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1 Prostaglandin H synthase-2 (PGHS-2), is an inducible enzyme involved in various in¯ammatory
responses. We established here that interleukin-1b (IL-1b) but not tumour necrosis factor-a (TNF-a)
increased its expression in human pulmonary microvascular endothelial cells (HPMEC). However,
associated with IL-1b, TNF-a greatly potentiated this enzyme induction.

2 Although unable to induce PGHS-2 expression by itself, TNF-a promoted a similar transcription
nuclear factor-kB (NF-kB) activation to IL-1b. This e�ect was more pronounced when cells were co-
exposed to both cytokines. HPMEC pre-treatment with MG-132, a proteasome inhibitor, prevented
NF-kB activation as well as more distal signalling response, indicating that NF-kB activation is
required but not su�cient for PGHS-2 expression.

3 Both IL-1b and TNF-a failed to activate c-Jun NH2-terminal kinase (JNK). In addition,
PD98059, a p42/44 mitogen-activated protein kinase (MAPK) phosphorylation inhibitor, did not
decrease PGHS-2 expression. However, SB 203580, a p38 MAPK inhibitor, suppressed PGHS-2
induction by IL-1b alone or combined with TNF-a, demonstrating that p38 MAPK but not p42/44
MAPK or JNK cascades are required for PGHS-2 up-regulation.

4 Finally, TNF-a, unlike IL-1b, was unable to promote p38 MAPK phosphorylation, indicating
that the failure of TNF-a to induce PGHS-2 expression is linked, at least in part, to its inability to
activate p38 MAPK signalling pathway. Altogether, these data enhanced our understanding of
PGHS-2 regulation in HPMEC and emphasize the heterogeneity of cellular responses to
proin¯ammatory cytokines.
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Introduction

Prostaglandin H synthase (PGHS) has both cyclo-oxygenase
and peroxidase catalytic activities which are required for the

production of prostaglandin H2 (PGH2), the common
intermediate precursor of prostaglandins and thromboxane
(Hamberg et al., 1975). In endothelial cells, most of PGH2 is

converted to prostacyclin (PGI2) (Weksler et al., 1977). Two
PGHS types have been described (Kraemer et al., 1992) but
both carried out the same enzymatic reaction. PGHS-1,
constitutively expressed in many cell types, produces

prostanoids which maintain cellular homeostasis. PGHS-2,
the inducible form expressed in response to pro-in¯ammatory
stimuli (Huang et al., 2000), is responsible for prostanoid

production in various diseases including rheumatoid arthritis
(Bidgood et al., 2000; Cro�ord et al., 1997) and cancer

(Marrogi et al., 2000).
Cytokines such as TNF-a and IL-1b up-regulate the

production of di�erent in¯ammatory mediators (Hughes et

al., 1999). IL-1b is a potent inducer of PGHS-2 expression in
a great variety of cell types (De Brum-Fernandes et al., 1994;
O'Banion et al., 1996). TNF-a is a multifunctional cytokine
increasing the expressions of interleukin-8 (IL-8), PGHS-2

and adhesion molecules (Dhawan et al., 1997; Lakshminar-
ayanan et al., 1998; Perkins & Kniss, 1997).
Human PGHS-2 promoter region contains di�erent

putative transcriptional regulatory elements including cyclic
AMP (cAMP) response element (CRE), activator protein-1
(AP-1), CCAAT/enhancer-binding protein (C/EBP), signal
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transducers and activators of transcription (STAT3), SP1 and
NF-kB (Allport et al., 2000; Inoue et al., 1995; Kosaka et al.,
1994; Xu et al., 2000). Two NF-kB binding sites are described

in PGHS-2 promoter region which are important for TNF-a
signalling pathway (Chen et al., 2000). Present in the
cytoplasmic compartment of resting cells, NF-kB is bound
to its inhibitory protein IkB. In response to in¯ammatory

stimuli, IkB is phosphorylated and targeted for degradation
via the ubiquitin ± proteasome pathway. This phenomenon
allows the NF-kB translocation to the nucleus where it acts

as a regulatory element for gene transcription.
In mammalian cells, several subfamilies of mitogen-

activated protein kinase (MAPK) have been identi®ed. These

kinase family members include p38 MAPK, extracellular
signal-regulated kinases (ERKs) p44 MAPK (ERK1) and p42
MAPK (ERK2), and c-Jun NH2-terminal kinase (JNK),

which is made up of p45 JNK1 and p54 JNK2 (Boulton et
al., 1991). Various pro-in¯ammatory cytokines such as IL-1b
and TNF-a, play a major e�ector role in numerous cellular
responses through multiple MAPK signalling pathways

(Kyriakis & Avruch, 1996; Wang et al., 2000). Indeed, IL-
1b-induced PGHS-2 expression involves the activation of
JNK, p42/44 and p38 MAPK cascades (Lapointe & Isenovic,

1999; Newton et al., 1997). Furthermore, in renal mesangial
cells, IL-1b increases PGHS-2 expression with a concomitant
activation of the p38 MAPK and JNK signalling pathways

(Guan et al., 1998). A recent study has established the role of
p38 MAPK in the regulation of PGHS-2 mRNA production
and stability (Ridley et al., 1998). Accordingly, Laporte et al.

