Dawley rats
Sprague-Dawley rats challenged with a combination
of LPS and TS showed a marked increase in total
inflammatory cells in the airway lumen compared
with animals challenged with either inflammatory
stimulus individually (TS/LPS: 8240 + 854 x 10°
cellssmL™ vs. air/LPS: 2737 *= 223 x 10° cells-mL™",
TS/saline: 1496 = 189 x 103 cells-mL™ or air/saline:
977 + 109 x 10° cells-mL™). The increase in total
cells comprised mainly of an increase in neutrophil
numbers, which were significantly elevated after
exposure to the combination of LPS and TS (7070 =
760 cells x 10°>-mL™) compared with TS alone (807 =
157 cells x 10> mL™! for the TS/LPS (Figure 1A and B).
In the lung tissue the levels of neutrophils deter-
mined by histological assessment and tissue digests
were highest in animals exposed to a combination
of LPS and TS; however, there was not a statistically
significant difference compared with those exposed
to either stimulus alone (Figure 1C and D).

Effect of LPS and TS on lung mucus levels in
Sprague-Dawley rats

In addition to an increase in inflammatory cells the
levels of mucus in the airways were increased after
challenge with a combination of LPS and TS com-
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Inflammatory cell numbers are elevated in response to exposure to a combination of LPS and tobacco smoke (TS). Sprague-Dawley rats were
exposed to TS or air for 30 min twice a day for 2 days. On the morning of day 3 rats were exposed to saline of LPS (0.3 mg-mL™) for 30 min
followed by TS or air 5 h later. Twenty-four hours after LPS exposure the number of (A) total cells were assessed in the BAL and the numbers of
neutrophils were assessed in the (B) BAL and lung tissue using (C) tissue digests. Data are expressed as the mean and SEM of n = 8 animals per
group. (D) Neutrophils were also assessed in the lung tissue by histological assessment. Representative sections from each group (8 animals per
group) are shown. (*P < 0.05, **P < 0.01, ***P < 0.001 compared with air/saline controls; ##P < 0.01 compared with TS/saline group). BAL,

broncho alveolar lavage; LPS, lipopolysaccharide.

pared with either LPS or TS stimulus alone; however,
this difference was not statistically significant
(Figure 2A and B). The increase in the level of
mucus was associated with an increase in MUCSAC
mRNA levels, compared with air/saline controls
(Figure 2C).

Effect of LPS and TS challenge on cytotoxicity
and plasma protein extravasation in the
lungs of Sprague-Dawley rats

Lactate dehydrogenase (LDH) activity was signifi-
cantly elevated in the BAL fluid of animals exposed
to LPS and TS versus those exposed to LPS alone,
suggesting that the combination of LPS and TS
causes an increase in cytotoxicity (Figure 3A). The
levels of total protein detected in the BAL fluid were
also significantly enhanced in animals challenged
with a combination of LPS and TS compared with

those challenged with LPS alone, suggesting that
there is increase in plasma protein extravasation
(Figure 3B).

Effect of LPS and TS challenge on lung
function in Sprague-Dawley rats

The effect of challenging animals with a combina-
tion of LPS and TS on lung function was also inves-
tigated. No change was observed in lung function
parameters in the animals exposed to TS alone.
There was an apparent drop in lung function in rats
exposed to LPS alone; however, this did not reach
statistical significance. In contrast, challenge with a
combination of LPS and TS led to a significant
reduction in total lung capacity (TLC), chord com-
pliance and forced expiratory volume in 100 ms
(FEVi00) compared with air/saline challenged
animals (Figure 4A—C respectively).
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Mucus levels are elevated in response to exposure to a combination of LPS and tobacco smoke. Sprague-Dawley rats were exposed to tobacco
smoke or air for 30 min twice a day for 2 days. On the morning of day 3 rats were exposed to saline of LPS (0.3 mg-mL™") for 30 min followed
by tobacco smoke or air 5 h later. Twenty-four hours after LPS exposure the levels of mucus were determined by UEA-1 staining and MUC5AC
gene expression. Data shown are (A) representative pictures of UEA-1 staining (B) quantification of UEA-1 stained area expressed as mean and SEM
of n=8 per group and (C) MUC5AC gene expression levels in the lung tissue expressed as mean and SEM of n = 7-8 per group. (*P < 0.05, ***P
< 0.001 compared with air/saline controls). LPS, lipopolysaccharide; MUC5AC, muucin-5AC; UEA-1, Ulex europaeus agglutinin-1.
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Lipopolysaccharide (LPS) and tobacco smoke (TS) exposure results in an increase in cytotoxicity and oedema. Sprague-Dawley rats were exposed
to TS or air for 30 min twice a day for 2 days. On the morning of day 3 rats were exposed to saline of LPS (0.3 mg-mL™") for 30 min followed by
TS or air 5 h later. Twenty-four hours after LPS exposure the levels of (A) LDH activity and (B) total protein in the BAL were assessed. Data are
expressed as mean and SEM of n = 8 per group. **P < 0.01, ***P < 0.0017 compared with air/saline controls; $P < 0.05 compared with air/LPS

comtrols). BAL, broncho alveolar lavage.

