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ABSTRACT: The aim of this study was to examine the role of p38 mitogen-activated
protein (MAP) kinase in interleukin (IL)-8 expression in tumour necrosis factor
(TNF)-a- and IL-1a-stimulated human pulmonary vascular endothelial cells.

To this end, the phosphorylation and activation of p38 MAP kinase and the effect of
SB 203580, a specific inhibitor of p38 MAP kinase activity, on p38 MAP kinase
activity and IL-8 expression in TNF-a- and IL-1a-stimulated human pulmonary
vascular endothelial cells were examined.

TNF-a- and IL-1a- induced phosphorylation and activation of p38 MAP kinase
and IL-8 expression in human pulmonary endothelial cells. Inhibition of TNF-a- and
IL-1a-induced p38 MAP kinase activity by SB 203580 inhibited TNF-a- and IL-1a-
induced IL-8 protein production as well as IL-8 messenger ribonucleic acid (mRNA)
expression, indicating that SB 203580 was effective at the transcriptional level.

These results indicate that p38 mitogen-activated protein kinase plays an important
role in the tumour necrosis factor-a- and interleukin-1a-activated signalling pathway
which regulates interleukin-8 expression in human pulmonary vascular endothelial
cells.
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Adult respiratory distress syndrome (ARDS), a form of
acute lung injury that is characterized by increased vas-
cular permeability leading to pulmonary oedema and acute
respiratory failure, is observed in severe insults such as
septicaemia [1±4]. The pathogenesis of ARDS is complex
and involves multiple inflammatory cells and mediators
[1±4]. Neutrophils have been suggested to play an im-
portant role in the production of acute lung injury. The
extravasation and accumulation of neutrophils at the sites
of injury depend upon adhesion to and migration through
endothelial linings [1]. Interleukin (IL)-8, which displays
chemotactic activity for neutrophils, participates in this
process through the recruitment of neutrophils [5]. It is
well known that vascular endothelial cells produce IL-8
in response to tumour necrosis factor (TNF)-a and IL-1
[6, 7]; therefore, it is important to clarify the mechanism
of production of IL-8 by TNF-a- and IL-1-stimulated
vascular endothelial cells.

The mitogen-activated protein (MAP) kinases are impor-
tant mediators of signal transduction from the cell mem-
brane to the nucleus. Several subgroups of mammalian
MAP kinases have been characterized from a molecular
standpoint: extracellular signal-regulated kinase (ERK), c-
Jun amino-terminal kinase (JNK) and p38 MAP kinase [8].
p38 MAP kinase, which is the mammalian homologue of
the high osmolarity glycerol response (HOG1) protein of
Saccharomyces cerevisiae [9±11], is activated in various
cells by proinflammatory cytokines, environmental stres-
ses, deoxyribonucleic acid (DNA)-damaging agents and

haematopoietic growth factor [9±19]; however, little is
known about the role of p38 MAP kinase in proinflam-
matory cytokine-induced cytokine expression in human
pulmonary vascular endothelial cells. As mentioned above,
IL-8 produced in pulmonary vascular endothelial cells
plays an important role in the production of acute lung
injury; therefore, elucidation of the signal transduction
pathway involved in IL-8 expression and regulation of its
expression in human pulmonary vascular endothelial cells
are thought to be an important strategy for the treatment
of acute lung injury.

In the present study, the role of p38 MAP kinase in the in-
duction of IL-8 expression in human pulmonary artery en-
dothelial cells (HPAECs) was examined in order to clarify
the signal transduction pathway utilized in the expression
of IL-8 in human pulmonary vascular endothelial cells.

Materials and methods

Reagents

Human recombinant IL-1a and TNF-a were kindly
provided by Ohtsuka Pharmaceutical Co. Ltd. (Tokushima,
Japan) and Dainippon Pharmaceutical Co. Ltd. (Osaka,
Japan), respectively. The pyridinyl imidazole SB 203580, a
specific inhibitor of p38 MAP kinase activity [20], was
kindly provided by SmithKline Beecham and was dis-
solved in dimethyl sulphoxide. The final concentration of
dimethyl sulphoxide used in the experiments was 0.01%.
This had on effect no the results.
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Cell culture