(2000) reported that this kinase activation is required for IL-
1b-induced PGHS-2 expression in cultured airway smooth
muscle cells. Also, all kinases mentioned above are required
for PGHS-2 induction by TNF-a in human alveolar epithelial

cells (Chen et al., 2001).
Vascular endothelium constitutes a primary target for

in¯ammatory agents such as prostanoids which modulate

vascular tone in physiopathological conditions (Davidge,
2001). Previously, we have studied the modulation of
PGHS-2 expression in human pulmonary microvascular

endothelial cells (HPMEC) by extracellular cAMP and
phorbol myristate acetate (Elalamy et al., 2000). Using the
same endothelial cells, we investigated here signal transduc-
tion pathways involved in PGHS-2 induction triggered by

proin¯ammatory cytokines IL-1b and TNF-a.

Methods

Preparation of HPMEC culture

HPMEC were isolated as described previously (Elalamy et
al., 2000) and cultured on dishes precoated with 1% rat tail

collagen type I. Con¯uent cells from the ®fth to eighth
passages were used for experiments.

Measurement of PGHS activity

Con¯uent HPMEC were incubated for 6 h in the absence or
presence of the following human recombinant cytokines (IL-

1b, 0.3 ng ml71 and TNF-a, 30 ng ml71) either alone or in
combination. Thereafter, HPMEC were washed and exposed
to arachidonic acid (30 mM). After 30 min, supernatants were

collected and stored at 7208C for assay of production of 6
keto-PGF1a (a stable non-enzymatic hydrolysis product of
prostacyclin) by enzyme immunoassay using a commercially

available kit according to the method of Pradelles et al.
(1989).

Western blot analysis

Immunoblot analysis was performed according to Laemmli
(1970). Brie¯y, cell proteins were separated through 10%

denaturing polyacrylamide gels and transferred to nitrocellu-
lose membranes. Membranes were blocked overnight with
5% non-fat dry milk in the following bu�er (Tris 20 mM,

pH 7.6, NaCl 140 mM and 0.1% Tween 20) and then
incubated for 1 h with monoclonal antibodies anti-PGHS-1,
anti-PGHS-2 or anti-b-actin (diluted to 1 : 1000). The

secondary antibody was horseradish peroxidase-conjugated
sheep anti-mouse (diluted to 1 : 10,000) and ECL reagent was
used for detection.

For the Western blot detection of phospho-p38, p42/44

MAPKs and JNK, the membranes were incubated overnight
at 48C with the speci®c antibodies for p38 MAPK, JNK or
p42/44 MAPK (diluted to 1 : 1000, 1 : 2000 and 1 : 1000,

respectively). Then, membranes were blotted with a second-
ary antibody horseradish peroxidase-conjugated donkey anti-
rabbit for 1 h (diluted to 1 : 2000) for p38 and p42/44

MAPKs or with a secondary antibody horseradish peroxidase
linked sheep anti-mouse IgG (diluted to 1 : 2000) for
phospho-p42/44 MAPK or JNK.

Electrophoretic mobility shift assays

Con¯uent HPMEC cells cultured in 6-well plates were treated

for 15 ± 60 min with IL-1b (0.3 ng ml71) or TNF-a
(30 ng ml71) separately or in association. Then, nuclear
extracts were prepared as described for electrophoretic mobility

shift assay (EMSA) (Kravchenko et al., 1996). Brie¯y, 1 mg of
nuclear extracts was incubated with 25 fmol of double-stranded
[g-33P] ATP labeled consensus oligonucleotide for NF-kB (5'-
AGTTGAGGGGACTTTCCCAGG-3'), AP-1 (5'-CGCTT-
GATGACTCAGCCGGAA-3') and STAT3 (5'-GATCCTT-
CTGGGAATTCCTAGATC-3'). Samples were electrophor-
esed on 6% acrylamide gels, made in 50 mM Tris bu�er

containing 380 mM glycine and 2 mM EDTA followed by
autoradiography using a Bio ±Max intensifying screen from
Kodak at 7808C. Speci®c DNA-protein complexes were

suppressed by an excess addition of unlabeled oligonucleotides
for each nuclear transcription factor. For supershift assay,
nuclear extracts were incubated with 2 mg of polyclonal anti-

p50, anti-c-Rel or anti-p65 antibodies for 20 min at room
temperature followed by EMSA.

