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The p38 mitogen-activated protein kinase pathway plays a critical role in

thrombin-induced endothelial chemokine production and leukocyte recruitment

Valérie Marin, Catherine Farnarier, Sandra Gres, Solange Kaplanski, Michael S.-S. Su, Charles A. Dinarello, and Gilles Kaplanski

Thrombin, the terminal serine protease in
the coagulation cascade, is a proinflam-
matory molecule in vivo and induces en-
dothelial activation in vitro. The cellular
signaling mechanisms involved in this
function are unknown. The role of the p38
mitogen-activated protein kinase (MAPK)
signaling pathway in thrombin-induced
chemokine production was studied. Phos-
phorylation of both p38 MAPK and its
substrate, ATF-2, was observed in human
umbilical vein endothelial cells (HUVECS)
stimulated with thrombin, with a maxi-
mum after 5 minutes of stimulation. Using
the selective p38 MAPK inhibitor
SB203580, there was a significant de-

crease in thrombin-induced interleukin-8
(IL-8) and monocyte chemotactic pro-
tein-1 (MCP-1) protein production and
messenger RNA steady-state levels. In
addition, SB203580 decreased IL-8 and
MCP-1 production induced by the throm-
bin receptor-1 agonist peptide (TRAP),
suggesting functional links between the
thrombin G protein—coupled receptor and
the p38 MAPK pathway. Furthermore, en-
dothelial activation in the presence of
SB203580 decreased the chemotactic ac-
tivity of thrombin-stimulated HUVEC su-
pernatant on neutrophils and monocytic
cells. In contrast, the p42/p44 MAPK path-
way did not appear to be involved in

thrombin- or TRAP-induced endothelial
chemokine production, because there was
no reduction in the presence of the p42/
p44-specific inhibitor PD98059. These re-
sults demonstrate that the p38 rather
than p42/44 MAPK signaling pathway
plays an important role in thrombin-
induced endothelial proinflammatory acti-

vation and suggest that inhibition of p38

MAPK may be an interesting target for
anti-inflammatory strategies in vascular
diseases combining thrombosis and
inflammation. (Blood. 2001;98:667-673)
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Introduction

Thrombin, a well-known procoagulant molecule, activates platelphils and monocyte!41%Interestingly, thrombin proinflammatory
aggregation and processing of fibrinogen into firithree differ- functions on endothelium are not mediated by the classical
ent thrombin receptors, belonging to the protease-activated recpminflammatory cytokines IL-d/g and tumor necrosis facter-

tor (PAR-1, -3, -4) family, have been identified on different céfts. (TNF-a), because they are not inhibited by specific kA3 and
PAR-2, another member of this family, does not seem to BENF-a inhibitors or IL-la antisense and are reproduced by a
activated by thrombin but, rather, by trypgiRollowing enzymatic specific thrombin receptor-1 agonist peptide (TRAP).

cleavage of PAR-1, thrombin exhibits pleiotropic effects on cells. Although thrombin triggers cells following cleavage of PAR-1,
Notably, thrombin acts as a proliferation-inducing factor fodownstream cellular activation signal pathways have not been
smooth muscle cells and fibroblasts in vitrm addition, thrombin clearly identified. Thrombin has been shown to induce smooth
appears to be a potent proinflammatory molecule in vivo and imuscle cell proliferation through activation of the p42 and p44
vitro.6 Indeed, thrombin participates in the different steps afxtracellular-regulated kinase (ERK) members of the mitogen-
leukocyte-endothelium interactions by inducing in vitro endotheactivated protein kinase (MAPK) family. The MAPK family

lial expression of leukoendothelial adhesion molecules. Thrombdonsists of 3 different subgroups of molecules, ERK-1/ERK-2,
has been shown to induce P-selectin expression through a protiin-NH2-terminal kinases (JNKs), and p38, each requiring phos-
synthesis-independent mechanism and E-selectin as well as interpbbrylation of tyrosyl and threonyl residues for activattéERK
lular adhesion molecule-1 and vascular cell adhesion moleculddhases are involved in cell signaling induced by mitogens and
expression through gene transcription and protein syntfé%is.growth factors” ERK kinases are activated by upstream kinases
Thus, thrombin may participate in the initial phase of rollingguch as Raf and MAPK extracellular signal-regulated kinase
mediated by selectins, followed by firm leukoendothelial adhesi&inases (MEK-1 and MEK-2) and regulate various transcription
mediated by members of the immunoglobulin superfafihrom-  factors involved in cell proliferation and differentiatidhAlterna-

bin also favors leukocyte recruitment, because it is directlwely, cellular stress but not mitogens appear to activate the
chemotactic for neutrophils and monocyté$3In addition, throm- so-called stress-activated MAPKs, JNK, and p38 MAPKs through
bin induces the production of interleukin-8 (IL-8) and monocytephosphorylation of upstream MAPK kinases such as MKK4/
chemotactic protein-1 (MCP-1), 2 chemokines acting on neutrtdKK7 for JNK and MKK3/MKK6 for p3818-20 JNK and p38

%20z AeN zz uo 3senb Aq ypd° 299001051 8U/¥909.91/.99/€/86/4Ppd-8[01IE/POO|qARU"SUOKEDIgNdYSE//:d]Y WOl papeojumoq

From the Laboratoire d’Immunologie-INSERM U387, Hopital Sainte-  studied in the present work.
Marguerite, Marseille, France; Vertex Pharmaceutical, Cambridge, MA; and

Division of Infectious Diseases, University of Colorado Health Sciences Center,
Denver.

Submitted January 11, 2000; accepted March 28, 2001.
Supported by National Institutes of Health grant Al15614 to C.A.D.

