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ABSTRACT. Platelet activation and adhesion to endothelial cells and extracellular matrix proteins are crucial
events in the development of arterial cardiovascular diseases. Platelet activation is initiated by stimulation of
intracellular signaling cascades, including the p42 mitogen-activated protein kinase (MAPK) and p38 MAPK
pathways, followed by major changes in the platelet cytoskeleton and expression and activation of platelet
surface receptors, such as P-selectin (CD62P) and CD40 ligand (CD40L). Activated platelets directly bind to
vascular endothelial cells via CD40L/CD40 interactions and induce inflammatory reactions that initiate or
aggravate atherosclerotic lesions. The aim of this study was to investigate effects of two known platelet
inhibitors—the cAMP-elevating prostaglandin E1 (PG-E1) and the cGMP-elevating sodium nitroprusside
(SNP)—on platelet p42 MAPK and p38 MAPK activation as well as on surface expression of CD62P and
CD40L. MAPK activation was analyzed by Western blot experiments using phosphorylation-specific antibodies,
and surface CD40L and CD62P expression was determined by flow cytometry analysis. PG-E1 and SNP strongly
inhibited p42 and p38 MAPK phosphorylation as well as CD40L and CD62P expression in response to
thrombin, a thromboxane A2 analog, and ADP. These data indicate that adenosine and guanosine 39,59-cyclic
monophosphate-dependent protein kinases not only inhibit platelet pathways leading to activation and
aggregation, but also those resulting in enhanced surface expression of protein ligands involved in inflammation.
Expression of CD40L and CD62P was found to be independent of MAPK activation, since it was not inhibited
by specific MAPK inhibitors. Inhibition of platelet-induced inflammatory responses including CD62P- and
CD40L-mediated interaction of platelets with leukocytes and endothelial cells, respectively, is suggested to be
an important component of the long-term vasoprotective effects of cyclic nucleotide-elevating prostaglandins
and NO donors. BIOCHEM PHARMACOL 60;9:1399–1407, 2000. © 2000 Elsevier Science Inc.
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Platelet activation and aggregation are crucial initial patho-
logical events for the development of cardiovascular dis-
eases or severely aggravate existing pathological alterations
in the cardiovascular system. A variety of agents (e.g. ADP
and TXA2§) that are released from activated platelets or
injured cardiovascular cells have been recognized as major

factors in the development of arterial thrombosis [1, 2].
Platelet activation induces major changes in the platelet
cytoskeleton, leading to shape change, activation of plate-
let adhesion receptors, and expression of proinflammatory
surface proteins such as P-selectin (CD62P) or CD40 ligand
(CD40L) [3, 4]. This expands the role of platelets from
involvement in haemostasis to the induction of inflamma-
tory responses at sites of injured vessel wall.

These changes in platelet surface receptors are tightly
regulated by a complex network of intracellular activatory
and inhibitory signaling cascades. Initially, most platelet
agonists bind to G protein-linked receptors, resulting in
dissociation of Ga and Gbg subunits and activation of
protein tyrosine kinases (among them pp60src, pp72syk, or
pp125FAK) and an isoform of phosphotidylinositol 3-ki-
nase [5–7]. Activation of serine–threonine kinases such as
protein kinase C (PKC) and of guanine nucleotide ex-
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change factors (Rho, Rac, and cdc42Hs) are further indis-
pensible steps for platelet activation (reviewed in [8]).
However, very little is known about the precise function
and regulation of MAPKs in platelets. p42 MAPK and p38
MAPK are rapidly phosphorylated and activated during the
early phase of platelet activation in response to various
agonists such as thrombin or TXA2 [9–13]. It has been
shown that low doses of agonist (collagen and arachidonic
acid, or collagen and U46619, respectively) induce platelet
aggregation and secretion through p42 MAPK- or p38
MAPK-dependent pathways. Under these conditions, spe-
cific inhibitors of MAPK kinase (which activates p42
MAPK) or p38 MAPK are able to inhibit aggregation and
secretion, an effect that can be overcome by increasing
doses of agonist [13, 14]. These studies suggested that p42
MAPK and p38 MAPK activation provide a crucial signal
in early stages of platelet activation that might be necessary
for surface receptor expression/activation and aggregation
in response to minimal concentrations of platelet agonists
or extracellular matrix proteins. MAPKs contain a dual
phosphorylation site (TXY motif, amino acids 185–187
(p42 MAPK), 202–204 (p44 MAPK), 180–182 (p38
MAPK)) in their activation loop. Phosphorylation of both
sites, the threonine and the tyrosine residue, is required for
MAPK activation [15]. The availability of a monoclonal
di-phospho-specific antibody directed against activated
p42/p44 MAPKs and a polyclonal di-phospho-specific an-
tibody directed against activated p38 MAPK allows easy
quantitation of MAPK phosphorylation by Western blotting.