Reverse transcription-polymerase chain reaction
(RT±PCR) and PCR products analysis

Total cellular RNA was isolated using TRIzol reagent and

processed according to the manufacturer's instructions.
Samples were resuspended in RNase-free water and con-
centrations determined spectrophotometrically. Each sample

(3 mg) was used for RT±PCR to generate human HPMEC
PGHS-2, IL-8 and b-actin PCR products of 305, 247 and
263 bp, respectively. Semiquantitative PCR was performed
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for 35 cycles for PGHS-2, 27 cycles for IL-8 and 25 cycles for
b-actin. PCR ampli®cations were done using the following
primers: for PGHS-2, sense 5'-TTCAAATGAGATTGTGG-

GAAAATTGCT-3', antisense 5'-AGATCATCTCTGCCCT-
GAGTATCTTT-3'; for IL-8, sense 5'-TTGGCAGCC-
TTCCTGATT-3', antisense 5'-AACTTCTCCACAACCC-
TCTG-3'. The ®nal PCR products were run on a 1.5%

agarose gel and blotted onto nylon membranes. PGHS-2 and
b-actin were detected by hybridization with speci®c [g-32P]-
labeled oligodeoxynucleotide probes as described elsewhere

(Elalamy et al., 2000).

Materials

Selective PGHS-2 inhibitor NS-398 was purchased from
Biomol (U.S.A.). Arachidonic acid, 50 X Denhardt's,

collagen type I, actinomycin D, ethidium bromide and anti-
b-actin antibody were purchased from Sigma (St. Louis, MO
U.S.A.). 6 keto-PGF1a kit and anti-PGHS-2 antibody were
from SPI-BIO (Massy, France). T4 polynucleotide kinase,

anti-total- or anti-phospho-p38 MAPK, anti-total- or anti-
phospho-JNK and anti-p42/44 MAPK were from Biolabs
(New England). Reverse transcriptase and consensus double-

strand NF-kB oligonucleotide were from Promega (Char-
bonnieÁ re, France). Consensus double-strand AP-1, STAT3
oligonucleotides, antibody speci®c for phospho-p42/44

MAPK and polyclonal anti-p50, anti-c-Rel and anti-p65
antibodies were from Santa Cruz Biotechnology (U.S.A.).
[g-33P] ATP was from NEN (Belgium). Oligodeoxynucleotides

for RT ±PCR were from Genset (Paris, France). Nylon
membranes were from Boehringer (Mannheim, Germany).
Taq polymerase was from Eurobio (Les Ulis, France).
EGM±MV medium was from TEBU (France). Peroxidase-

linked sheep anti-mouse IgG, ECL Western blotting detection
system and peroxidase-linked donkey anti-rabbit IgG were
purchased from Amersham (Buckinghamshire, U.K.).

Recombinant human cytokines TNF-a and IL-1b were
from Immugenex (Los Angeles, U.S.A.). Proteasome in-
hibitor MG-132 (N-cbz-Leu-Leu-leucinal), p38 MAPK in-

hibitor, 4-(4-¯uorophenyl)-2-(4-methylsul®nylphenyl)-5-(4-
pyridyl)1H-imidazole (SB 203580) and MAPK kinase
(MEK) inhibitor (2'-amino-3'methoxy¯avone, PD98059)
which abolished p42/44 MAPK activation were purchased

from Calbiochem (Meudon, France). Agarose and TRIzol
reagent were from GIBCO-BRL (Gaithersburg, MD,
U.S.A.).

Statistical analysis

Statistical signi®cance between treated and control samples
was performed using a Student's t-test for unpaired data.
Results are expressed as mean+s.e.mean of three separate

experiments.

Results

Enhancement of PGHS-2 expression in HPMEC by
IL-1b but not TNF-a

To investigate the e�ects of pro-in¯ammatory cytokines on
the expression of PGHS-2, adherent human pulmonary

microvascular endothelial cells (HPMEC) were treated with
IL-1b or TNF-a at various concentrations (0 ± 5 ng ml71 and
0 ± 100 ng ml71, respectively). As shown in Figure 1A, IL-1b
increased, in a concentration-dependent manner, PGHS-2
expression with an optimum at 1 ng ml71. The kinetic of
PGHS-2 induction in response to IL-1b (0.3 ng ml71) was
also investigated, and the PGHS-2 protein reached a

maximum at 6 h (data not shown). However, no signi®cant
variation of PGHS-2 expression was observed when cells
were treated with TNF-a up to 100 ng ml71 (Figure 1B).