M.S.-S.S. has declared a financial interest in a company whose product was

BLOOD, 1 AUGUST 2001 - VOLUME 98, NUMBER 3

Reprints: Gilles Kaplanski, Laboratoire d’'Immunologie-INSERM U387, Hopital
Sainte-Marguerite, 270, blvd Sainte-Marguerite, 13009 Marseille, France;
e-mail: gkaplanski@marseille.inserm.fr.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 U.S.C. section 1734.

© 2001 by The American Society of Hematology

667


https://crossmark.crossref.org/dialog/?doi=10.1182/blood.V98.3.667&domain=pdf&date_stamp=2001-08-01

668 MARIN etal BLOOD, 1 AUGUST 2001 - VOLUME 98, NUMBER 3

phosphorylate cellular transcription factors, including c-jun, Junglyclonal antibody (New England Biolabs) following the manufacturer’s
Elk-1, and ATF-218-20 For example, lipopolysaccharide, IL-1, orprocedure. The immunoprecipitate was then incubated with ATF-2 fusion
TNF-a have been shown to induce proinflammatory cell activatioffOtéin. P38 MAPK substrate, in the presence of ATP. ATF-2 phosphoryla-
such as cyclooxygenase-2 synthesis or IL-6 and chemokine prodfiR2 on Thr-71 was measured after 12% SDS-PAGE migration followed by
tion through JNK and p38 activati®4?2 Because thrombin immunoblotting with a rabbit antiphospho—ATF-2 (Thr-71) antibody.
induces p38 MAPK activation in platelets during platelet aggrega-
tion,2224we asked whether p38 MAPK was involved in thrombingy s extraction and complementary DNA synthesis

induced endothelial proinflammatory functions such as chemokine

production. RNA was isolated and complementary DNA synthesized following a
previously reported procedufeBriefly, unstimulated and thrombin-
activated HUVECs with or without SB203580 in 25 toulture flasks were
directly solubilized in RNA extraction solution (Trizol, Life Technologies,
Gibco, Cergy-Pontoise, France). Total RNA was isolated and precipitated,
and reverse transcription was then conducted using Moloney murine
leukemia virus reverse transcriptase (Superscript RT, Life Technolo-
The following materials were purchased: Transwell chambers (Falcgies, Gibco).

Becton Dickinson, Grenoble, France); M199 culture medium, fetal calf

serum (FCS), phosphate-buffered saline without Cand Mg* (Biowhit-  Polymerase chain reaction

taker, Fontenay sous Bois, France); humatiirombin (1000 U/mg, tested ) ) o

negative for contamination by plasmin, plasminogen, fibrin degradati§iPlymerase chain reaction (PCR) amplification of the complementary DNA
products, human immunodeficiency virus, hepatitis virus), endotheligfes conducted using glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
supplement growth factor from bovine pituitary gland, polymyxin B sulfat@1mers as internal control as previously repoftéanplification consisted

(Sigma Chemical, Coger, Paris, Franc&)ja chromate (Cisbio Interaa of 5 minutes at 94°C followed by 30 sequential cycles consisting of 1
tional, Gif sous Yvette, France); recombinant human IL-8 and MCP_{ninute at 94°C, 1 minute at 55°C, and 45 seconds at 72°C, and then a final

neutralizing goat anti-human IL-8 antibody, neutralizing mouse amf-;'long‘ation cycle of 10 minutes at 72°C in a Crocodile Il thermal cycler
human MCP-1 monoclonal antibody (immunoglobulin G1) (R&D System&APPligen, lllkirch, France). Products of PCR (30.) were electropho-
Abingdon, United Kingdom); and thrombin receptor agonist peptidEeSEd in a 2% agarose gel (Nusieve, Tebu, Le Perray en Yvelines, France)
(TRAP-14) consisting of S-F-L-L-R-N-P-N-D-K-Y-E-P-F (single-letterand then, after ethidium bromide coloration, were quantified using densitom-
amino acid abbreviations) and a control “scrambled” peptide consisting &Y O @ gel imager Easy Herolab (Fisher Scientific Labosi, Elancourt,
N-E-F-S-L-P-K-P-F-R-Y-L-N-D (Neosystem Laboratories Strasbourg;rance)- As predicted, the amplification product (amplicon) was 247 base
France). TRAP-14 acts as an agonist for PAR-1 and PAR-2. The selectR@'s for IL-8 and 274 base pairs for MCP-1.

p38 inhibitors pyridinyl imidazole SB203580 and PD169316 were from ) o

Vertex Pharmaceuticals (Cambridge, MA) and Calbiochem Merck Labor&€Verse transcriptase-PCR specific primers

tories (Fontenay sous Bois, France), respectively. The MEK-1 inhibit@,;peciﬁC primers were 'STTGGCAGCCTTCCTGATT-3 sense and 'S

PD98059, the phosphoplus p38 MAPK antibody kit, and the p38 MAPRACTTCTCCACAACCCTCTG-3 antisense for IL-8; 5'-TCCAGCAT-

assay kit were pUrChased from New England Biolabs (Ozyme, Sa”é-AAAGTCTCTGC'g sense and 5STGGAATCCTGAACCCACTTC-3

Quentin en Yvelines, France). antisense for MCP2; and 53-CCACCCATGGCAAATTCCATGGCA-3
sense and 'STCTAGACCGCAGGTCAGGTCCACC-3 antisense for
GAPDH (Genset, Paris, Franc®).

