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1 We investigated the effect of the p38 kinase inhibitor SB 203580 on airway inflammation induced
by aerosolized lipopolysaccharide (LPS) in male Wistar rats. SB 203580 significantly inhibited
(EDsy=15.8 mg kg~ ") plasma levels of TNF-« in rats challenged with LPS (1.5 mg kg™, i.p.).

2 Aecrosolized LPS induced a peak in TNF-« levels and the initiation of a neutrophilic response in
bronchoalveolar lavage (BAL) fluid at the 2 h time point. Furthermore, the 4 h time point was
associated with the peak in IL-1f levels and the initial plateau of neutrophilia observed in the BAL
fluid.

3 SB 203580 (100 mg kg~"), had no effect on peak TNF-« levels or the associated neutrophilia in
the BAL. Interestingly, the PDE 4 inhibitor RP 73401 (100 mg kg~") significantly reduced both
TNF-o levels and neutrophilic inflammation. However, the BAL fluid from rats pre-treated with
either compound significantly inhibited TNF-o release from cultured human monocytes 18 h after
LPS treatment (83.6 and 44.5% inhibition, respectively).

4 Alternatively, SB 203580 (100 mg kg~") produced dose-related inhibition of BAL IL-18 levels
(67.5% inhibition, P<0.01) and BAL neutrophilia (45.9% inhibition, P<0.01) 4 h after LPS
challenge.

5 P38 protein was present in lung tissue and the level of expression was not affected by LPS
treatment.

6 P38 kinase appears to be involved in the release of IL-1f and the sustained neutrophilic response
in the BAL fluid. This data may suggest a role for p38 inhibitors in the treatment of airway
inflammatory diseases in which neutrophilia is a feature of the lung pathology.
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Introduction

Aerosol or intranasal administration of LPS induces intense
lung inflammation, with macrophage activation and recruit-
ment of neutrophils to the interstitium, alveoli, and the
airways of guinea-pigs (Gordon et al., 1991), rats (Ulich et
al., 1994; Pauwels et al., 1990), and mice (Harmsen, 1988;
Gongalves de Moraes et al., 1996). This response requires the
upregulation of adhesion molecules on circulating leukocytes
and the pulmonary vascular endothelium and the expression
of endogenous chemotactic factors that draw the marginated
leukocytes across the endothelial and epithelial barriers into
the air spaces (Tang et al., 1995b; Ulich et al., 1991b; Strieter
& Kunkel, 1994). Inhalation challenge studies have also
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shown that LPS causes neutrophilic inflammation in non-
atopic subjects, non-asthmatic atopic subjects, and asthmatic
subjects (Sandstrom et al., 1994; Blaski et al., 1996;
Nightengale et al., 1998; Michel et al., 1997).

TNF-oo and IL-18 have been implicated as mediators of
LPS-induced airway inflammation (O’Leary er al., 1996;
Ulich et al., 1991a; Wesselius et al., 1995). TNF-o and IL-1f
have been shown to amplify pulmonary inflammatory
responses by stimulating the release of chemotactic factors
from alveolar macrophages and airway epithelial cells and by
upregulating the expression of leukocyte and endothelial
adhesion molecules (Strieter & Kunkel, 1994). Furthermore,
instillation of recombinant TNF-a into the tracheobronchial
tree induces chemokine release in bronchoalveolar lining fluid
(Koh et al., 1996) and upregulation of intercellular adhesion
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molecule-1 (ICAM-1) on pulmonary vascular endothelium
(Mulligan et al., 1993). ICAM-1 mRNA in whole lung is
increased following airway instillation of LPS in the rat. This
LPS-induced increase was reduced by 81% after treatment of
animals with anti-TNF-a antibody and 37% after treatment
with IL-1f antibody (Beck-Schimmer et al., 1997). Exposure
to aerosolized or endotracheally administered rTNF-o has
been associated with neutrophilic infiltration of the inter-
stitium or alveolar septae (Fuchs er al., 1990; Warren et al.,
1989). Administration of TNF-« inhibitors has been reported
to reduce LPS-induced lung inflammation in some models
(Kolls et al., 1995; Ulich et al., 1993) but not in others (Tang
et al., 1995a). In addition, the IL-1 receptor antagonist has
been shown to inhibit endotoxin and IL-1 induced acute
inflammation (Ulich et al., 1991a).