Potentiation by TNF-a of IL-1b-induced PGHS-2
expression

To determine whether TNF-a, which is ine�cient by itself,
modi®es PGHS-2 induction by IL-1b, cultured HPMEC were

co-incubated with IL-1b (0.3 ng ml71) and TNF-a (1 ±
100 ng ml71) during 6 h. Interestingly, immunoblotting
analysis (Figure 2A) revealed that TNF-a signi®cantly
increases, in a concentration-dependent manner, the induc-

tion of PGHS-2 expression by IL-1b, under conditions where
levels of b-actin, an internal standard, remained unchanged.
Furthermore, this potentiation due to TNF-a was observed at

all used IL-1b concentrations (0 ± 0.5 ng ml71) (Figure 2B).

Potentiation by TNF-a of IL-1b-induced prostacyclin
production

The e�ect of TNF-a on PGHS activity was evaluated through

6 keto-PGF1a generation, a stable non-enzymatic hydrolysis
product of prostacyclin (PGI2). This enzyme activity was
evaluated in intact cells by adding exogenous arachidonic
acid (30 mM) 6 h after IL-1b (0.3 ng ml71) and TNF-a
(30 ng ml71), alone or in combination. In agreement with

Figure 1 Induction of PGHS-2 expression in HPMEC by IL-1b but
not TNF-a. Human pulmonary microvascular endothelial cells
(HPMEC) were treated with IL-1b and processed for the determina-
tion of PGHS-2 expression by immunoblotting according to
Methods. Each lane was loaded with 10 mg of protein for both
PGHS-2 and standard control b-actin assessments. Adherent
HPMEC were incubated for 6 h in the absence and the presence of
various concentrations of IL-1b (0 ± 5 ng ml71 (A)) or TNF-a (0 ±
100 ng ml71 (B)). Results are representative of three separate
experiments.
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the immunoblotting ®ndings, PGI2 production was greatly
increased by IL-1b (about 6 fold as compared to untreated
control cells) (Figure 3). When HPMEC were treated with

TNF-a alone, no stimulatory e�ect was observed. However,
co-incubation of the cells with both cytokines led to a strong
elevation of PGHS activity (about 9 fold).

To evaluate whether PGHS-2 activity rate detected under
IL-1b and TNF-a stimulation was attributable to PGHS-2
isoform, treated HPMEC were preincubated for 15 min in
the presence of NS-398 (30 mM), a selective PGHS-2 inhibitor

(Masferrer et al., 1994) and then exposed to exogenous
arachidonic acid (30 mM for 30 min). As shown in Table 1,
the addition of NS-398 greatly decreased the amounts of 6

keto-PGF1-a in response to IL-1b (0.3 ng ml71) alone or in
combination with TNF-a (30 ng ml71). Under similar
conditions, NS-398 fails to modify the basal level of 6 keto-

PGF1a, indicating that PGHS activity measured in treated
cells is essentially that of PGHS-2.

Increase of PGHS-2 mRNA expression in IL-1b-treated
HPMEC and its potentiation by TNF-a.

To determine the target step of IL-1b and TNF-a inducing

e�ect on PGHS-2 protein and enzymatic activity levels, we
isolated HPMEC RNA and subjected it to RT±PCR
analysis. As shown in Figure 4A, PGHS-2 mRNA levels

increased in response to IL-1b (0.3 ng ml71) with a maximal
e�ect appearing at 4 h (data not shown). In contrast, the
TNF-a exposure did not modify PGHS-2 mRNA level.

However, when cells were co-treated with IL-1b and TNF-a,
a marked concentration-dependent elevation of PGHS-2
mRNA levels occurred, under conditions where those of b-
actin mRNA remain unchanged.

To evaluate whether this PGHS-2 induction by cytokines
occurred at transcriptional or post-transcriptional step, we
pretreated HPMEC with a gene transcription inhibitor,

actinomycin D (1 mM) for 1 h before IL-1b (0.3 ng ml71) or

TNF-a (30 ng ml71) addition. As shown in Figure 4B,

actinomycin D suppressed PGHS-2 induction.

Activation of nuclear factors NF-kB, AP-1 and STAT3
by TNF-a and IL-1b.