Human umbilical vein endothelial cells (HUVECSs) were obtained and used

on passage 2 or 3 as previously describ&iThrombin, TRAP-14, or Cytokine assays

c_ontrol peptide were then added to HUVECs, and afte_r various CUItuIrLe-éa and MCP-1 were measured using a specific enzyme-linked immunosor-

times the supernatant from each well was collected, centrifuged, and StOée i f hch Ki tikine. R&D Svst

at—75°C prior to assay. The inhibitors SB203580, PD169316, or PD9g0SG' ' 2552 for each chemokine (Quantikine, ystems).

were added to cultures 1 hour prior to HUVEC stimulation. All experiment

described in this paper were performed in the presence of polymyxin B

pg/mL). THP-1 monocytic cell line was cultured in RPMI containingPolymorphonuclear cells (PMNCs) prepared as previously repoaed

Materials and methods

Materials

Cell cultures

emotaxis assay

10% FCS. THP-1 monocytic cells were labeled with 7.4 MB&Cr and chemotaxis
. assays were performed ing@n or 84um Transwell plates, respectively, as
Endogenous p38 phosphorylation assay described. Briefly, 108 PMNCs or THP-1 under 20QL volume of culture

The endogenous p38 phosphorylation assay was performed following fRgdium were added to the upper chamber (and allowed to sediment for 45
manufacturer’s procedure (New England Biolabs). Briefly, HUVEngrowWinUtes in the case of THP-1) before immersion of the Transwell in the
to confluence in 65-mm Petri dishes were activated with 8 U/mL thrombfPttom wells containing 70QL culture medium alone or either recombi-
for various times. After lysis, cell extracts were electrophoresed on a 1293nt IL-8, recombinant MCP-1 with or without respective neutralizing
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS_pAG@_ijtibody, or supernatants of thrombin-activated HUVECs in the absence or
gel. Proteins were then transferred onto nitrocellulose, and membrafggsence of SB203580. The undersurface of the filter was rinsed with 2 mL
were probed with rabbit polyclonal anti-human p38 MAPK antibody oice-cold phosphate-buffered saline without'Caand Mg and containing
rabbit polyclonal anti—human phosphorylated p38 MAPK antibody. Afte? MM ethylenediaminetetraacetic acid. Both bottom well and washed filter
incubation with an antirabbit secondary antibody conjugated with horserd@€dia were collected and centrifuged. PMNC and THP-1 cell radioactivity
ish peroxydase, specific bands were revealed by incubation with t@&s counted in g-counter (Cobra ll, Packard, Rungis, France). Percentage
supersignal chemiluminescence substrate (Pierce Laboratories, Interciiinmigration was calculated as follows: [(cpm migratedotal cpm
Montlugon, France) and exposed to autoradiographic films (Kodak, Bigdded)]x 100.

max Light-1, Sigma Chemical). Statistical analysis

Endogenous p38 MAPK assa
g P y Cytokine levels were expressed as the meaSEM of results obtained

The p38 MAPK was selectively immunoprecipitated from thrombinfrom 3 to 4 individual experiments performed in triplicate. The data were
activated HUVEC lysates using a specific rabbit anti-human p38 MAP&mpared using the paired Studétest.

Specific bands were revealed using chemiluminescence as described above.
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A Time (minutes) phosphorylation as well as p38 MAPK in vitro activity were tested. As
shown in Figure 2A (lane 2 and lane 3) and 2B, thrombin induced p38
MW 0 1 3 5 15 MAPK phosphorylation and in vitro activity in a dose-dependent
465 — fashion and at concentrations as low as 0.5 U/mL.

378 — s wws e esss D38 MAP Kinase

The p38 inhibitor SB203580 inhibits thrombin-induced

gg:g = - _“ —_ phospho-p38 MAP Kinase  IL-8 and MCP-1 production

Thrombin is known to induce a dose-dependent IL-8 and MCP-1
production by HUVECSs, as reported by us and otfépdn the
following experiments, thrombin concentrations of 8 U/mL in-
duced significant IL-8 and MCP-1 production compared with
unstimulated HUVECSsR < .001, Figure 3). To elucidate the role
W% of p38 MAPK in thrombin-induced chemokine production, the p38
8 inhibitor SB203580 was added at concentrations (0.02 tdVQ
known to induce selective inhibition of p38 MAPK activity.
6+ Increasing concentrations of SB203580 induced a dose-dependent
* significant decrease of IL-8 and MCP-1 productions (Figure 3).
4+ SB203580 appears to be more effective on IL-8 than on MCP-1
production (80% inhibition vs 50%, respectively, at 2V
2+ SB203580). Comparable inhibition of thrombin-induced IL-8 and
_% MCP-1 production was observed using PD169316, another selec-
tive p38 inhibitor (data not shown). HUVECs were then stimulated
0 1 3 5 15 with thrombin in the presence or absence qf SB203580 for
various periods. There was a significant decrease in IL-8 produc-
Time (minutes) tion after 10 hours of thrombin stimulation, which persisted for 30
hours (Figure 4A). SB203580 also significantly decreased MCP-1

37— a!_.g —— amm e phospho-ATF-2

Phospho-p38 Index W

Figure 1. Activation of p38 MAPK in HUVECs stimulated by thrombin: a time
course. (A) HUVECs were unstimulated or stimulated with 8 U/mL thrombin for 1, 3,
5, or 15 minutes. HUVEC cell lysates were separated by SDS-PAGE and then

transferred onto nitrocellulose membranes. Native and phosphorylated p38 MAPKs A Thrombin (U/mL)

were analyzed using specific anti-p38 (lane 1) and antiphosphorylated (phospho-) -

p38 antibodies (lane 2). After p38 MAPK immunoprecipitation from thrombin- 0 05 2 4 8

activated HUVEC cell lysates, the kinase activity was tested in an in vitro assay using

ATF-2 as a substrate and antiphosphorylated ATF-2 fusion protein antibodies (lane 46.5 — _ p38 MAP Kinase
3). (B) Schematic representation of thrombin-induced p38 phosphorylation kinetics 375 —