Normal HPAECs were obtained from Clonetics (San
Diego, CA, USA). The cells (16104 cells.mL-1) were plac-
ed into 24-well flat bottom tissue culture plates (Corning,
Corning, NY, USA) for determination of cytokine produc-
tion, and tissue culture dishes (Falcon 1007; Falcon Ox-
nard, CA, USA) for Western and Northern (Falcon 1005)
blot analysis using vascular endothelial growth medium
(EGM-2; Clonetics) containing 0.2% foetal bovine serum
(FBS), 1% gentamycin±amphotericin B, epidermal growth
factor (EGF), insulin-like growth factor (IGF), fibroblast
growth factor (FGF), vascular endothelial growth factor
(VEGF), ascorbic acid, heparin and hydrocortisone. Cells
were incubated in a humidifed 5% CO2 atmosphere at
378C until subconfluence and the medium changed.

Study design

In order to examine the effect of proinflammatory cyto-
kines on threonine- and tyrosine-phosphorylation of p38
MAP kinase in HPAECs, cells that had been pre-incubat-
ed with EGM-2 without FBS, EGF, FGF, IGF, VEGF,
ascorbic acid and hydrocortisone (growth factor-free med-
ium) for 16 h were stimulated with various concentrations
of either TNF-a or IL-1a (both 100 ng.mL-1) and incu-
bated for the desired times. To determine the effect of SB
203580 on TNF-a- and IL-1a-induced p38 MAP kinase
activation, growth factor- and serum-starved HPAECs that
had been preincubated with or without SB 203580 (10
mM) for 1 h were stimulated with either TNF-a or IL-1a
(both 100 ng.mL-1) and incubated for 10 min. In order to
examine proinflammatory cytokine-induced IL-8 expres-
sion in HPAECs and the effect of SB 203580 on this
expression, growth factor- and serum-starved HPAECs that
had been preincubated with or without SB 203580 (10 mm)
for 1 h were stimulated with either TNF-a or IL-1a (both
100 ng.mL-1) and incubated for the desired times in a
humidified 5% CO2 atmosphere at 378C. After 24 h of
culture, the culture supernatants for determination of IL-
8 were harvested, centrifuged (800 g, 10 min) and the
supernatants retained, filtered through a Millipore filter
(0.45 mm pore size; Millipore, Bedford, MA, USA) and
stored at -808C until assay. The cells for analysis of IL-8
messenger ribonucleic acid (mRNA) expression were col-
lected after 6 h culture and stored at 808C until analysis.

Measurement of interleukin-8

The concentrations of IL-8 in the HPAEC culture
supernatants were measured using commercially available
enzyme-linked immunosorbent assay (ELISA) kits (Amer-
sham International, Aylesbury, UK). The ELISA was per-
formed according to the manufacturer's instructions. All
samples were assayed in duplicate. The minimum detec-
table concentration of IL-8 was 10 pg.mL-1. The intra- and
interassay reproducibility had coefficients of variance of
4.4±4.7% and 5.2±8.1%, respectively.

Western blot analysis of threonine- and tyrosine-phos-
phorylation of p38 mitogen-activated protein kinase

The threonine- and tyrosine-phosphorylation of p38
MAP kinase was analysed by a commercially available kit
(PhosphoPlusTM p38 MAPK Antibody Kit; New England