Several therapeutic strategies have been employed to
control the release of pro-inflammatory cytokines such as
IL-1p and TNF-«. Recently attention has focused on the
bicyclic pyridinyl imidazole class of compounds such as SB
203580 and SB 202190, which are potent inhibitors of TNF-«
and IL-1p release (Lee & Adams, 1995; Lee & Young, 1996;
Lee et al., 1993; 1994; Young et al., 1993). The intracellular
target of these compounds is the p38 mitogen-activated
protein kinase (MAPK, Lee ef al., 1994), a key component in
cytokine and stress-induced signal transduction pathways
(Davis, 1995). Analysis of the inhibitory mechanisms of these
compounds indicated that the site of action was primarily at
the translational level (Young et al., 1993; Prichett et al.,
1995).

Pyridinyl imidazoles such as SB 203580 act by inhibiting
p38 kinase activity through competition with ATP (Tong et
al., 1997; Young et al., 1997). The anti-inflammatory effects
of these compounds can be attributed, in part, to their ability
to suppress monocyte/macrophage production of TNF-« and
IL-1p (Lee & Young, 1996; Foey et al., 1998; Manthey et al.,
1998). However, numerous other anti-inflammatory activities
have been elucidated, including suppression of IL-1f-induced
prostaglandin H synthase-2 expression by endothelial cells
(Ridley et al., 1997), FMLP-induced neutrophil chemotaxis
(Zu et al., 1998), and IL-2- and IL-7-induced lymphocyte
proliferation (Crawley et al., 1997). Furthermore, in addition
to in vitro data, p38 kinase inhibitors such as SB 203580 and
SB 220025 have been shown to be efficacious in in vivo
models of arthritis and inflammatory angiogenesis (Badger et
al., 1996; Jackson et al., 1998).

In this study we investigated the in vivo contribution of the
p38 MAPK to LPS-induced airway inflammation using the
inhibitor SB 203580. This compound has been shown to be a
selective inhibitor of p38 kinase (Cuenda er al., 1995; Lee et
al., 1994; Young et al., 1997).

Methods
Animals

Male Wistar rats (150—-180 g) were purchased from
Harlan-Olac (Bicester, U.K.) and housed for at least 5
days before use. Food and water were supplied ad libitum.
U.K. Home Office guidelines for animal welfare based on
the Animals (Scientific Procedures) Act 1986 were strictly
observed.

Systemic LPS-induced TNF-u release in rats

Preliminary experiments were performed in order to
determine an appropriate dose of LPS, which induced
significant TNF-o release. In subsequent experiments rats
were orally dosed with vehicle (1% carboxymethyl cellulose
(CMC), 2mlkg™") or compound 30 min prior to LPS
administration (1.5 mg kg~', i.p.). Animals were killed using
carbon dioxide asphyxiation and heparinized blood samples
were collected by cardiac puncture 90 min later. The blood
samples were spun at 285 g for 5 min at room temperature
and the resulting plasma, removed and stored at —20°C. Rat
TNF-o was determined using the rat specific enzyme-linked
immunosorbant assay (ELISA) obtained from Genzyme
(Cambridge, U.S.A.). The detection limit of this assay was
determined to be 10 pg ml~'. There was no detectable cross-
reactivity with other cytokines tested at 1 ug ml~' (rat IL-1p,
GRO-$/MIP-2, GRO/KC, MCP-1).

Aerosolized LPS-induced cell influx and TNF-a/IL-1§
release into rat airway lumen

In preliminary experiments concentration and time dependent
relationships for cell influx and TNF-a/IL-18 release into the
airway lumen were determined in response to aerosolized
LPS. In subsequent experiments rats were orally dosed with
vehicle (1% CMC, 2 ml kg~') or compound 30 min prior to
aerosolized LPS (0.3 mg ml~' for 30 min) using an Ultra-
Neb 99 (Sunrise Medical Ltd., Wollaston, U.K.). Bronch-
oalveolar lavage (BAL) was performed at various time points
after LPS challenge to determine TNF-o/IL-1f levels and
characterize cell infiltration. To perform the BAL, animals
were first killed with sodium pentobarbitone 1 ml kg=' i.p.
and the trachea cannulated. One 10 ml kg~' aliquot of RPMI
1640 containing 10% (v v=') FCS and 417 mg 17" glycyl-L-
glutamine (Glutamax®) was delivered through the tracheal
cannula and removed after a 30 s interval. This procedure
was repeated and samples were then pooled for each animal.
Lungs were then either removed and flash frozen with liquid
nitrogen and stored at —80°C (for extraction of cytosolic
proteins for Western blot analysis) or used to determine the
cellular profile within the lung tissue. In these experiments the
lungs were removed immediately after BAL, the pulmonary
vasculature perfused with RPMI 1640 containing 10% FCS
to remove the blood pool of cells and the tissue chopped.
Cells were desegregated from the tissue by incubating at 37°C
with collagenase (20 u ml~! for 2 h, then 60 u ml~' for 1 h)
in RPMI/FCS. The recovered cells were filtered (mesh size
70 uMm), washed three times and re-suspended in a final
volume of 1 ml RPMI 1640/10% FCS.