(fold activation relative to unstimulated cells is indicated, *P < .05, **P < .01, n = 3).
The phospho-p38 index was calculated for each condition as follows: phospho-p38

concentration/native p38 concentration, each concentration being determined by ;g'g - __w phospho-p38 MAP Kinase
comparing each band density using a gel analyzer. i :

Results 37— | s see @8 &= s phospho-ATF-2

Thrombin induces endogenous p38 MAPK phosphorylation
in HUVECSs: a time course

ok
HUVECs were stimulated with 8 U/mL thrombin for 1, 3, 5, or 15 20 + s
minutes, and the phosphorylated form of p38 MAPK was probed 15 L 4
using a specific antibody. No phosphorylated form of p38 MAPK

was detected in unstimulated cells, whereas HUVEC stimulation 10 +
with thrombin clearly induced phosphorylation of p38 MAPK, 5 4
with a maximal activation at 5 minutes of stimulation followed by a

decrease after 15 minutes (Figure 1A, lane 2, and Figure 1B). The Sg—r
p38 MAPK was then immunoprecipitated from thrombin-activated 0 0.5 4 8
HUVEC lysates and in vitro kinase assays performed using ATF-2

as a substrate. As revealed using a specific antiphosphorylated Thrombin (U/mL)

ATF-2 antibody, thrombin induced p38 MAPK activity, with a
maximum after 5 minutes of stimulation (Figure 1A, lane 3, an

Phospho-p38 Index 0

Fjgure 2. Activation of p38 MAPK in HUVECS stimulated with thrombin: a dose
sponse. (A) HUVECs were stimulated with various concentrations (0.5, 2, 4, 8

Figure 1B)- U/mL) of thrombin for 5 minutes, and then using specific antibody, native p38 (lane 1)
or phosphorylated p38 MAPKs (lane 2) were detected in HUVEC cell lysates, and
Thrombin induces endogenous p38 MAPK phosphorylation phosphorylation of ATF-2 was tested in vitro (lane 3). (B) Schematic representation of

the thrombin dose response on p38 phosphorylation (fold activation relative to
unstimulated cells is indicated, **P < .01, *P < .05, n = 3). The phospho-p38 index
. . . was calculated for each condition as follows: phospho-p38 concentration/native p38
FoIIowmg the above data, HUVECs were stimulated for 5 minutes Hancentration, each concentration being determined by comparing each band

the presence of various concentrations of thrombin, and p38 MARKasity using a gel analyzer.

in HUVEC: a dose response
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bition), whereas PD98059 demonstrated no inhibitory effect (Fig-
ure 6A). Similarly, TRAP induced significant MCP-1 production
by HUVECSs, which was significantly decreased by addition of 2
M SB203580 (40% inhibition) but not by PD98059 (Figure 6B).

SB203580 decreased thrombin-induced IL-8 and
MCP-1 mRNA steady-state levels

We and others have previously shown that thrombin stimulation
increased both IL-8 and MCP-1 messenger RNA (mMRNA) concen-
trations in HUVECS:'>Thrombin induced a significant increase in
MRNA concentrations for both chemokines after 6 hours of
stimulation. We therefore studied SB203580 effects on IL-8 and
MCP-1 mRNA concentrations after 6 hours of thrombin HUVEC
stimulation. Using reverse transcriptase—PCR, IL-8 mRNA was not
detected in unstimulated HUVECSs, but steady-state levels were
elevated in thrombin-activated HUVECs after 6 hours (Figure 7).
Addition of SB203580 to thrombin-activated HUVECs decreased
IL-8 mRNA concentrations by almost 50% (Figure 7). MCP-1
mRNAwas present in low concentrations in unstimulated HUVECS,
but steady-state levels clearly increased after 6 hours of thrombin
stimulation (4-fold increase; Figure 7). Addition of SB203580
induced a modest (36%) decrease in MCP-1 mRNA steady-state
levels compared with thrombin-activated HUVECs.

A 250007
- 1
+ SB203580 (uM)

Figure 3. Dose-response inhibitory effect of the p38 MAPK inhibitor SB203580 20000 1
on thrombin-induced IL-8 and MCP-1 production. HUVECs cultured with or —_
without increasing concentrations of the specific p38 MAPK inhibitor SB203580 for 1 'é ]
hour were then stimulated with thrombin (8 U/mL) for 24 hours. Chemokines were = 15000
measured in the supernatants IL-8 (A) and MCP-1 (B); *P < .01, **P < .001, o,
***P < 05 compared with thrombin alone (n = 6). ~ sk *

0 10000 *

= .
production after 10 hours of stimulation, which persisted for 30
hours (Figure 4B). 5000 1
Extracellular signal-regulated kinases are not involved 0 7——0"""—0_—0_—__0

in thrombin-induced chemokine production

To evaluate the potential role of ERK kinases in thrombin-induced
chemokine production by endothelial cells, we stimulated HUVECs
in the presence of various concentrations of the specific inhibitor
PD98059. This inhibitor acts upstream of ERK by selectively
inhibiting MEK-1. As shown in Figure 5, PD98059 did not
significantly decrease thrombin-induced IL-8 or MCP-1 production
at any of the concentrations used whereas, in parallel experiments,
SB203580 significantly reduced thrombin-induced IL-8 (43%
inhibition) and MCP-1 (40% inhibition) production.