Biolabs, Inc., Beverly, MA, USA). Analysis of threonine-
and tyrosine-phosphorylation of p38 MAP kinase was
performed according to the manufacturer's instructions.
Briefly, the cells that had been washed with cold tris
(hydroxymethyl)aminomethane (Tris)-buffered saline were
lysed in sodium dodecylsulphate (SDS) buffer (62.5 mM
Tris±HCl pH 6.8, 2% w/v SDS, 10% glycerol, 50 mM di-
thiothreitol (DTT), 0.1% w/v bromphenol blue) for 15 min
on ice and then sonicated for 2 s to shear DNA. The
samples were heated in a boiling water bath for 5 min to
fully denature proteins prior to electrophoresis and then
centrifuged at 12,0006g for 5 min to remove insoluble
debris. After separating proteins from the cell lysate by
means of 15% SDS-polyacrylamide gel electrophoresis,
the proteins (from lysate containing 10 mg protein) were
electrophoretically transferred to a nitrocellulose mem-
brane and the membrane washed with 0.1% Tween 20 in
Tris-buffered saline (washing buffer). In order to block
nonspecific protein binding, the membrane was incubated
with 0.1% Tween 20 in Tris-buffered saline containing
5% w/v nonfat powdered milk for 3 h at room temperature.
It was then incubated with a specific antibody directed
against the phosphorylated threonine and tyrosine of p38
MAP kinase (affinity-purified rabbit polyclonal immuno-
globulin (Ig)G) at 1:1,000 dilution in 0.1% Tween 20 in
Tris-buffered saline containing 5% bovine serum albumin
overnight at 4C with gentle shaking. After three washes
with washing buffer, the membrane was incubated with the
horseradish peroxidase (HRP)-conjugated antirabbit anti-
body (1:2,000) and HRP-conjugated antibiotin antibody
(1:1,000) for 1 h at room temperature with gentle shaking
and then washed three times with washing buffer. It was
then incubated with enhanced chemiluminescence (ECL)
solution (LumiGLO; New England Biolabs, Inc.) for 1 min
at room temperature and exposed against Kodak XAR
(Tokyo, Japan) film to detect biotin-labelled proteins. Blots
were stripped and reprobed using a phosphorylation-state
independent p38 MAP kinase-specific antibody to deter-
mine total p38 MAP kinase levels (affinity-purified rabbit
polyclonal IgG).

p38 Mitogen-activated protein kinase assay

The activity of p38 MAP kinase was analysed using a
commercially available kit (p38 MAP Kinase Assay Kit;
New England Biolabs, Inc.). The kit employs two different
antibodies, anti-p38 MAP kinase antibody, which is spec-
ific for p38 MAP kinase and does not cross-react with
ERK1/2 or JNK, and antiphospho-specific activating trans-
cription factor-2 (ATF-2) antibody for detecting p38 MAP
kinase-induced phosphorylation of ATF-2. Analysis of the
activity of p38 MAP kinase was performed according to
the manufacturer's instructions. Briefly, the cells that had
been washed with ice-cold phosphate-buffered saline (PBS)
were lysed in 1.0 mL ice-cold lysis buffer (20 mM Tris pH
7.4, 150 mM NaCl, 1 mM ethylenediamine tetraacetic acid
(EDTA), 1 mM ethyleneglycol-bis-(b-aminoethylether)-N,
N,N', N'-tetraacetic acid (EGTA), 1% Triton X-100, 2.5
mM sodium pyrophosphate, 1 mM b-glycerol phosphate, 1
mM Na3VO4, 1 mg.mL-1 leupeptin) plus 1 mM phenyl-
methylsulphonyl fluoride (PMSF) in the six well plate for 5
min on ice. After sonication, the cell lysate was micro-
centrifuged for 10 min at 48C. The cell lysate containing
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100 mg protein, was incubated with anti-p38 MAP kinase
antibody (1:1,000 dilution) overnight at 48C with gentle
shaking to selectively immunoprecipitate p38 MAP kinase
from cell lysates. The resulting immunoprecipitate was then
mixed with protein A-Sepharose beads. After microcen-
trifugation, the pellet was washed twice with lysis buffer
and then twice with kinase buffer (25 mM Tris pH 7.5, 5
mM b-glycerol phosphate, 2 mM DTT, 0.1 mM Na3VO4,
10 mM MgC12). The pellet was suspended in 50 mL kinase
buffer with 100 mM adenosine triphosphate (ATP) and 2
mg ATF-2 fusion protein and then incubated for 30 min at
308C. This pellet was mixed with a sample buffer con-
sisting of 62.5 mM Tris base, 10% glycerol, 50 mM DTT
and 2% SDS, and then heated in a boiling water bath for 5
min to fully denature the proteins prior to electrophoresis.
Equal amounts of protein (5 mg per lane) were separated in
a 15% SDS gel and transferred to a polyvinylidene di-
fluoride sheet (Millipore) by means of electroelution using
a constant current of 200 mA for 90 min at room tem-
perature. After blocking overnight with at 48C 0.1% Tween
20 in PBS (T-PBS) containing 5% (w/v) skimmed milk, the
sheet was incubated with antiphospho-specific ATF-2 anti-
body (1:1,000 dilution) overnight at 48C. The sheet was
then washed three times with T-PBS and incubated with
HRP-conjugated antirabbit antibody (1:2,000) and HRP-
conjugated antibiotin antibody (1:2,000) for 1 h at room
temperature. After washing with T-PBS three times, the
sheet was incubated with 10 mL ECL solution for 1 min
according to the manufacturer's instructions, and exposed
against Fuji medical radiography film (Fuji Photo Film
Co., Tokyo, Japan) for 1 min.