Quantification of inflammatory cells

Total whole cell counts were obtained in BAL or lung tissue
samples by using an automated cell counter (Cobas Argos,
Roche ABX Hematologie, Montpellier, France). Cytospins of
these samples were prepared by centrifugation of 100 ul
aliquots in a cytospin (Shandon, Runcorn, U.K.) at 800 x g
for 5 min, low acceleration at room temperature. Slides were
fixed and stained on a Hema-tek 2000 (Ames Co., Elkhart,
U.S.A.) with modified Wrights-Giemsa stain. Four part
differential counts on 200 cells per slide were performed
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following standard morphological criteria and the percentage
of eosinophils, macrophages/monocytes, lymphocytes and
neutrophils were determined. TNF-o and IL-1§ levels were
determined by a rat specific ELISA obtained from Genzyme
(Cambridge, U.S.A.) and Biosource International (Camarillo,
U.S.A.) respectively according to the manufacturer’s instruc-
tions.

Human monocyte isolation and culture

Peripheral venous blood was drawn from healthy, non-
allergic volunteers and layered on a histopaque gradient
(p=1.077 g ml~"). Peripheral blood mononuclear cells
(PBMC) were obtained by density centrifugation (1000 x g)
for 20 min. PBMCs were collected and washed twice with
PBS (Ca’* and Mg>" free). A total cell count was performed
using a haemocytometer, and a differential cell count to
determine the percentage of monocytes in the mononuclear
preparation was performed after cytospinning cells
(5x10°ml~") and staining with a Wrights-Giemsa stain.
Mononuclear cells were then resuspended in RPMI with
25 mM HEPES, 417 mg 17! glycyl-L-glutamine (Glutamax®),
and 10% (v v=') FCS and plated 1 x 10* cells per well in a 96-
well microtitre plate. Cells were incubated at 37°C with 5%
CO, for 2 h to induce monocyte adherence. After incubation,
the plate was gently shaken and lymphocytes were aspirated
off.

LPS-induced TNF-u release from cultured human
monocytes

Supernatant from BAL samples (from vehicle- and LPS-
treated rats) was diluted 1:5, added to monocytes and LPS
(10 ng ml~") was immediately added. TNF-u levels were
determined 18 h later by specific human TNF-o ELISA
(Genzyme, Cambridge, U.S.A.), according to the manufac-
turer’s instructions.

Cytosolic proteins extraction

Frozen lung tissue samples were thawed in cold lysis buffer
(1% Triton X-100, 1% sodium dodecyl sulphate (SDS),
1.5% deoxycholate, 20 mM Tris-base pH 7.4, 150 mm NaCl,
20 mM EDTA, 2 mM phenylmethyl sulphonyl fluoride
(PMSF), 2 mM sodium orthovanadate, 20 ug ml~' leupeptin,
200 pg ml~' aprotinin, 10 mM NaF and 20 mM sodium
pyrophosphate), homogenized with an Ultra-turrex and
centrifuged at 13,000 xg for 30 min at 4°C. Supernatant
was removed and centrifuged again. Lung supernatant
lysates (10 ug of protein) were mixed with sample buffer
(62.5 mm Tris-HCIL, 20% glycerol, 2% SDS, 10 mMm 2-
mercaptoethanol, 0.05% bromophenol blue), boiled for
Smin and stored at —70°C until used for Western blot
analysis.

Western blotting analysis

Protein samples were separated by SDS-polyacrylamide gel
electrophoresis (SDS—PAGE) on 10% acrylamide gel and
then transferred to nitrocellulose membranes (Amersham,
U.K.) for 1h at 300 mA in transblotting buffer (0.2 M
glycine-HCI, 25 mM Tris-base, and 20% (v v~') methanol).

To block non-specific antibody binding, membranes were
incubated for 1h in blocking buffer (PBS pH 7.4, 0.1%
Tween-20) containing 5% (w v~') non-fat dry milk. Mem-
branes were then incubated overnight at 4°C with the p38
mitogen-activated protein kinase (MAPK) polyclonal anti-
body (New England Biolabs, Hitchin, U.K.) used at a
dilution of 1:1000 in blocking buffer where non-fat milk was
replaced with 5% BSA. Membranes were washed with
blocking buffer for 3 x5 min and incubated with 1:1500
dilution of alkaline phosphatase-conjugated anti-rabbit
secondary antibody, washed and protein detection was
carried out using CDPStar® chemiluminescent reagent.
Membranes were drained from excess developing solution
and exposed to Kodak X-OMAT-S film.