SB203580 but not PD98059 inhibits TRAP-induced
IL-8 and MCP-1 productions

TRAP is a 14—amino acid agonist peptide representing the func-
tional N-terminal region of the thrombin receptor and mimics
thrombin activity. TRAP has been shown to induce both IL-8 and
MCP-1 production by HUVECs in a dose-dependent fashion,
whereas a scrambled peptide had no effé2fTRAP at 100uM
induces HUVEC IL-8 production to levels comparable to those

T T L] T
6h 10h 17h 24h 30h

40000 1
30000 1
—
£ .
o0
o
=~ 20000 o
o
A, *
O
= 10000
/**/u/r—_{
0 T T

T T T
6 h 10h 17h 24h 30h

Time

induced by 8 U/mL thrombin. TRAP induced significant IL-8Figure 4. Kinetics of thrombin-induced IL-8 and MCP-1 production: effects of
production by HUVECs (Figure 6A), whereas the scramblegf203580. HUVECs were preincubated without (M) or with SB203580 (2 M) (L) for

ur and then stimulated with 8 U/mL thrombin for various times before chemokines

peptide did not (data not shown). When added to culture, 882035%;5)e measured in the supernatants IL-8 (A) and MCP-1 (B); *P < .05, *P < .01
significantly decreased TRAP-induced IL-8 production (60% inhtompared with thrombin alone (n = 3), unstimulated HUVECs (O).
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Figure 5. Lack of effect of the ERK kinase inhibitor PD98059 on thrombin- 0 i i i
induced IL-8 and MCP-1 production. ~HUVECs were cultured with or without TRAP + SB203580 + PDISOSO
various concentrations of the specific MEK-1 inhibitor PD98059 or 2 pM of the p38
inhibitor SB203580 and then were stimulated with 8 U/mL thrombin for 24 hours
before chemokine measurements in the supernatants, IL-8 (A) and MCP-1 (B);
*P < .005, *P < .01 compared with thrombin alone (n = 4).

Figure 6. Effects of SB203580 and PD98059 on TRAP-induced IL-8 and MCP-1
endothelial production.  To determine whether the specific thrombin PAR-1 receptor
was linked to the p38 or p42/44 MAPK pathway, HUVECs were stimulated with 100
wM TRAP in the presence or absence of SB203580 (2 nM) and PD98059 (10 wM).
After 24 hours in culture, the supernatants were collected and assayed for chemo-
kines, IL-8 (A) and MCP-1 (B); *P < .0001, **P < .001 compared with TRAP alone
SB203580 decreases thrombin-induced leukocyte migration (n=13).

Because SB203580 significantly decreased thrombin-induced IL-8

and MCP-1 productions, we asked whether SB203580 also gynthesis of proteins involved in the inflammatory cascédewe
creased leukocyte migration in a Transwell chemotaxis ass&y<cd Whetherhthle_z ?3?1 MA’T(K pathway was |nvo::/ed in thrombin-
Thrombin-stimulated HUVEC supernatant significantly increasd duced endot elial chemokine production. In the F’_reser?t st_udy,
neutrophil migration compared with unstimulated HUVEC supeP38 MAPK was rapidly phosphorylated after thrombin activation
natant (150%- 10% increaseP < .01, data not shown). As shown ©f HUVECSs and was able to phosphorylate its substrate, ATF-2. We
in Figure 8A, endothelial activation in the presence of SB2035&pServed that p38 MAPK participated in thrombin-induced endo-
significantly (40%:z 3%) reduced the chemotactic activity ofthelial IL-8 and MCP-1 productions, as demonstrated by the
thrombin-stimulated supernatant on neutrophils, which was dghibitory effect of SB203580. In contrast, p42/p44 ERK kinase did

creased further (67% 4% inhibition) by the addition of anti—IL-8 qot seem _to be involved in thrombln-lqduced chemokme pro_duc-
neutralizing monoclonal antibody. As a positive control, anti—IL-8§°N- The involvement of p38 MAPK in endothelial chemokine
inhibited, by 69%* 2%, PMNC migration induced by 10 ng/mL
recombinant IL-8 in this assay.

Thrombin-stimulated HUVEC supernatant also significantly GAPDH
increased THP-1 monocytic cell migration compared with unstimu-
lated HUVEC supernatant (160% 8% increaseR < .01, data not
shown). As shown in Figure 8B, the chemotactic activity of the MCP-1
supernatant obtained after stimulation of HUVECs in the presence
of SB203580 was significantly reduced (55% reduction compared
with thrombin supernatant) and was slightly further decreased
(65%) by addition of neutralizing anti-MCP-1 monoclonal anti-
body. In parallel experiments, anti-MCP-1 reduced, by 75%, the IL-8
chemotactic activity of 20 ng/mL recombinant MCP-1.

Discussion Thrombin - 4+ +

Through type | and type Il endothelial activation, thrombin appears

to be a potent and independent proinflammatory agent in vitro and SB 203580 =

in vivo,510 put the intracellular mechanisms involved in thisFigure 7. Effects of SB203580 on thrombin-induced IL-8 and MCP-1 steady-

function are |arge|y unknown. Because various proinflammato te mMRNA levels. PCR products of RNA prepared from HUVECSs stimulated with
. . . . thrombin (8 U/mL) for 6 hours in the absence or presence of 2 uM SB203580 were

agents, 'ndUdmg the cytoklnes IL-1 and TN&-UV, or osmotic deposited on a 2% agarose gel. SB203580 decreased IL-8 mMRNA steady-state levels

shock, activate the p38 MAPK pathway in cells to induce the aimost50% and MCP-1 mRNA by 36% (1 experiment representative of 3).
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A not possible to determine the level of action of p38 MAPK in the
R H chemokine synthesis pathway, especially whether p38 acts at the
p— l.( * transcriptional and/or posttranscriptional level. Several reports
have shown that p38 acts at the translational level through
stabilization of MRNAs containing an AU-rich sequence in théir 3
i |_| untranslated regioff. Because IL-8 mRNA contains AU-rich
sequences, p38 may interfere with thrombin-induced chemokine
8+ ani 113 1 F s synthesis at a posttranscriptonal le¥eAlternatively, thrombin is
known to activate nuclear factaB (NF-kB) in HUVECs283°and
% cpm p38 may directly act at a transcriptional level through interaction
with NF-kB or AP-1 activation. Using this mechanism, p38 has
been reported to be involved in TNE-induced IL-6 mRNA