Extracellular signal-regulated kinase assay

The activity of ERK was analysed using commercially
available kits (MAP Kinase Assay kit; New England Bio-
labs, Inc.). The kit employs two different antibodies, anti-
phospho-specific p42/p44 MAP kinase antibody, which is
specific for active p42/p44 MAP kinase and does not
cross-react with p38 MAP kinase or JNK, and antiphos-
pho-specific Elk-1 antibody for detecting p42/p44 MAP
kinase-induced phosphorylation of Elk-1. Analysis of the
activity of ERK was performed according to the manu-
facture's instructions.

c-Jun amino-terminal kinase assay

The activity of JNK was analysed using commercially
available kits (stress-activated protein kinase (SPAK)/JNK
Assay kits, New England Biolabs, Inc.). The kits employ
an amino-terminal c-Jun fusion protein bound to sepharose
beads to selectively remove JNK from the cell lysates, after
which the kinase reaction is carried out in the presence of
unlabelled ATP. The c-Jun phosphorylation was selectively
measured using phospho-specific c-Jun antibody to det-
ermine JNK-induced phosphorylation of c-Jun. Analysis of
the activity of JNK was performed according to the
manufacturer's instructions.

Northern blot analysis

Total ribonucleic acid (RNA) was prepared by means of
an RNA extraction kit (RNA zol BTM; Cinna Scientific,
Friedswods, TX, USA) using acid guanidine thiocyanate±

phenol±choloroform extraction methods. Total RNA (10
mg) was denatured in a solution containing 2.2 M formal-
dehyde, and electrophoresed in a 1% agarose gel contain-
ing formaldehyde [21]. It was then capillary-transferred
onto a nylon membrane (Hybond N, Amersham). The
membrane was prehybridized with rapid hybribuffer (Am-
ersham) and then hybridized with [32P]- labelled probes
for 2 h at 658C. The probes used in this study were the
Providencia stuartii (Pst)I±PstI fragments of b-actin
complementary deoxyribonucleic acid (cDNA) and full-
length IL-8 cDNA [22], which were kindly provided by
K. Matsushima (Tokyo University School of Medicine,
Dept of Hygiene). After hybridization, the membrane was
washed with 0.1% standard sodium citrate containing
0.1% SDS and then autoradiographed against Kodak
XAR film at -708C.

Statistical analysis

Statistical significance was analysed using analysis of
variance (ANOVA). A p-value <0.05 was considered sig-
nificant.

Results

Tumour necrosis factor-a and interleukin-1a induce
interleukin-8 production

Firstly, the dose-dependent induction of IL-8 production
by HPAECs was examined. To this end, the culture super-
natants from HPAECs stimulated with various concentra-
tions of TNF-a or IL-1a were harvested after 24 h of
culture (fig. 1). The concentrations of IL-8 in culture su-
pernatants from TNF-a-stimulated cultures increased in a
dose-dependent manner. Similarly, the concentrations of
IL-8 in the culture supernatants from IL-1a-stimulated
culture increased in a dose-dependent manner.
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Fig. 1. ± Induction of interleukin (IL)-8 production by: a) tumour ne-
crosis factor-a (TNF-a); and b) IL-1a. Human pulmonary artery endo-
thelial cells (HPAECs) were incubated for 24 h in medium containing
various concentrations of either TNF-a or IL-1a, and the concentrations
of IL-8 in the culture supernatants determined after 24 h of culture, as
described in Materials and methods. The results are expressed as
mean�SD of five different experiments. **: p<0.01 versus HPAECs
cultured in medium alone.