Materials

SB 203580 [4-(4-fluorophenyl)-2-(4-methylsulphinyl-phenyl)-
5-(4-pyridyl)imidazole] and RP 73401 [3-cyclopentyloxy-N-
(3,5-dichloro-4-pyridyl)-4-methoxyhenzamide] were synthe-
sized by the Medicinal Chemistry Department at Rhone-
Poulenc Rorer (Dagenham, U.K.). SB 203580 was suspended
in 1% carboxymethyl cellulose sodium salt (CMC) obtained
from BDH Laboratory Supplies (Poole, U.K.). Lipopolysac-
charide (LPS) from Escherichia coli serotype 0111:B4 and all
other materials were purchased from Sigma (Poole, U.K.)
except for Roswell Park Memorial Institute (RPMI) 1640
medium, HEPES, glutamax, phosphate buffered saline (PBS)
and foetal calf serum (FCS) all from Gibco (Paisley, U.K.);
and sodium pentobarbitone (euthatal) from Rhone Mérieux
Ltd., Harlow, U.K.

Data analysis

All the values in the figures and text are expressed as
mean +s.e.mean of n observations. Data were compared (in
aerosolized LPS treated groups with and without drug
treatment at one dose) using the Mann—Whitney U-test for
unpaired data. Statistical comparisons were made on data in
which multiple comparisons were made using the Kruskal-
Wallis test followed by a Dunn’s post test. All treatments
were compared to vehicle control values, *P<0.05,
**P<0.01, ***P<0.001.

Results
Systemic LPS-induced TNF-u release in rats

Preliminary experiments were performed in order to
determine an appropriate dose of LPS, which induced
significant TNF-« release. LPS evoked a significant increase
in plasma TNF-o levels (saline-treated, <10 pg ml-1; LPS-
treated, 47.2+6.8 ng ml~"). SB 203580 (10—100 mg kg™',
p.o.) significantly inhibited i.p. LPS-induced TNF-u release
in a dose-dependent manner (EDso=15.8 mg kg~'; Figure
1). There was no inhibition of TNF-a levels in vehicle-
treated rats (Figure 1). The PDE 4 inhibitor RP 73401
(100 mg kg~!', p.o.), which was used as a positive control,
also significantly reduced TNF-o levels in rat plasma
following intraperitoneal administration of LPS (83.8%
inhibition; Figure 1).
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Figure 1 Effect of SB 203590 and RP 73401 on intraperitoneal (i.p.)

LPS-induced TNF-a release in rat plasma. Wistar rats were orally
(p.o.) dosed with vehicle (1% CMC, 2 ml kg~') or compound (SB
203580, 10— 100 mg kg~'; RP 73401, 100 mg kg~') 30 min prior to
administration of LPS (1.5 mgkg~!, i.p). Plasma was collected
90 min later and TNF-o levels determined by ELISA. Results are
expressed as mean +s.e.mean of eight animals. Statistical significance
was assessed using Kruskal-Wallis with a Dunn s post test (*P <0.05,
***P<0.001).

Time course of inflammatory cell recruitment and
cytokine expression after inhalational LPS challenge

These studies were performed in order to identify the
biological profile of the airway inflammatory response
following aerosolized LPS in terms of the cytokine release
and neutrophilia observed. In these experiments there was a
clear time-dependent neutrophil infiltration into the airway
lumen in response to aerosolized LPS (1 mgml~' for
30 min). BAL neutrophilia after aerosolized LPS was evident
at 60 min, reached a plateau at 2—6 h with a further increase
at 8 h and returned toward basal levels by 24—48 h (Figure
2a).

In the same samples, TNF-o levels were increased very
rapidly after aerosolized LPS (I mg ml~' for 30 min). The
highest levels of TNF-o were found in BAL samples collected
30—90 min after aerosolized LPS (which coincided with the
start of the neutrophilic response) and were no longer
significant 24 h after LPS exposure (Figure 2b). In addition,
there was a time-dependent increase in IL-1f levels following
aerosolized LPS administration which peaked 4-—8 h after
aerosolized LPS (which was temporally associated with the
initial plateau in neutrophilia at 2—-6 h and was still
increasing at 8 h which was the peak of neutrophilia) and
was no longer significant 24 h after exposure (Figure 2c).