Effect of budesonide on LPS- and TS-induced
inflammation, mucus and protein levels

To determine whether the inflammation in response
to exposure to LPS and TS was responsive to
corticosteroids we tested the effects of orally admin-
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istered budesonide. Budesonide (3 mg-kg™") signifi-
cantly reduced the numbers of neutrophils in the
BAL fluid recovered from LPS-challenged animals
(Figure 5A). In animals exposed to smoke alone,
budesonide (3 mg-kg™) did not significantly affect
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Lung function parameters are impaired in LPS and TS exposed rats. Sprague-Dawley rats were exposed to tobacco smoke or air for 30 min twice
a day for 2 days. On the morning of day 3 rats were exposed to saline of LPS (0.3 mg-mL™) for 30 min followed by tobacco smoke or air 5 h later.
Twenty-four hours after LPS exposure (A) total lung capacity (TLC) (B) chord compliance (Cchord) and (C) FEViq were assessed by forced
manoeuvres. Data are expressed as mean and SEM of n = 8 animals per group. (*P < 0.05 compared with air/saline exposed animals). LPS,

lipopolysaccharide; TS, tobacco smoke.

the number of neutrophils in the BAL fluid. Budes-
onide also did not significantly affect the increase in
BAL neutrophils in animals exposed to a combina-
tion of LPS and TS (Figure 5A). Furthermore,
budesonide did not significantly alter mucus or total
protein levels following exposure to LPS and TS
(Figure 5B and C)

Effect of roflumilast on LPS and TS induced
inflammation, mucus and protein levels

The effects of the selective PDE4 inhibitor, roflumi-
last, on LPS and TS induced lung inflammation,
mucus and protein levels were assessed. Roflumilast
(10 mg-kg™) significantly attenuated the increase in
total cells in BAL induced by a combination of LPS
and TS, compared with vehicle controls (5828 + 650
x 10%mL™" vs. 11459 + 1951 x 10°>mL™! respec-
tively; P < 0.05) but had no statistically significant
inhibitory effect on BAL neutrophil numbers
(Figure 6A). Roflumilast (10 mg-kg™), however, did
cause a statistically significant reduction in mucus
and total protein levels in animals exposed to a
combination of LPS and TS (Figure 6B and C). The
effects of roflumilast (10 mg-kg™!) on lung function
parameters were assessed in a separate study. A sig-

nificant improvement in TLC, FEV;q, Cchord and
forced vital capacity (FVC) were observed in animals
treated with roflumilast at 10 mg-kg™' (Figure 7).

Discussion

Acute exacerbations of COPD are associated with
an increase in patient morbidity and mortality.
Currently there are no effective therapies for the
treatment of acute exacerbation of COPD and the
molecular mechanisms are poorly understood. It is
therefore important to develop in vivo models to
aid with the identification of novel therapeutic
targets, and ultimately effective therapies. In this
study we have developed a model system to try and
reproduce aspects of an acute exacerbation of
COPD by combining the main causative agent of
COPD, TS, with LPS, to mimic aspects of a
bacterial-induced acute exacerbation. We have
demonstrated that exposing animals to a combina-
tion of LPS and TS results in increased inflamma-
tory cells, mucus, cytotoxicity and total protein in
the lung as well as a reduction in lung function
compared with the air/saline control. In some cases
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Budesonide does not significantly affect inflammation induced by the combination of LPS and TS. Sprague-Dawley rats were exposed to tobacco
smoke or air for 30 min twice a day for 2 days. On the morning of day 3 rats were exposed to saline of LPS (0.3 mg-mL™") for 30 min followed
by tobacco smoke or air 5 h later. One hour prior to each exposure animals were either dosed with vehicle or budesonide (0.3, 1 or 3 mg-kg™).
Twenty-four hours after LPS exposure (A) neutrophils (B) mucus and (C) total protein levels were assessed. Data represent the mean and SEM of
n = 8 animals per group which was performed in one single experiment. (*P < 0.05, **P < 0.01, ***P < 0.001 compared with air/saline controls;
#P < 0.05 compared with appropriate stimulus/vehicle control). BAL, broncho alveolar lavage; LPS, lipopolysaccharide; TS, tobacco smoke; UEA-1,

Ulex europaeus agglutinin-1.

the increase in inflammation was significantly
elevated compared with either smoke or LPS expo-
sure alone. The enhanced inflammation, mucus
and total protein levels while insensitive to the cor-
ticosteroid budesonide, were reduced by the PDE4
inhibitor, roflumilast.