1359P38 MAP KINASE AND PULMONARY ENDOTHELIUM



Tumour necrosis factor-a and interleukin-1a cause thre-
onine- and tyrosine-phosphorylation of p38 mitogen-
activated protein kinase

To determine whether or not TNF-a and IL-1a induce
threonine- and tyrosine-phosphorylation of p38 MAP kin-
ase, HPAECs were stimulated for the desired times and
p38 MAP kinase was immunoblotted. Immunoblot analy-
sis of HPAEC lysates using a specific antibody directed
against the phosphorylated threonine and tyrosine of p38
MAP kinase showed that stimulation of the cells with
TNF-a caused an increase in threonine- and tyrosine-
phosphorylation of p38 MAP kinase in a dose-dependent
manner (fig. 2a). In order to determine the time-course of
phosphorylation of p38 MAP kinase, HPAECs were sti-
mulated with 100 ng.mL-1 TNF-a for 0±60 min. The
amounts of phosphorylated threonine and tyrosine of p38
MAP kinase were increased at 5 min, these levels being
sustained at 10 and 15 min; thereafter they returned to
near-basal levels, at 30 min, indicating that threonine- and
tyrosine-phosphorylation of p38 MAP kinase was tran-
sient (fig. 2b). IL-1a-induced threonine- and tyrosine-
phosphorylation of p38 MAP kinase was also increased
in a dose-dependent manner (fig. 3a). The amounts of IL-
1a-induced threonine- and tyrosine-phosphorylation of
p38 MAP kinase were increased at 5 min, these levels
being sustained between 10 and 30 min; thereafter they
returned to near-basal levels, at 60 min (fig. 3b). Equal
amounts of p38 MAP kinase protein were immunoblotted
using p38 MAP kinase-specific antibody regardless of the
dose of TNF-a and IL-1a and the duration of culture,
indicating that TNF-a and IL-1a stimulation-induced
increases in threonine- and tyrosine-phosphorylation of
p38 MAP kinase occurred in the absence of changes in
p38 MAP kinase protein levels. When HPAECs were
cultured in growth factor-free medium in the absence of
TNF-a and IL-1a, increases in the amounts of threonine-
and tyrosine-phosphorylation of p38 MAP kinase were
not observed at any point during culture (data not shown).

Tumour necrosis factor-a and interleukin-1a activate
p38 mitogen-activated protein kinase

Activation of p38 MAP kinase is mediated by dual
phosphorylation of the threonine and tyrosine residues of
p38 MAP kinase [12]. The increases in threonine- and
tyrosine-phosphorylation of p38 MAP kinase in TNF-a-
and IL-1a-stimulated cells shown in figures 2 and 3 re-
flect the activation state of p38 MAP kinase. In addition
to analysis of threonine- and tyrosine-phosphorylation of
p38 MAP kinase, the effect of SB 203580, a specific in-
hibitor of p38 MAP kinase activity, on TNF-a- and IL-
1a-induced p38 MAP kinase activity was also examined.
p38 MAP kinase activity was analysed by means of a spe-
cific immunoprecipitation with anti-p38 MAP kinase anti-
body followed by an in vitro kinase assay of its substrate,
ATF-2. As shown in figure 4, TNF-a and IL-1a activated
p38 MAP kinase, as demonstrated by the increased
phosphorylation of its substrate, ATF-2. Pretreatment of
the cells with SB 203580 reduced the phosphorylation of
ATF-2. To determine the specificity of the inhibitory
effect of SB 203580 on p38 MAP kinase activity, the
effect of SB 203580 on ERK and JNK activity in TNF-a-
and IL-1a-stimulated HPAECs was also examined. TNF-
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Fig. 2. ± Tumour necrosis factor-a (TNF-a) causes threonine- and tyro-
sine-phosphorylation of p38 mitogen-activated protein kinase (MAPK).
Human pulmonary artery endothelial cells (HPAECs) were stimulated
with: a) various concentrations of TNF-a for 5 min; and b) 100 ng.mL-1