Dose-dependent effect of LPS inhalational challenge on
neutrophil recruitment

In concentration response studies, LPS concentrations above
0.1 mg ml~! (aerosolized over 30 min) produced significant
BAL neutrophilia 2 h post-challenge (Figure 3). Further
studies utilized LPS concentrations of 0.3 mg ml~' aero-
solized for 30 min and analysed the effect of drugs on the
initial neutrophilia seen at 2 h (associated with peak levels of
TNF-o in BAL) and the established plateau of neutrophilia
observed at 4 h (associated with peak levels of IL-1f in
BAL).
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Figure 2 Time Course of neutrophil recruitment (a) and TNF-x (b)
and IL-1f (c) protein levels after aerosolized LPS challenge. Male
Wistar rats were exposed to aerosolized LPS (1 mg ml~' for 30 min)
and BAL fluid collected at various time points later (0—48 h).
Neutrophil influx was determined in the BAL samples by differential
cell counting and cytokine levels by ELISA. Results are expressed as
mean +s.e.mean of 6— 10 animals. Statistical significance was assessed
using Kruskal-Wallis with a Dunn’s post test (¥*P<0.05, **P<0.01,
*¥**P<0.001).
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Figure 3 Effect of aerosolized LPS exposure on neutrophil
accumulation in the BAL fluid. Male Wistar rats were exposed to
various concentrations of aerosolized LPS (0.001-10 mg ml~' for
30 min) and BAL fluid collected 2 h later. Neutrophil influx was
determined in the BAL samples by differential cell counting. Results
are expressed as mean+s.e.mean of five or six animals. Statistical
significance was assessed using Kruskal-Wallis with a Dunn’s post
test (**P<0.01, ***P<0.001).
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Effect of SB 203580 and RP 73401 on aerosolized
LPS-induced TNF-o and neutrophil infiltration into the
airway lumen 90 min post challenge

Rats were orally dosed with compound (100 mg kg~"') or
vehicle (1% CMC, 2 ml kg=") 30 min prior to exposure with
aerosolized LPS (0.3 mg ml~' for 30 min). SB 203580 had no
impact on BAL TNF-u levels (Figure 4a) or neutrophil
infiltration into the airway lumen (Figure 4b). However, the
PDE 4 inhibitor RP 73401 (100 mg kg~"), which was used as
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Figure 4 Effect of SB 203580 (100 mg kg~ ', p.o.) on TNF-u levels
(a) and neutrophil infiltration (b) into the BAL fluid induced by
aerosolized LPS (0.3 mg ml~' for 30 min). In these experiments the
PDE 4 inhibitor, RP 73401 (100 mg kg~', p.o.), was used as a
positive control and its effects investigated on TNF-o levels (a) and
neutrophil infiltration (c) into the BAL fluid induced by aerosolized
LPS. Wistar rats were orally dosed with vehicle (1% CMC,
2 ml kg~') or compound 30 min prior to aerosolized LPS and BAL
fluid collected 2 h later. Neutrophils were determined by differential
cell counting and TNF-o levels by ELISA. Results are expressed as
mean +s.e.mean of eight animals. Statistical significance was assessed
using Kruskal-Wallis with Dunn’s post test (*P<0.05, **P<0.01).

a positive control, significantly reduced both BAL TNF-«
levels (Figure 4a) and neutrophil infiltration (Figure 4c).

Given the lack of effect of SB 203580 on LPS-induced
neutrophilia and TNF-« levels in BAL fluid, we performed
experiments to determine whether active drug substance was
present in the BAL fluid after oral dosing. BAL fluid from
rats orally dosed with SB 203580 or RP 73401 (100 mg kg~ ")
was added to cultured human monocytes (10,000 cells per
well) followed by the addition of LPS (2.5 ng per well). The
results depicted in Figure 5 show that there was a significant
inhibition of TNF-x release from human monocytes 18 h
post-LPS stimulation by BAL fluid obtained from rats
treated with RP 73401 (44.5% inhibition) or SB 203580
(83.6% inhibition).

Effect of SB 203580 and dexamethasone on aerosolized
LPS-induced IL-1 and neutrophil infiltration into the
airway lumen 4 h post-challenge

SB 203580 produced dose-related inhibition of IL-1f levels in
the BAL at 4 h after aerosolized LPS exposure that reached
statistical significance at 100 mg kg=' (67.5% inhibition;
Figure 6a). SB 203580 also produced dose-related inhibition
of the temporally associated neutrophil infiltration into the
BAL fluid (at 100 mg kg~', 45.9% inhibition; Figure 6b) but
this inhibitory effect did not reach significance in the lung
tissue (at 100 mg kg~', 21.4% inhibition; Figure 6¢) at the
same time point. The synthetic glucocorticoid, dexametha-
sone (1 mg kg~', p.o.) used as a positive control, significantly
inhibited IL-1§ and neutrophil levels in the BAL fluid
following LPS exposure (99.3 and 81.9% inhibition, respec-
tively; Figure 6a,b). Furthermore, dexamethasone signifi-
cantly inhibited neutrophil accumulation into the lung tissue
following LPS exposure (64.3% inhibition; Figure 6c).