The inflammation present during the course of
acute exacerbations has been assessed in COPD
patients. During an acute exacerbation there is evi-
dence that patients have elevated sputum neutro-
phils and mucus hypersecretion, which have both
been associated with a decrease in FEV; (Vestbo
etal., 1996; Miravitlles et al.,, 2000; Drost etal.,
2005; Miravitlles et al., 2006). Additionally during
an acute exacerbation, significant decreases in lung
function parameters are observed which are at least
partially reversed upon recovery. Studies have dem-
onstrated that the greater the extent of lung func-
tion decline, the longer it takes to recover from the
exacerbation (Seemungal et al., 2000). To our knowl-
edge, the cause of this reversible change in lung
function during an exacerbation in COPD patients
has not been elucidated.

In this model we have demonstrated that expos-
ing Sprague-Dawley rats to a combination of LPS
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and TS results in an increase in lung neutrophil
numbers, a decrease in lung function parameters
and an increase in airway mucus levels. An earlier
study had demonstrated that exposing animals to a
combination of LPS and TS resulted in a change in
the inflammatory response compared with exposure
to either stimulus alone (Meng et al., 2006; Lee et al.,
2007). Similar to the findings in our study, the group
demonstrated that combined LPS and TS exposure
produces an exaggerated inflammatory response
(and increased cytotoxicity) compared with animals
exposed to either stimuli alone (Lee et al., 2007).
Additionally a recent paper has demonstrated that
exposing mice to TS for 8 weeks followed by innocu-
lation with non-typeable Haemophilus Influenza
(NTHI) resulted in a similar greater than additive
increase in neutrophils in the BAL compared with
either stimulus alone (Gaschler et al., 2009).

In this study as well as observing an increase in
inflammatory cells we have extended these findings
to demonstrate that total lung capacity, FEVio and
chord compliance were reduced in rats exposed to
LPS and TS compared with air/saline exposed con-
trols. Interestingly in this study we were able to
detect an increase in the levels of total protein in the
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Roflumilast significantly reduced the inflammatory mediators induced by the combination of LPS and TS. Sprague-Dawley rats were exposed to
tobacco smoke or air for 30 min twice a day for 2 days. On the morning of day 3 rats were exposed to saline of LPS (0.3 mg-mL™) for 30 min
followed by tobacco smoke or air 5 h later. One hour prior to each exposure animals were either dosed with vehicle or roflumilast (3 or
10 mg-kg™). Twenty-four hours after LPS exposure (A) neutrophils (B) mucus and (C) total protein levels were assessed. Data represent the mean
and SEM of n =8 animals per group which was performed in one single experiment. (**P < 0.01, ***P < 0.001 compared with air/saline controls;
#P < 0.05, ###P < 0.001 compared with LPS/smoke/vehicle control). BAL, broncho alveolar lavage; LPS, lipopolysaccharide; TS, tobacco smoke;

UEA-1, Ulex europaeus agglutinin-1.

BAL fluid in animals exposed to a combination of
LPS and TS compared with those exposed to either
stimulus alone. As Baginski ef al. (2006), we also
observed a greater than additive increase in mucus
in rats exposed to the combination of LPS and TS
compared with those exposed to either stimulus
alone. We therefore hypothesize that the reduction
in lung function in our model may be due to an
increase in plasma protein extravasation leading to
oedema and/or mucus hypersecretion.

To further characterize this model we tested the
effects of known anti-inflammatory compounds,
corticosteroids and PDE4 inhibitors, which have
been investigated in COPD patients. Corticosteroids
have been show to reduce the duration and fre-
quency of exacerbations (Davies etal.,, 1999;
Niewoehner et al., 1999; Pauwels et al., 1999; Vestbo
etal., 1999; Burge et al., 2000); but have limited
effects on sputum neutrophils (Culpitt et al., 1999;
Davies et al., 1999; Niewoehner et al., 1999). PDE4
inhibitors show modest, but significant improve-
ments in quality of life scores and exacerbation fre-
quency in COPD patients (Rabe etfal., 2005;
Calverley etal.,, 2007; Grootendorst etal., 2007).