Thr SN +8B203580 + anti-IL-8 -

<
w
=)
o 4
k=1
 d
o

B T”S”'j synthesis in fibrosarcoma cells and, more recently, in lipopolysac-
charide-induced TN mRNA synthesis in neutrophils as well as
Th,swmo-j . in TNF-a—induced MCP-1 mRNA synthesis in HUVE@%041
In this study, the supernatants of thrombin-stimulated HUVECs
SN SPIORED - i MCP- j : in the presence of SB203580 were significantly less chemotactic

mer1 h for neutrophils and monocytic cells. This observation is unlikely to
be the consequence of a direct effect of SB203580 on chemokine-
induced leukocyte migration because in these experiments the

L]

MCP-1 + anti-MCP-1

0 100 200 300 concentrations of SB203580 contained in the supernatants were
% cpm low due to dilution of the samples. Moreover, IL-8—induced

Figure 8. Effects of SB203580 on the chemotactic activity of thrombin- neutrophil chemotaxis has been shown to be independent of p38
stimulated HUVEC supernatants on polymorphonuclear and THP-1 cells. MAPK activation#? Therefore, decreased leukocyte chemotaxis

HUVECs were stimulated with 8 U/mL thrombin for 24 hours in the absence or ; ; i
presence of 2 pM SB203580. The supernatants were then collected, diluted, and was “kely due to a direct effect of SB203580 on thrombin-induced

assayed for their chemotactic activity on 5Cr-labeled neutrophils (A) and monocytic ~ €Ndothelial chemokine production.
THP-1 cells (B) through Transwell chamber devices. Thrombin-stimulated HUVEC Thrombin proinflammatory properties may be important in
superna}ant chemgtactic activity was considered 100% (*P < .01, **P < .005 com- several inflammatory diseases characterized by diffuse intravascu-
pared with respective controls, h = 3). lar or extravascular coagulation and tissue leukocyte infiltration,
such as systemic vasculitis, acute and chronic allograft rejection, or
production has been somewhat controversial because some authes§matoid arthritig344 In rheumatoid arthritis, for example, the
using SB203580 have found no involvement of p38 MAPK ifected joints are characterized by the presence of proinflamma-
IL-1-induced HUVEC IL-8 production, whereas in the SaMeory cytokines TNFe and IL-1 as well as IL-6, IL-8, and MCP-1 as
experiments, SB203580 significantly decreased IL-1-induced ILs@cond-wave mediators inducing chronic neutrophil and mono-
secretiort.” Using the same inhibitor however, other authors havg,clear cell infiltratiorf# Extravascular coagulation is present in
shown that p38 MAPK is involved in osmotic shock-induceghe joints in which tissue factor, fibrinogen, and fibronectin have
monocyte IL-8 production as well as in IL-1— or TNEinduced  peen consistently detectédFurthermore, high concentrations of
IL-8 and MCP-1 production by respiratory and umbilical endothgnrombin have been found in rheumatoid arthritis synovial fluids,
lial cells?82° In agreement with data presented in our studyng thrombin may play a role in cartilage degradaffosynovial
SB203580 at the concentrations used in these different reportg.dg proliferation?” and leukocyte recruitment through adhesion
selective of p3g and p38, 2 isoforms that have been shown to bgpglecule expression and chemokine productiéti41558203580
highly present in HUVECS:-%2Thus, we can conclude from thesepas peen used in 2 murine models of collagen- or adjuvant-induced
data that thrombin and the proinflammatory mediators IL-1 angnyitis and shown to decrease the severity of local inflammation
TNF-o use the common p38 MAPK signaling pathway to activatgs well as bone resorption at doses of 30 to 60 méfKthe
HUVECSs. In addition, selective inhibition of p38 MAPK decreaseqnodmaﬁng effects in vitro of p38 MAPK inhibitor on thrombin-
TRAP-induced IL-8 and MCP-1 productions, suggesting that thgquced endothelial IL-8 and MCP-1 production and both neutro-
7-transmembrane domain receptors PAR-1 or PAR-2 are linkedggi| and monocytic cell chemotaxis reported in this study suggest
the p38 MAPK pathway in HUVECs. Because thrombin is not g5t interacting with the p38 MAPK pathway downstream of the

ligand for PAR-2 and similar observations have been made ipecific receptors may indeed be an interesting anti-inflammatory
platelets during thrombin-induced aggregatié#; this may be a grategy in this kind of inflammatory disease.

common feature of the thrombin/PAR-1 complex. Association of

receptors linked to heterotrimeric G proteins with the p38 MAPK

pathway has been reported in a few other cases, such as Aweknowledgments

endothelin and the muscarinic receptors and, more recently, the

Kaposi sarcoma virus recepfars® We thank Dr Valettes and the Obstetrical Division of the Saint-
SB203580 decreased thrombin-induced IL-8 and MCP-1 prdeseph Foundation Hospital in Marseille for providing umbilical

tein as well as mMRNA concentrations. From the present data, itdsrds and Monique Barbier for technical assistance.