Effect of LPS inhalation on p38 protein expression in rat
lung tissue

Rat lung tissue was flash frozen in liquid nitrogen and
assayed for p38 protein expression using Western blot at
various time intervals up to 60 min after LPS inhalation
(0.3 mg ml~' for 30 min). Expression of the p38 protein
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Figure 5 Effect of BAL fluid from rats orally dosed with SB 203580
(100 mg kg=") and RP 73401 (100 mg kg~') on LPS-induced TNF-o
release from human monocytes. Supernatant from BAL samples of
treated rats was added to cultured human monocytes (10,000 cells per
well) together with LPS (2.5 ng per well). TNF-a levels were
determined in the cell supernatant by ELISA 18 h later. Results are
expressed as mean+s.e.mean of four animals. Statistical significance
was assessed using Kruskal-Wallis with a Dunn’s post test (¥ P<0.05,
**P<0.01).
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Figure 6 Effects of SB 203580 (1-100 mg kg~', p.o.) and dex-
amethasone (1 mg kg™, p.o.) on IL-18 levels (a) and neutrophil
infiltration into the BAL fluid (b) and lung tissue (c¢) induced by
aerosolized LPS (0.3 mg ml~' for 30 min). Wistar rats were orally
dosed with vehicle (1% CMC, 2 ml kg~") or compound 30 min prior
to aerosolized LPS and BAL fluid collected 4 h later. Neutrophils
were determined by differential cell counting and IL-1§ levels by
ELISA. Results are expressed as mean+s.e.mean of eight animals.
Statistical significance was assessed using Kruskal-Wallis with Dunn’s
post test (**P<0.01, ***P<0.001).

occurred at every time point measured and expression was
at a constant level which did not vary with treatment
(Figure 7).

Discussion
In recent years steps have been taken to delineate the

intracellular signalling cascades in cells that mediate inflam-
mation. Much attention has been given to the mitogen-

Figure 7 Effect of LPS on p38 protein expression in rat lung.
Expression of p38 kinase protein in rat lung tissue at different time
points (0, lanes 1, 2; 10 min, lanes 3, 4; 30 min, lanes 5, 6; 60 min,
lanes 7, 8) after saline (lanes 1, 3, 5, 7) or LPS (lanes 2, 4, 6, 8)
inhalation (0.3 mg ml~! for 30 min).

activated protein kinase (MAPK) superfamily due to their
consistent activation by pro-inflammatory cytokines, and to
their role in nuclear signalling. This superfamily includes
extracellular-regulated kinases (ERKs, also known as p42/
p44), the c-Jun N-terminal kinases (JNKs, also known as
stress-activated protein kinases or SAPK) and the p38 MAP
kinases (also known as cytokine suppressive binding protein;
CSBP) (Karin, 1998). ERKSs are activated by growth factors
and mitogenic stimuli whereas p38 and JNK are regulated by
stress-inducing signals (like UV irradiation and osmotic
shock) and proinflammatory cytokines (Karin, 1998). Interest
in the p38 family has been particularly intense following the
discovery that p38 inhibitors are anti-inflammatory in in vivo
models of arthritis and inflammatory angiogenesis (Lee et al.
1994; Badger et al., 1996; Jackson, et al., 1998). It has been
shown in vitro that p38 kinase is induced by LPS and plays a
key role in LPS-induced signal transduction pathways leading
to cytokine synthesis (Lee & Young, 1996; Lee et al., 1994).
However the role and the contribution of p38 kinase in
airway inflammation in vivo is less clear. In this study, we
have investigated the role of p38 kinase in the LPS
inhalational challenge model of airway inflammation in the
rat using the selective kinase inhibitor SB 203580.