Additionally a reduction in the levels of sputum
neutrophils and CD8 + ve T cells has been observed
in COPD patients after treatment with roflumilast
(Grootendorst et al., 2007).

In these studies, budesonide (3 mg-kg™) signifi-
cantly reduced the numbers of neutrophils in the
BAL fluid in the rats exposed to LPS alone demon-
strating that this dosing regimen facilitated suffi-
cient exposure to induce anti-inflammatory effects.
In contrast, at the same dose of budesonide
(3 mg-kg™"), the inflammation induced by TS alone
was not significantly attenuated. Our results are
similar to those obtained by, Leclerc et al. (2006)
who demonstrated that while dexamethasone
inhibited LPS-induced inflammation in mice, it
failed to reduce the increase in neutrophils induced
by TS. In addition, in our study, budesonide did
not significantly affect the inflammation induced
by the combination of LPS and TS.In contrast to
this finding, Gaschler et al. (2009) demonstrated
that dexamethasone attenuated the inflammation
induced by TS and NTHI. The differences in corti-
costeroid sensitivity between these models are not
fully understood; however, the protocols used differ
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Roflumilast significantly improved lung function parameters impaired by the combination of lipopolysaccharide (LPS) and tobacco smoke (TS).
Sprague-Dawley rats were exposed to TS or air for 30 min twice a day for 2 days. On the morning of day 3 rats were exposed to saline of LPS
(0.3 mg-mL™") for 30 min followed by TS or air 5 h later. Animals were dosed with roflumilast (10 mg-kg™) twice on day one and then once daily
on days 2 and 3. Twenty-four hours after LPS exposure (A) TLC (B) FVC (C) FEV;00 and (D) chord compliance were assessed. Data represent the
mean and SEM of n=7-8 animals per group which was performed in one single experiment. (**P < 0.01 compared with air/saline/vehicle controls;
#P < 0.05, ##P < 0.01 compared with LPS/smoke/vehicle control). FEV1q0, forced expiratory volume in the first 100 milliseconds; FVC, forced vital

capacity; TLC, total lung capacity.

in species, duration, type and route of administra-
tion of corticosteroid, and the fact that Gaschler
et al. (2009) used live bacteria rather than LPS. All
of these differences may alter corticosteroid
sensitivity and higher doses of budesonide may be
effective.

In the studies reported here the trend towards a
reduction in neutrophil numbers and the statisti-
cally significant reduction in plasma protein
extravasation and mucus levels provide evidence
that roflumilast could inhibit the inflammatory
response elicited by the combination of LPS and TS.
It is possible that the lack of a statistically significant
reduction in neutrophils is due to the variability of
the data. While we did not evaluate the effect of
roflumilast on the LPS or smoke induced inflamma-
tion alone, the PDE4 inhibitor, cilomilast, has been
shown to be capable of suppressing inflammation
induced by either LPS or TS alone (Leclerc et al.,
2006). Additionally in these studies we demonstrate
the reduction in lung function parameters induced
by exposure to the combination of LPS and TS was
significantly reversed by the PDE4 inhibitor roflu-
milast. These findings further support our hypoth-
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esis that the reduction in lung function parameters
associated with exposure to the combination of LPS
and smoke may be due to mucus hypersecretion
and/or plasma protein extravasation. In the future it
would be of value to determine the effect of these
and other pharmacological agents on the duration
of the increased inflammatory response.

In this study LPS, a component of the cell wall
from Gram negative bacteria, was used to mimic the
induction of inflammation by a bacterial infection
through the Toll-like receptors, TLR4. However,
during an exacerbation, in addition to signalling
through TLR4, the bacterial infection will induce an
inflammatory response through a number of differ-
ent pathogen recognition receptors (PRRs). Clearly
another caveat to this model is that the inflamma-
tory response is induced in 3 days and therefore can
not replicate the chronicity of the inflammation
observed in COPD patients which develops over
many years prior to an acute exacerbation. However,
the exaggerated inflammatory response, decline in
lung function and increased mucus observed in this
model are similar to certain aspects of that observed
in COPD patients during an acute exacerbation of
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their disease. As this model mimics aspects of the
exaggerated inflammatory response observed during
an acute exacerbation, it may be useful to elucidate
the underlying molecular mechanisms that are
involved. If these prove to be the same in COPD
patients, then it may aid in the discovery of novel
effective therapies for treatment of acute exacerba-
tions of COPD.
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