References
1. Fenton JW. Thrombin. Ann N Y Acad Sci. 1981; of receptor activation. Cell. 1991;64:1057- 4. Kahn ML, Zheng YW, Huang W, et al. A dual
370:468-485. 1068. thrombin receptor system for platelet activation.
2. Vu T-KH, Hung DT, Wheaton VI, Coughlin SR. 3. Ishihara H, Connolly AJ, Zeng D, et al. Protease- Nature. 1998;394:690-694.
Molecular cloning of a functional thrombin activated receptor 3 is a second thrombin recep- 5. Berk BC, Taubman MB, Griendling KK, Cragoe

receptor reveals a novel proteolytic mechanism tor in humans. Nature. 1997;386:502-506. EJ, Fenton JW, Brock TA. Thrombin-stimulated

%20z AeN zz uo 3senb Aq ypd° 299001051 8U/¥909.91/.99/€/86/4Ppd-8[01IE/POO|qARU"SUOKEDIgNdYSE//:d]Y WOl papeojumoq



BLOOD, 1 AUGUST 2001 - VOLUME 98, NUMBER 3

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

events in cultured vascular smooth-muscle cells.
Biochem J. 1991;274:799-805.

Cirino G, Cicala C, Bucci MR, Sorrentino L, Mara-
ganore JM, Stone SR. Thrombin functions as an
inflammatory mediator through activation of its
receptor. J Exp Med. 1996;183:821-827.

Zimmerman GA, Mclintyre TM, Prescott SM.
Thrombin stimulates the adherence of neutrophils
to human endothelial cells in vitro. J Clin Invest.
1985;76:2235-2246.

Sugama Y, Tiruppathi C, Janakidevi K, Andersen
TT, Fenton JW, Malik AB. Thrombin-induced ex-
pression of endothelial P-selectin and intercellu-
lar adhesion molecule-1: a mechanism for stabi-
lizing neutrophil adhesion. J Cell Biol. 1992;119:
935-944.,

Kaplanski G, Fabrigoule M, Boulay V, et al.
Thrombin induces endothelial type Il activation in
vitro: IL-1 and TNF-a—independent IL-8 secretion
and E-selectin expression. J Immunol. 1997;158:
5435-5441.

Kaplanski G, Marin V, Fabrigoule M, et al. Throm-
bin-activated human endothelial cells support
monocyte adhesion in vitro following expression
of intercellular adhesion molecule-1 (ICAM-1;
CD54) and vascular cell adhesion molecule-1
(VCAM-1; CD106). Blood. 1998;92:1259-1267.

Springer TA. Traffic signals for lymphocyte recir-
culation and leukocyte emigration: the multistep
paradigm. Cell. 1994;76:301-314.

Bar-Shavit R, Kahn A, Wilner GD. Monocyte che-
motaxis: stimulation by specific exosite region in
thrombin. Science. 1983;220:728-731.

Bizios R, Lai L, Fenton JW, Malik AB. Thrombin-
induced chemotaxis and aggregation of neutro-
phils. J Cell Physiol. 1986;128:485-490.

Grandaliano G, Valente AJ, Abboud HE. A novel

biologic activity of thrombin: stimulation of mono-
cyte chemotactic protein production. J Exp Med.

1994;179:1737-1741.

Colotta F, Sciacca FL, Sironi M, Luini W, Rabiet
MJ, Mantovani A. Expression of monocyte che-
motactic protein-1 by monocytes and endothelial
cells exposed to thrombin. Am J Pathol. 1994;
144:975-985.

Vouret-Craviari V, Van Obberghen-Schilling E,
Scimeca JC, Van Obberghen E, Pouysségur J.
Differential activation of p44 MAPK (ERK-1) by
a-thrombin and thrombin-receptor peptide ago-
nist. Biochem J. 1993;289:209-214.

Marshall CJ. Specificity of receptor tyrosine ki-
nase signalling: transient versus sustained extra-
cellular signal-regulated kinase activation. Cell.
1995;80:179-185.

Derijard B, Hibi M, Wu IH, et al. INK1: a protein
kinase stimulated by UV light and Ha-Ras that
binds and phosphorylates the c-Jun activation
domain. Cell. 1994;76:1025-1037.

Han J, Lee JD, Bibbs L, Ulevitch RJ. A MAP ki-
nase targeted by endotoxin and hyperosmolarity
in mammalian cells. Science. 1994;265:808-811.
Tibbles LA, Woodgett JR. The stress-activated
protein kinase pathways. Cell Mol Life Sci. 1999;
55:1230-1254.

Dean JLE, Brook M, Clark AR, Saklatvala J. p38
mitogen-activated protein kinase regulates cyclo-

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

p38 MAPK IN THROMBIN PROINFLAMMATORY FUNCTIONS 673

oxygenase-2 mRNA stability and transcription in
lipopolysaccharide-treated human monocytes.

J Biol Chem. 1999;274:264-269.

Miyazawa K, Mori A, Miyata H, Akahane M, Aji-
sawa Y, Okudaira H. Regulation of interleukin-13-
induced interleukin-6 gene expression in human
fibroblast-like synoviocytes by p38 mitogen-acti-
vated protein kinase. J Biol Chem. 1998;273:
24832-24838.

Kramer RM, Roberts EF, Strifler BA, Johnstone
EM. Thrombin induces activation of p38 MAP ki-
nase in human platelets. J Biol Chem. 1995;270:
27395-27398.

Saklatvala J, Rawlinson L, Waller RJ, et al. Role
of the p38 mitogen-activated protein kinase in
platelet aggregation caused by collagen and a
thromboxane analogue. J Biol Chem. 1996;271:
6586-6589.

Bouaboula M, Legoux P, Pessegué B, et al. Stan-
dardization of mRNA titration using a polymerase
chain reaction method involving co-amplification
with multispecific internal control. J Biol Chem.
1992;267:21830-21838.

Tso JY, Sun XH, Kao TH, Reece KS, Wu R. Isola-
tion and characterization of rat and human glycer-
aldehyde-3-phosphate deshydrogenase cDNAs:
genomic complexity and molecular evolution of
the gene. Nucleic Acids Res. 1985;7:2485-2502.