TNF-a for 0±60 min. The HPAEC lysates were separated in a 15%
sodium dodecyl sulphate-polyacrylamide gel, transferred to nitrocellu-
lose membranes and probed with a specific antibody directed against the
phosphorylated threonine and tyrosine of p38 MAPK (p38 MAPK-P;
upper blot panels). These blots were then stripped and reprobed using a
p38 MAPK specific antibody to determine the amounts of p38 MAPK-
blotted (lower blot panels). P: positive control ± protein prepared from
C-6 glioma cells stimulated with anisomycin to phosphorylate the threo-
nine and tyrosine of p38 MAPK; N: negative control ± protein prepared
from C-6 glioma cells not stimulated with anisomycin. The amount of
p38 MAPK phosphorylation was quantitated using a National Institutes
of Health (NIH) image analyser (National Institute of Health, Bethesda,
MD, USA) and are presented as the amount of p38 MAPK phos-
phorylation relative to control cells treated without agonist (1.0). Three
identical experiments, independently performed, gave similar results.
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a and IL-1a activated ERK and JNK, as demonstrated by
the increased phosphorylation of their substrates, Elk-1
and c-Jun, respectively; SB 203580 did not show any
inhibitory effect on the phosphorylation of Elk-1 and c-
Jun (fig. 5). These results indicate that SB 203580 spe-
cifically inhibits p38 MAP kinase activity and does not
affect ERK and JNK activity in TNF-a- and IL-1a-
stimulated HPAECs. In addition, PD 98059 (50 mM) a
specific inhibitor of ERK kinase (MEK-1), which is up-
stream of ERK, did not inhibit IL-8 production (data not
shown).

SB 203580 inhibits tumour necrosis factor-a- and
interleukin-1a-induced interleukin-8 production

TNF-a and IL-1a induced IL-8 production and the
phosphorylation and activation of p38 MAP kinase in
HPAECs. These results suggest that TNF-a and IL-1a
stimulation-induced IL-8 production might be mediated
through a p38 MAP kinase-dependent pathway. To test this
possibility, HPAECs that had been preincubated with or
without SB 203580 were incubated with either TNF-a or
IL-1a, and the concentrations of IL-8 in the culture sup-
ernatants determined after 24 h of culture. As shown in
figure 6, the concentrations of IL-8 in the culture super-
natants of cells incubated with TNF-a in the presence of
SB 203580 were lower than those in the absence of SB
203580, indicating that SB 203580 inhibited TNF-a-
induced IL-8 production. Similarly, SB 203580 inhibited
IL-1a-induced IL-8 production.

SB 203580 inhibits tumour necrosis factor-a- and in-
terleukin-1a-induced interleukin-8 messenger ribonuc-
leic acid expression

The inhibitory effect of the specific p38 MAP kinase
inhibitor on TNF-a- and IL-1a-induced IL-8 protein pro-
duction by HPAECs suggested that this action may be the
result of a direct inhibitory effect on IL-8 gene expression.
To test this possibility, HPAECs that had been preincu-
bated with or without SB 203580 were incubated with
either TNF-a or IL-1a and IL-8 mRNA expression was
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Fig. 3. ± Interleukin-1a (IL-1a) causes threonine- and tyrosine-phos-
phorylation of p38 mitogen-activated protein kinase (MAPK). Human
pulmonary artery endothelial cells (HPAECs) were stimulated with: a)
various concentrations of IL-1a for 5 min; and b) 100 ng.mL-1 IL-1a for
0±60 min. The HPAEC lysates were separated in a 15% sodium dodecyl
sulphate-polyacrylamide gel, transferred to nitrocellulose membranes
and probed with specific antibody directed against the phosphorylated
threonine and tyrosine of p38 MAPK (p38 MAPK-P; upper blot panels).
These blots were then stripped and reprobed using a p38 MAPK-specific
antibody to determine amounts of p38 MAPK blotted (lower blot
panels). P: positive control ± with phosphorylated p38 MAPK; N: nega-
tive control. The amount of p38 MAPK phosphorylation was quantitated
using a National Institutes of Health (NIH) image analyser (National
Institute of Health, Bethesda, MD, USA) and are presented as the
amount of p38 MAPK phosphorylation relative to control cells treated
without agonist (1.0). Three identical experiments, independently per-
formed, gave similar results.
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Fig. 4. ± Tumour necrosis factor-a (TNF-a) and interleukin (IL)-1a
activate p38 mitogen-activated protein (MAP) kinase and SB 203580
inhibits p38 MAP kinase activity. Human pulmonary artery endothelial
cells (HPAECs) that had been preincubated either without (lanes 1, 3 and
5) or with SB 203580 (10 mM; lanes 2, 4 and 6), a specific inhibitor for
p38 MAP kinase activity for 1 h were stimulated with medium alone
(lanes 1 and 2), TNF-a (100 ng.mL-1), (lanes 3 and 4) or IL-1a (100
ng.mL-1), (lanes 5 and 6), for 10 min. After culture, the cell lysates were
incubated with anti-p38 MAP kinase antibody to selectively immuno-
precipitate p38 MAP kinase from the cell lysates and then the immu-
noprecipitates incubated with ATF-2 fusion protein in the presence of
adenosine triphosphate which allowed immunoprecipitated active p38
MAP kinase to phosphorylate ATF-2. (The anti-p38 MAP kinase anti-
body (immunoglobulin (Ig) G) is activated by phosphorylation.) The
proteins were separated in a 15% sodium dodecyl sulphate-polyacry-
lamide gel, transferred to polyinylidene difluoride membranes and
probed with an anti-phosphospecific ATF-2 antibody. Three identical
experiments, independently performed, gave similar results. IgG: immu-
noglobulin G.
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analysed after 6 h of culture. As shown in figure 7, IL-
8 mRNA expression was upregulated when HPAECs
were stimulated with TNF-a (lane 3) or IL-1a (lane 5),
and SB 203580 inhibited the TNF-a- or IL-1a-induced
upregulation of IL-8 mRNA expression (lanes 4 and 6).
Levels of b-actin mRNA expression did not vary sig-
nificantly.