To determine the role of NF-kB in the signalling pathway
involved in IL-1b and TNF-a-induced PGHS-2 expression,

HPMEC were pre-incubated for 1 h with the proteasome
inhibitor MG-132 (475 ng ml71) and then treated for 6 h
with IL-1b (0.3 ng ml71) alone or combined with TNF-a
(30 ng ml71). As illustrated in Figure 5A, MG-132 strongly
decreased PGHS-2 induction in response to IL-1b alone or in
association with TNF-a.

Given the key role of NF-kB in PGHS-2 up-regulation, we
examined whether TNF-a alone activates NF-kB in these
cells. Nuclear proteins isolated from IL-1b and TNF-a-
treated HPMEC for 30 min were analysed by electrophoretic

mobility gel shift assay (EMSA), using a radiolabelled DNA
probe containing the NF-kB consensus sequence. As shown
in Figure 5B, NF-kB-DNA binding complexes were expressed

at the basal level in untreated control cells and enhanced
under IL-1b (0.3 ng ml71) stimulation. Surprisingly, similar
activation of the nuclear factor was observed with TNF-a
(30 ng ml71) alone. Moreover, when HPMEC were co-
incubated with both cytokines, larger amounts of activated
NF-kB occurred. As expected, NF-kB activation triggered by

IL-1b and TNF-a alone or in combination was abolished by
MG-132.

Competition experiments using an excess of unlabelled
oligonucleotide probe eliminated the binding activity of the

labelled probe (data not shown), suggesting that DNA
binding activity increased by TNF-a or IL-1b is speci®c for
the NF-kB motif.

Figure 2 Potentiation by TNF-a of IL-1b-induced PGHS-2 expres-
sion. Cultured HPMEC were cotreated with IL-1b and TNF-a for
6 h and then PGHS-2 and b-actin proteins were analysed as indicated
in the legend of Figure 1. (A) Concentration response of TNF-a (0 ±
100 ng ml71) in the presence of IL-1b (0.3 ng ml71). (B) Concentra-
tion response of IL-1b (0 ± 0.5 ng ml71) in the presence of TNF-a
(30 ng ml71). Results are representative of three separate experi-
ments.

Figure 3 Potentiation by TNF-a of IL-1b-induced 6 keto-PGF1a
generation Adherent HPMEC were co-exposed to TNF-a
(30 ng ml71) or IL-1b (0.3 ng ml71) alone or in combination for
6 h. Then, cells were washed and exposed to arachidonic acid (30 mM)
for 30 min. Amounts of 6 keto-PGF1a released in the incubation
media were evaluated as indicated in Methods. Results are expressed
as the mean+s.e.mean of three separate experiments (***P50.001).
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As expected, interleukin-8 induction, used as a positive
control of NF-kB activation (Fiedler et al., 1998), was
signi®cantly enhanced by TNF-a (data not shown). To

identify the nature of proteins present in DNA-binding
complexes obtained with MG-132 treated cells, supershift
experiments using antibodies directed against p65, p50 and c-
Rel subunits of NF-kB were performed. As illustrated on

Figure 5C, the anti-p50 antibody supershifted both retarded
complexes, under conditions where anti-p65 antibody mod-
i®ed only the upper complex. However, no supershifting of

any bands was observed with c-Rel antibody. Similar results
were obtained under MG-132 and IL-1b co-treatment (data
not shown).

Using the same experimental approach, we examined the
potential ability of both cytokines to induce other nuclear
factor activation. As shown in Figure 6, IL-1b as well as

TNF-a increased nuclear proteins binding to oligonucleotides
consensus for AP-1 and STAT3.

Role of MAPKs in PGHS-2 up-regulation

The c-Jun NH2-terminal kinase (JNK) and p42/44 mitogen-

activated protein kinase (MAPK) signalling pathways are
known to be activated by IL-1b and TNF-a and are involved
in PGHS-2 expression in various cells such as human alveolar
epithelial cells (Chen et al., 2001) and cardiac myocytes

(Schuette & Lapointe, 2000).
We studied the e�ect of both cytokines on the activation of

p42/44 MAPK. We thus used a speci®c antibody recognizing

the phosphorylated tyrosyl-204 residue in p42/44 MAPK. In
resting cells, only basal p42/44 MAPK phosphorylation was
detected, however, under IL-1b (0.3 ng ml71) treatment the

phosphorylation pro®le is rapidly enhanced. This phosphor-
ylation intensity is maximal at 5 min and declined 1 h after
stimulation (Figure 7A). Under the same conditions, TNF-a
(30 ng ml71) induced the same pro®le of p42/44 MAPK
phosphorylation, but to a lesser extent (Figure 7B). In
contrast, no change of JNK phosphorylation level was
observed whatever cytokine was used (data not shown).