Ridley SH, Sarsfield SJ, Lee JC, et al. Actions of
IL-1 are selectively controlled by p38 mitogen-
activated protein kinase. J Immunol. 1997;158:
3165-3173.

Shapiro L, Dinarello CA. Osmotic regulation of
cytokine synthesis in vitro. Proc Natl Acad Sci
U SA. 1995;92:12230-12234.

Hashimoto S, Matsumoto K, Gon Y, et al. p38 mi-
togen-activated protein kinase regulates IL-8 ex-
pression in human pulmonary vascular endothe-
lial cells. Eur Respir J. 1999;13:1357-1364.

Goebeler M, Kilian K, Gilitzer R, et al. The MKK6/
p38 stress kinase cascade is critical for tumor
necrosis factor-a-induced expression of mono-
cyte-chemoattractant protein-1 in endothelial
cells. Blood. 1999;93:857-865.

Salituro FG, Germann UA, Wilson KP, Bemis GW,
Fox T, Su MS. Inhibitors of p38 MAP kinase:
therapeutic intervention in cytokine-mediated dis-
eases. Curr Med Chem. 1999;6:807-823.

Hale KK, Trollinger D, Rihanek M, Manthey CL.
Differential expression and activation of p38 mito-
gen-activated protein kinase «, 3, y, and 8 in in-
flammatory cell lineages. J Immunol. 1999;162:
4246-4252.

Shapiro PS, Evans JN, Davis RJ, Posada JA.
The seven-transmembrane-spanning receptors
for endothelin and thrombin cause proliferation of
airway smooth muscle cells and activation of the
extracellular regulated kinase and c-Jun NH2-
terminal kinase groups of mitogen-activated pro-
tein kinases. J Biol Chem. 1996;271:5750-5754.
Marinissen MJ, Chiariello M, Pallante M, Gutkind
JS. A network of mitogen-activated protein ki-
nases links G protein-coupled receptors to the
c-jun promoter: a role for c-Jun NH2-terminal ki-
nase, p38s, and extracellular signal-regulated
kinase 5. Mol Cell Biol. 1999;19:4289-4301.

Bais C, Santomasso B, Coso O, et al. G-protein-

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

coupled receptor of the Kaposi's sarcoma-associ-
ated herpesvirus is a viral oncogene and angio-
genesis activator. Nature. 1998;391:86-89.

Winzen R, Kracht M, Ritter B, et al. The p38 MAP
kinase pathway signals for cytokine-induced
mRNA stabilization via MAP kinase-activated pro-
tein kinase 2 and an AU-rich region-targeted
mechanism. EMBO J. 1999;18:4969-4980.

Mukaida N, Shiroo M, Matsushima K. Genomic
structure of the human monocyte-derived neutro-
phil chemotactic factor IL-8. J Immunol. 1989;
143:1366-1371.

Nakajima T, Kitajima I, Shin H, et al. Involvement
of NF-k B activation in thrombin-induced human
vascular smooth muscle cell proliferation. Bio-
chem Biophys Res Commun. 1994;204:950-955.

Rahman A, Anwar KN, True AL, Malik AB. Throm-
bin-induced p65 homodimer binding to down-
stream NF-k B site of the promoter mediates en-
dothelial ICAM-1 expression and neutrophil
adhesion. J Immunol. 1999;162:5466-5476.

Vanden Berghe W, Plaisance S, Boone E, et al.
p38 and extracellular signal-regulated kinase mi-
togen-activated protein kinase pathways are re-
quired for nuclear factor-xB p65 transactivation
mediated by tumor necrosis factor. J Biol Chem.
1998;273:3285-3290.

Nick JA, Avdi NJ, Young SK, et al. Selective acti-
vation and functional significance of p38a mito-
gen-activated protein kinase in lipopolysaccha-
ride-stimulated neutrophils. J Clin Invest. 1999;
103:851-858.

Knall C, Worthen GS, Johnson GL. Interleukin
8-stimulated phosphatidylinositol-3-kinase activity
regulates the migration of human neutrophils in-
dependent of extracellular signal-regulated ki-
nase and p38 mitogen-activated protein kinases.
Proc Natl Acad Sci U S A. 1997;94:3052-3057.

Fauci A, Haynes B, Katz P. The spectrum of vas-
culitis: clinical, pathological, immunologic and
therapeutic considerations. Ann Intern Med.
1978;89:660-676.

Feldmann M, Brennan F, Maini RN. Role of cyto-
kines in rheumatoid arthritis. Annu Rev Immunol.
1996;14:397-440.

Weinberg JB, Pippen AM, Greenberg CS. Ex-
travascular fibrin formation and dissolution in sy-
novial tissue of patients with osteoarthritis and
rheumatoid arthritis. Arthritis Rheum. 1991;34:
996-1005.

Furmaniak-Kazmierczak E, Cooke TDV, Manuel
R, et al. Studies of thrombin-induced proteogly-
can release in the degradation of human and bo-
vine cartilage. J Clin Invest. 1994;94:472-480.

Shin H, Nakajima T, Kitajima I, et al. Thrombin
receptor-mediated synovial proliferation in pa-
tients with rheumatoid arthritis. Clin Immunol Im-
munopathol. 1995;76:225-233.

Badger AM, Bradbeer JN, Votta B, Lee JC, Ad-
ams JL, Griswold DE. Pharmacological profile of
SB203580, a selective inhibitor of cytokine sup-
pressive binding protein/p38 kinase, in animal
models of arthritis, bone resorption, endotoxin
shock and immune function. J Pharmacol Exp
Ther. 1996;279:1453-1461.

%20z AeN zz uo 3senb Aq ypd° 299001051 8U/¥909.91/.99/€/86/4Ppd-8[01IE/POO|qARU"SUOKEDIgNdYSE//:d]Y WOl papeojumoq