Cell viability

The total number of cells and cell viability determined
by means of the trypan blue exclusion assay, which was
performed after 24 h of culture for the determination of IL-
8 concentrations, and after 6 h of culture for the de-
termination of IL-8 mRNA expression, did not differ with
culture conditions. Figures 1, 6 and 7 suggest that TNF-a-
and IL-1a-induced IL-8 expression and its inhibition by
SB 203580 did not result from cell cytotoxicity.

Discussion

In the present study, the signal transduction pathway of
TNF-a- and IL-1a-induced IL-8 expression in human
pulmonary vascular endothelial cells was examined. TNF-
a and IL-1a induced IL-8 expression and threonine- and
tyrosine-phosphorylation and activation of p38 MAP kin-
ase in human pulmonary vascular endothelial cells. SB
203580, a specific inhibitor of p38 MAP kinase activity,
inhibited TNF-a- and IL-1a-induced IL-8 expression in
human pulmonary vascular endothelial cells. These results
indicate that p38 MAP kinase plays an important role in
the TNF-a- and IL-1a-activated signalling pathway which
regulates IL-8 expression in human pulmonary vascular
endothelial cells.

TNF-a and IL-1a have been shown to induce the
phosphorylation and activation of p38 MAP kinase in
various cells [9, 10, 12±14]; however, little is known
about the intracellular signal transduction pathway regu-
lating IL-8 expression in TNF-a- and IL-1a-stimulated
human pulmonary vascular endothelial cells. In the pres-
ent study, it was demonstrated that TNF-a and IL-1a
induced threonine- and tyrosine-phosphorylation and act-
ivation of p38 MAP kinase in human pulmonary vascular

endothelial cells. Other subgroups of MAP kinase, ERK
and JNK, are also activated in response to TNF-a and IL-
1a [12, 23]. Therefore, SB 203580, a specific inhibitor of
p38 MAP kinase activity [20, 24], was used to investigate
the signal transduction pathway regulating IL-8 expres-
sion in TNF-a-, and IL-1a-stimulated human pulmonary
vascular endothelial cells. SB 203580 completely inhi-
bited p38 MAP kinase activity and IL-8 expression in the
TNF-a- and IL-1a-stimulated human pulmonary vascu-
lar endothelial cells, indicating that p38 MAP kinase
plays an important role in TNF-a- and IL-1a-activated
signalling pathway which regulates IL-8 expression.

In order to determine the level at which SB 203580
inhibits IL-8 protein production, Northern blot analysis
was performed. SB 203580 inhibited TNF-a-induced up-
regulation of IL-8 mRNA expression in human pulmonary
vascular endothelial cells. A similar inhibitory effect of SB
203580 was also evident in IL-1a-induced IL-8 mRNA
expression. These results indicate that SB 203580 might
inhibit TNF-a- and IL-1a-induced IL-8 expression at the
level of transcription.