LPS inhalation induced a marked increase in neutrophil
recruitment in airway tissue and lumen. The observed kinetics
of neutrophil recruitment was similar to that described in the
Sprague-Dawley or Lewis rats after intratracheal LPS
instillation (Ulich ez al., 1991; Yi et al., 1996; Miller-Larsson
et al., 1999) and in BALB/c mice after LPS inhalation
(Gongalves de Moraes et al., 1996; Wohlford-Lenane et al.,
1999). LPS inhalation was followed by a time-dependent
release of TNF-a into the BAL with a peak increase situated
around 30-90 min after challenge in agreement with
published data obtained in rats and mice (Gongalves de
Moraes et al., 1996; O’Leary et al., 1996; Miller-Larsson et
al., 1999; Wohlford-Lenane et al., 1999). Thirty to 90 min
after the end of LPS exposure, TNF-a concentration reached
peak levels at a time where there was no significant
neutrophilia observed in BAL fluid. Therefore, TNF-a
synthesis precedes the influx of neutrophils and this could
suggest a causal relationship. However, this assumption may
not be justified given that the role of other important
neutrophil chemoattractants such as IL-8 and LTB, has not
been investigated in this study. Several lines of evidence
suggest the involvement of TNF-« as a mediator of LPS-
induced airway inflammation (O’Leary et al., 1996; Ulich et
al., 1991b; 1993; Wesselius et al., 1995; Koh et al., 1996;
Fuchs et al., 1990; Kolls et al., 1995). The effect of TNF-«
has been shown to be mediated through the 55-kDa type 1
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TNF receptor (TNFRI1). It has been demonstrated that
TNFRI1-deficient mice exposed to LPS aerosol, showed a
persistent reduction in neutrophil recruitment to the air
spaces of the lungs, in comparison with wild-type animals,
that was associated with depressed chemokine levels in BAL
fluid (Skerrett et al., 1999). Ulich et al. (1993) found that co-
administration of human soluble TNFR1 reduced by 50—
60% the number of bronchoalveolar neutrophils recovered
6 h after intratracheal injection of LPS in rats but did not
affect the number of neutrophils 4 or 12 h after LPS
challenge. Ulich et al. (1994) also reported that co-
administration of soluble human TNFR2 with intratracheal
LPS reduced neutrophil recruitment by up to 40% 6 h later,
whereas coinjection of a dimeric construct of human TNFR2
linked to the Fc fragment of IgG did not influence neutrophil
recruitment in response to intratracheal LPS.

Beside TNF-o, LPS inhalation also induced IL-1f in BAL
fluid. IL-1p was detected with a delayed kinetic profile
compared to TNF-o and coincided with the sustained initial
neutrophilic phase and the second peak of neutrophilia
observed 8§—12 h post-challenge. This result suggests that IL-
1 may be involved in the neutrophilia observed after 2 h in
this model but again this assumption may not be valid given
the role of other neutrophil chemoattractants has not been
examined. IL-1f has many of the same effects as TNF-q,
including stimulation of chemokine release and upregulation
of adhesion molecules (Dinarello, 1996). It has previously
been shown that intratracheal injection of LPS induces IL-1
expression in vivo in Lewis rat lung with expression peaking
4—6 h after instillation (Ulich et al., 1991a). Furthermore,
intratracheal injection of IL-1f replicates the kinetics and
relative magnitudes of the acute neutrophilic inflammatory
response (Ulich et al, 1991b). Furthermore, the IL-1
receptor antagonist coinjected intratracheally with LPS or
IL-18 in rats significantly inhibits neutrophilic exudation
into bronchoalveolar lavage (Ulich er al., 1991a; 1994).
Furthermore, an anti-IL-1 antibody has been shown to
reduce LPS-induced lung ICAM-1 mRNA expression which
is necessary for neutrophil recruitment (Beck-Schimmer et
al., 1997).

Studies in monocytes (Lee et al., 1994; 1996) and alveolar
macrophages (Carter et al., 1999) have shown that the p38
MAPK pathway is critical for LPS-induced cytokine release.
In these studies, specific inhibition of the p38 kinase pathway
by SB 203580 resulted in reduced cytokine release secondary
to a defect in translation (Lee et al., 1994). In alveolar
macrophages, the regulatory effect of p38 kinase on LPS-
induced TNF-« and IL-6 gene expression was mediated partly
through changes in gene transcription (Carter et al., 1999). In
our LPS inhalational challenge model, SB 203580 even at the
top dose of 100 mg kg~' was ineffective in inhibiting LPS-
induced BAL TNF-« levels and the accompanied neutrophi-
lia. However the PDE 4 inhibitor RP 73401 (Souness et al.,
1996) completely abrogated the induced neutrophilia and
significantly inhibited BAL TNF-« levels in agreement with
data obtained with other PDE 4 inhibitors in rats (Turner et
al., 1993) and mice (Pettipher et al., 1996; Griswold et al.,
1998; Gongalves de Moraes et al., 1998). The inability of SB
203580 to inhibit BAL TNF-a cannot be attributed to the
bioavailability and tissue distribution of the compound as
BAL fluid from SB 203580-treated animals was able to
inhibit TNF-o release from cultured human monocytes. In

murine monocytes cell lines, SB 203580 was shown to inhibit
LPS-induced IL-1p transcription (Baldassare ez al., 1999). In
our model, there was a dose-related inhibition of BAL IL-1f
and the associated BAL, but not lung tissue, neutrophilia by
SB 203580. The lack of a significant effect of SB 203580 on
lung tissue compared to BAL neutrophilia is not surprising
given it is generally more difficult to impact upon given the
basal granuloma burden in rat lungs. Furthermore, in this
study a supramaximal dose of dexamethasone produced a
greater inhibition of BAL, compared with lung tissue,
neutrophilia following LPS challenge. It would be interesting
to investigate the activity of a more potent p38 inhibitor
(EDsy >15mgkg™"' on LPS-induced TNF-o release in
plasma) as it may be expected to have a greater impact on
lung tissue neutrophilia induced by LPS.