To investigate the involvement of p42/44 MAPK in PGHS-
2 regulation, cells were pretreated for 30 min with PD98059
(10 mM), a speci®c inhibitor of p42/44 MAPK phosphoryla-

tion (Dudley et al., 1995) and then incubated in presence or
absence of IL-1b (0.3 ng ml71) alone or combined with TNF-
a (30 ng ml71) for 6 h. Surprisingly, PD98059 did not reduce

PGHS-2 expression, but signi®cantly reinforced it (Figure
7C). As expected, under these conditions, PD98059 strongly
inhibited p42/44 MAPK phosphorylation (Figure 7D).

Previous studies have reported that p38 MAPK is an
essential component of the up-regulation of PGHS-2 gene
expression in cardiac myocytes (Schuette & Lapointe, 2000)
and airway smooth muscle cells (Laporte et al., 2000). Thus,

we examined the e�ect of a speci®c p38 MAPK inhibitor, SB
203580 (Lee et al., 1994). HPMEC were pretreated with SB
203580 (10 mM) for 1 h and then incubated in presence or

absence of IL-1b alone or combined with TNF-a for 6 h.
Immunoblotting analysis (Figure 8A) revealed that SB
203580 markedly inhibited PGHS-2 expression triggered by

IL-1b alone or associated with TNF-a. The same inhibition
pro®le was obtained with 1 mM of SB 203580 (data not
shown).
As mentioned above, the p38 MAPK pathway is required

for PGHS-2 induction. To clarify the failure of TNF-a to
enhance PGHS-2 expression by itself, we suggested that
TNF-a is unable to activate p38 MAPK cascade. As shown

in Figure 8B, IL-1b (0.3 ng ml71) alone (panel a) or
combined with TNF-a (30 ng ml71, panel c), strongly
induced p38 MAPK phosphorylation whose level reached a

peak at 5 min and then returned to basal rate. Interestingly,
TNF-a (30 ng ml71) alone did not signi®cantly modify p38
MAPK phosphorylation state (Figure 8B, panel b). Under

the same conditions, total level of p38 MAPK protein
remained unmodi®ed in all cases (Figure 8B).

Discussion

PGHS-2 messenger and protein show low baseline expression

and are practically undetectable in most tissues under
physiological conditions. They can be rapidly and transiently
induced by a wide variety of in¯ammatory stimuli,

Table 1 Inhibition of PGHS-2 activity by NS-398

6 keto-PGF1a (pg 1077 cells)
Treatment Without NS-398 With NS-398

Control 258+10 231+13
IL-1b 1472+36 277+23***
IL-1b+TNF-a 2184+39 457+46***

Adherent HPMEC were exposed to IL-1b alone or in
combination with TNF-a as described in Figure 3. Then,
cells were washed and pre-incubated for 15 min with or
without NS-398 (30 mM) following the exposure to arachi-
donic acid (30 mM) for 30 min. Amounts of 6 keto-PGF1a
released in incubation media were evaluated as indicated in
Methods. Results are expressed as the mean+s.e.mean of
three separate experiments (***P50.001).

Figure 4 Induction by IL-1b of PGHS-2 expression and its
potentiation by TNF-a: inhibition by actinomycin D. (A) Concentra-
tion-dependent potentiation by TNF-a of IL-1b-induced PGHS-2
mRNA expression. Adherent cells were treated as indicated on the
®gure. Then, total cellular RNA in each sample was extracted. After
reverse transcription reaction, cDNA of PGHS-2 and that of b-actin
were ampli®ed and hybridized with speci®c [g-32P]-labelled probes.
(B) Inhibition by actinomycin D of PGHS-2 expression. HPMEC
were pretreated with actinomycin D (1 mM) for 1 h and then exposed
to IL-1b (0.3 ng ml71) alone or in combination with TNF-a
(30 ng ml71) for 6 h. The samples were analysed by immunoblotting.
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particularly cytokines such as IL-1b and TNF-a (O'Banion et
al., 1996; Pang & Knox, 1997; Perkins & Kniss, 1997).
Induction of PGHS-2 transcription is regulated by various

nuclear transcription factors. Analysis of human promoter
region sequences of PGHS-2 gene has shown several potential
transcription regulatory domains, including two nuclear

factor-kB (NF-kB) sites, a CCAAT/enhancer-binding protein
(C/EBP) motif, STAT-3 and activator protein-1 (AP-1) sites
(Allport et al., 2000; Inoue et al., 1995; Kosaka et al., 1994).

Several reports have established that NF-kB activation
increases PGHS-2 gene induction (Chen et al., 2000; Gallois
et al., 1998). IL-1b induced the expression of this enzyme in
human rheumatoid synoviocytes through NF-kB activation

(Cro�ord et al., 1997). Gallois et al. (1998) have shown that
NF-kB activation by TNF-a leads to PGHS-2 induction in
human hepatic stellate cells.