IgG

Elk-1

1 2 3 4 5 6 Pa)

c-Jun
1 2 3 4 5 6 Pb)

Fig. 5. ± Effect of SB 203580 on tumour necrosis factor (TNF)-a- and
interleukin (IL)-1a-induced extracellular signal-regulated kinase (ERK)
(a) and c-Jun amino terminal kinase (JNK) activity (b). Human pul-
monary artery endothelial cells (HPAECs) that had been preincubated
either without (lanes 1, 3 and 5) or with SB 203580 (10 mM; lanes 2, 4
and 6) a specific inhibitor of p38 MAP kinase activity, for 1 h were
stimulated with medium alone (lanes 1 and 2), TNF-a (100 ng.mL-1;
lanes 3 and 4) or IL-1a (100 ng.mL-1; lanes 5 and 6). After culture ERK
and JNK activity were determined using Elk-1 and c-Jun fusion protein
as substrate, respectively, as described in Materials and methods. P:
positive control ± phosphorylated Elk-1 and c-Jun respectively. Three
identical experiments, independently performed, gave similar results
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Fig. 6. ± SB 203580 inhibits tumour necrosis factor (TNF)-a- and
interleukin (IL)-1a-induced IL-8 production. Human pulmonary artery
endothelial cells (HPAECs) that had been preincubated with various
concentrations of SB 203580 for 1 h were incubated with either medium
alone (h), TNF-a (100 ng.mL-1) (a; u) or IL-1a (100 ng.mL-1) (b; r)
for 10 min and the concentrations of IL-8 in the culture supernatants
determined after 24 h of culture, as described in Materials and methods.
The results are expressed as mean�SD of five different experiments. **:
p<0.01 versus on SB 203580.
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Although SB 203580 completely inhibited IL-8 expres-
sion in TNF-a- and IL-1a-stimulated human pulmonary
vascular endothelial cells, a partial inhibition of IL-8 pro-
duction in TNF-a- and IL-1a-stimulated human umbilical
vein endothelial cells (HUVECs) has been reported [25].
Such contrasting effects of SB 203580 on IL-8 expression
between human pulmonary vascular endothelial cells and
HUVECs suggest that the signal transduction pathway
regulating IL-8 expression may be cell type-specific.

In this study, TNF-a and IL-a were used as inducers for
the examination of the signal transduction pathway in-
volved in IL-8 expression in human pulmonary vascular
endothelial cells. ARDS is frequently seen in conjunction
with septicaemia caused by Gram-negative bacteria [2].
The elevation of TNF-a and IL-1 in ARDS and the role of
these cytokines in the production of ARDS have been
documented [26, 27]. Although ARDS and acute lung
injury can occur in neutropenic patients [28] and a neu-
trophil-depleted animal model [29], several lines of study
have suggested that neutrophils play an important role in
the production of acute lung injury [1±4]. IL-8 exhibits a
chemotactic effect on neutrophils [5]. IL-8 produced by
vascular endothelial cells stimulated with TNF-a and IL-
1 has been suggested to contribute to the production of
acute lung injury through recruitment of neutrophils into
the site of inflammation [30]. Therefore, analysis of the
intracellular signal transduction pathway regulating IL-8
expression and the inhibition of IL-8 expression in human
pulmonary vascular endothelial cells is an important stra-
tegy for the treatment of acute lung injury such as ARDS.
The specific inhibitor of p38 MAP kinase activity used in
this study, SB 203580, was originally discovered as an
inhibitor of lipopolysaccharide-induced production of IL-
1 and TNF-a in the human monocytic cell line THP-1,
[20]. This drug has been thought to be useful in the
treatment of inflammatory diseases [20]. In the present
study, it was shown that SB 203580 inhibited IL-8 ex-
pression by human pulmonary vascular endothelial cells.
Therefore, the specific inhibitor of p38 MAP kinase ac-
tivity, SB 203580, may have a potential role in controlling
acute lung injury through inhibiting IL-8 production.

From the data presented here, it is concluded that tumour
necrosis factor-a and interleukin-1a induce interleukin-8
expression in human pulmonary vascular endothelial cells
through a p38 mitogen-activated protein kinase dependent
pathway.
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