The doses at which SB 203580 inhibited neutrophilia
(between 10 and 100 mg kg~") are similar to those necessary
to inhibit collagen-induced arthritis in DBAI1/LACJ mice
(50 mg kg~', Badger et al, 1996) and adjuvant-induced
arthritis in Lewis rats (30 and 60 mg kg~', Badger er al.,
1996) consistent with an inhibitory action of the compound
on p38 kinase. The fact that SB 203580 inhibited, in a similar
fashion, both IL-1f release and neutrophilia in the BAL 4 h
following LPS could suggest a causal relationship. However,
a non-specific action of this compound, unrelated to its
inhibitory action on p38 kinase, cannot be ruled out. In fact
this study would benefit from the inclusion of data with other
p38 inhibitors administered i.v. to account for any differences
in the oral bioavailability of the compounds. However, for
this data to be meaningful one would have to use inhibitors
from different chemical series that were structurally distinct,
which had varying inhibitory potencies on the enzyme. If the
inhibitory activity of the compounds was related to inhibition
of p38 then their activity in vivo should follow the same rank
order of potency.

We have also investigated the modulatory effect of SB
203580 on plasma TNF-« levels after intraperitoneal injection
of LPS. LPS evoked a significant increase in plasma TNF-o
levels which was inhibited in a dose-related manner by SB
203580. The derived potency (EDsq of 15.8 mg kg™') agrees
with data obtained in mice and rats with SB 203580 and the
recently described p38 kinase inhibitor SB 220025 (Badger et
al., 1996; Jackson et al., 1998). The PDE 4 inhibitor RP
73401, which was used as a positive control, also significantly
reduced TNF-o levels in rat plasma following intraperitoneal
administration of LPS. Thus, SB 203580 seems to differen-
tially affect BAL and plasma TNF-o levels. Initially, this
appeared to be a strange result however we have recently
confirmed this observation by demonstrating the lack of
inhibitory effect on BAL TNF-o levels of SB 203580 in a
model of Sephadex-induced airway inflammation (Birrell et
al., 2000). However, this phenomenon appears to be stimulus
specific since SB 203580 has been shown to inhibit the
increase in BAL TNF-a levels following allergen challenge in
sensitized Brown Norway rats (Escott et al., 2000).
Alternatively, the lack of effect of SB 203580 on BAL
TNF-« levels in this model could indicate that the inhibitory
effect on BAL IL-1f and neutrophilia at later time points is
not due to inhibition of p38 MAPK inhibition.

The potential reasons for this differential effect are unclear
but may be related to the differential expression and the
sensitivity of the different p38 kinase isoforms to inhibition
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by SB 203580 and the possibility that TNF-¢ and IL-1f
production is dependent on different isoforms or cell types.
Indeed, four genes encode the known members of the p38
family, p38a (Lee et al., 1994), p38p (Jiang et al., 1996; Stein
et al., 1997), p38y (Lechner et al., 1996; Li et al., 1996), and
p386 (Wang et al., 1997; Jiang et al., 1997). Hale et al. (1999)
have shown that the expression of p38 family members is not
ubiquitous, but is controlled during cell differentiation and in
a lineage-specific fashion. Differential expression was most
striking in monocytes that strongly expressed p38«, but did
not express p38f5 or p38y. As blood monocytes differentiated
into macrophages, a striking induction of p388 mRNA and
protein occurred so that p385 protein became at least as
abundant as p38a (Hale et al., 1999). In neutrophils, only
p38x and p383 were detected (Nick et al., 1999). Although
p38y mRNA was present in endothelial cells, p38y protein
was not detected in any cell type (Hale er al., 1999). This is
consistent with previous reports that p38y is a muscle-specific
protein (Lechner et al., 1996; Li et al., 1996). Furthermore, in
terms of regulation it has been shown that p38a is
preferentially activated by MKK-3 in PC-12 cells, whereas
p38ax is predominantly activated by MKK-6 in monocytes
and KB cells suggesting that p38 is activated by different
MKKSs in a cell type-dependent manner (Hu et al., 1999).
Unlike p38a, p383 was activated by MKK-3, -4, -6, and -7 in
an approximately equal manner in 293 T cells, suggesting
that the regulation of p385 may be distinct from p38a.
However, it is still not clear whether the regulation of p38o
depends on cell type (Hu et al., 1999).

The role for p383 in airway structural and inflammatory
cell function is not known. A role for p385 in inflammation
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