TNF-a and IL-1b signalling pathways involved in the
induction of PGHS-2 expression in HPMEC are not yet
known. In the present study, we have clearly demonstrated

that PGHS-2 gene and protein are rapidly induced by IL-1b
but not by TNF-a. Initially, we hypothesized that TNF-a,
unlike IL-1b, had no functional receptors on this cell type.

However, HPMEC co-treatment with both cytokines leads to
a marked potentiation of PGHS-2 induction in terms of

enzyme activity, protein and messenger expression, indicating
the presence of functional TNF-a receptors on these cells. As
supported by actinomycin D related results, this PGHS-2

induction occurred at transcriptional step. Accordingly,
TNF-a alone, like IL-1b enhances IL-8 gene expression in
HPMEC. The ine�ectiveness of TNF-a by itself to induce

PGHS-2 expression was also reported in murine macro-
phages, however, its association with prostaglandins caused a
marked up-regulation of PGHS-2 mRNA (Fournier et al.,
1997). In addition, other authors reported that TNF-a, unlike
IL-1b failed to enhance PGHS-2 mRNA levels in human
trophoblast cells (Pomini et al., 1999).

In attempt to explain the failure of TNF-a to induce

PGHS-2 expression by itself and its ability to potentiate IL-
1b response, we investigated the e�ect of TNF-a on the
activation of some transcription nuclear factors. As shown

herein, NF-kB±DNA binding complex was induced by IL-1b
as well as by TNF-a. This e�ect was more pronounced when
cells were cotreated with the two cytokines. As expected, the
proteasome inhibitor MG-132 (Jensen et al., 1995) concomi-

tantly suppressed NF-kB activation and PGHS-2 expression,
suggesting the requirement of NF-kB in this process. It is
interesting to note that TNF-a alone is able to induce IL-8

mRNA expression whose induction is also NF-kB-dependent
pathway.

By contrast to our results, Laporte et al. (2000) reported a

non-involvement of NF-kB in IL-1b-induced PGHS-2
expression in human airway smooth muscle cells. Similar
results were described in rat aortic smooth muscle cells

stimulated by TNF-a (Chen et al., 1999) and in murine RAW
264.7 macrophages line cells exposed to lipopolysaccharide
(Wadleigh et al., 2000). These ®ndings suggest that PGHS-2
up-regulation by NF-kB is species- and cell type-dependent.

Furthermore, we found that TNF-a, like IL-1b, increases
the binding of nuclear proteins to DNA consensus sequences

Figure 5 Inhibition by MG-132 of NF-kB activation and PGHS-2
expression. Adherent cells were treated as indicated on the ®gure and
processed for the PGHS-2 protein determination (A) or for NF-kB-
DNA binding determination (B) according to Methods. (C) Super-
shift analysis. Nuclear extracts from MG-132 and TNF-a treated cells
as indicated in B were incubated for (20 min) with antibodies against
p50, p65 or c-Rel of NF-kB subunits and then submitted to EMSA
analysis. Results are representative of two to three separate
experiments.

Figure 6 Activation of AP-1 and STAT3 by IL-1b and TNF-a.
Nuclear proteins were isolated from IL-1b- (0.3 ng ml71) and TNF-
a- (30 ng ml71) treated HPMEC (2 h and 30 min for AP-1 and
STAT3, respectively) and then analysed by EMSA, using a
radiolabelled DNA probe containing AP-1 or STAT3 consensus
sequences. Results are representative of two separate experiments.
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for both AP-1 and STAT3. This process is enhanced by the
combination of both cytokines.

In an attempt to explain the failure of TNF-a to induce
PGHS-2 expression, we investigated a possible link between
PGHS-2 expression and the activation of p38, p42/44
mitogen-activated protein kinase (MAPK) and c-Jun NH2-

terminal kinase (JNK) pathways. It is well known that IL-1b
and TNF-a activate p38, p42/44 MAPKs and JNK cascades
in various cell types (Kyriakis & Avruch, 1996; Newton et al.,

2000; Wang et al., 2000). In addition, Paul et al. (1999)
reported that lipopolysaccharide induces PGHS-2 gene
through p38 MAPK cascade in RAW 264.7 macrophages

line cell. Activation of JNK, p38 and p44/42 MAPK
signalling pathways are also essential for TNF-a-induced
PGHS-2 expression in human alveolar epithelial cells (Chen
et al., 2001). Furthermore, Guan et al. (1998) showed that

both JNK and p38 MAPK are required for PGHS-2 up-
regulation by IL-1 b in rat renal mesangial cells. Thus we
have examined whether such kinases might be responsible for

the di�erential modulation of PGHS-2 expression by TNF-a
and IL-1b in HPMEC. Recent studies suggested that JNK
pathway is involved in PGHS-2 up-regulation in di�erent cell

types (Chen et al., 2001; Guan et al., 1998). Whereas, in
HPMEC, both IL-1b and TNF-a are unable to phosphor-
ylate JNK (data not shown), indicating, the non-involvement

of this kinase in PGHS-2 induction.
Since the activation of p42/44 MAPK up-regulates PGHS-

2 expression in various cell types (Chen et al., 2000; Lapointe
& Isenovic, 1999), we investigated whether this kinase also

modulate PGHS-2 expression in HPMEC. IL-1b and, less
e�ciently, TNF-a, stimulate the phosphorylation of p42/44

MAPK. Nevertheless, it seems that this signalling cascade
does not directly participate in the promotion of PGHS-2

expression. Indeed, PD98059, a speci®c inhibitor of p42/44
MAPK phosphorylation (Dudley et al., 1995), failed to
decrease PGHS-2 expression promoted by IL-1b alone or
combined with TNF-a. Surprisingly, this inhibitor even

caused a potentiation of PGHS-2 expression, suggesting that
p42/44 MAPK cascade may exert a negative control on
PGHS-2 induction. It is interesting to note that cell treatment

with PD98059 markedly inhibits p42/44 MAPK phosphor-
ylation caused by both cytokines.
However, treatment of HPMEC with SB 203580, a

selective p38 MAPK inhibitor (Lee et al., 1994), blocked
the increase of PGHS-2 protein expression evoked by IL-1b
alone or associated with TNF-a. These data indicate that p38
MAPK is a required signalling pathway for PGHS-2 gene

induction. However, SB 203580 did not a�ect AP-1 or NF-
kB activation in response to IL-1b with or without TNF-a
(data not shown), suggesting that the activation of both NF-

kB and AP-1 is independent of that of p38 MAPK pathway.
The mechanism involved in the transcriptional step of PGHS-
2 induction through p38 MAPK is still unclear, but it has

been proposed to trigger phosphorylation of the transcription
factor ATF-2 (Guan et al., 1998). In addition, p38 MAPK
also induces transcriptional activity via phosphorylation of

ATF-1 and CRE binding protein (CREB) (Iordanov et al.,
1997) and stabilizes PGHS-2 mRNA (Ridley et al., 1998).
Besides, since TNF-a did not enhance PGHS-2 expression

by itself, we have investigated its potential ability to induce

p38 MAPK activation. Immunoblotting experiments demon-
strated that TNF-a, unlike IL-1b, did not signi®cantly

Figure 7 Activation of p42/44 MAPK by IL-1b and TNF-a and its inability to regulate PGHS-2 expression. Adherent HPMEC
were pretreated with or without PD98059, a speci®c inhibitor of p42/44 MAPK phosphorylation and then stimulated with IL-1b
(0.3 ng ml71) and TNF-a (30 ng ml71). (A and B) IL-1b and TNF-a-induced p42/44 MAPK phosphorylation. HPMEC were
exposed to IL-1b (0.3 ng ml71, A) or TNF-a (30 ng ml71, B) for the times indicated and harvested for immunoblotting using p42/
44 MAPK antibodies. (C) E�ect of PD98059 on PGHS-2 expression. Cells were pre-incubated with or without PD98059 (10 mM) for
30 min and then exposed to IL-1b (0.3 ng ml71) alone or in association with TNF-a (30 ng ml71) for 6 h, and processed for the
PGHS-2 protein determination. (D) Inhibition by PD98059 of IL-1b- and TNF-a-induced p42/44 MAPK phosphorylation. Cells
treatment with or without PD98059 (10 mM) before IL-1b (0.3 ng ml71, 5 min) or TNF-a (30 ng ml71, 5 min) addition, were
processed for immunoblotting using p42/44 MAPK antibodies. Results are representative of two separate experiments.
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promote p38 MAPK phosphorylation. These data explain, at
least in part, the inability of TNF-a alone to induce PGHS-2

expression.
In summary, our results indicate that NF-kB activation by

TNF-a is a necessary but not su�cient event to promote

PGHS-2 up-regulation in HPMEC. The failure of this
cytokine to enhance PGHS-2 expression may be attributed
to its inability to activate p38 MAPK pathway. This study

enhances our understanding of TNF-a signalling pathway,

and its role in PGHS-2 gene induction and outlines the
heterogeneity of cellular response to the same agonist.
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