Inhibition of platelet activation is essential for preven-
tion and therapy of various cardiovascular diseases. Potent
inhibitors of platelet activation are endogenous factors
released from vascular endothelial cells such as the endo-
thelium-derived NO and prostacyclin (PG-I2). In platelets,
the effects of cAMP-elevating prostaglandins (PG-I2, PG-
E1) and cGMP-elevating NO donors (authentic NO, so-
dium nitroprusside) are mediated by cAMP- and cGMP-
dependent protein kinases, respectively [16–20]. The ef-
fects of cyclic nucleotide-dependent protein kinases on
platelet MAPK activity and on expression of important
inflammatory molecules such as CD40L are still unknown.

In this study, the effects of cyclic nucleotide-elevating
vasodilators on agonist-induced platelet p42/p38 MAPK
activation and platelet CD40L and CD62P surface expres-
sion was studied. Specific inhibitors of p42 and p38 MAPK
pathways were used to evaluate whether MAPK activation
is directly linked to CD40L/CD62P surface expression.

MATERIALS AND METHODS
Materials

Antibody 12D4 directed against threonine202/tyrosine204

di-phosphorylated p42/p44 MAPK and the monoclonal
anti-p42 MAPK antibody were obtained from nanoTools.
Antibody 16C2 directed against serine239-phosphorylated
VASP has been described [21]. Polyclonal antisera against
p38 MAPK and the phosphorylated form of p38 MAPK

were obtained from New England Biolabs. A monoclonal
antibody against p44 MAPK, a FITC-conjugated monoclo-
nal antibody against CD62P (P-selectin), and the mono-
clonal anti-CD40L (anti-CD154) antibody were obtained
from Pharmingen. FITC-conjugated goat anti-mouse IgG
was obtained from Sigma. Kinase inhibitors PD 98059 and
SB 203580 were obtained from Alexis Biochemicals.

Isolation, Stimulation, and Sample Preparation of
Platelet-Rich Plasma or Washed Human Platelets

PRP or washed human platelets were prepared as described
previously [16, 17]. For Western blot experiments, washed
platelets were resuspended in PBS with 1 mM EDTA, 5.5
mM D-glucose, and 1 mM MgCl2. For flow cytometry
experiments, PRP or (in the case of thrombin stimulation)
washed platelets resuspended in PBS with 5.5 mM D-
glucose, 0.5% BSA, 1 mM MgCl2, and 1 mM CaCl2 were
used. PRP or washed platelets were preincubated with a
final concentration of 100 mM aspirin for 45 min at 37°,
and (except for ADP experiments) 1 U/mL of apyrase was
added. Platelets were preincubated with buffer, 10 mM
PG-E1, or 100 mM SNP for 1 min, followed by activation
with 0.5 U/mL of thrombin, 2 mM of the TXA2 analog
U46619, or 30 mM ADP. Kinase inhibitors PD 98059 and
SB 203580 were used in a final concentration of 10 mM
each and preincubated for 30 min at 37°. At various time
points, aliquots of the cell suspension were removed and
reactions were stopped for Western blot analysis by addi-
tion of 30% final concentration of SDS stop solution, as
described previously [22]. For flow cytometry, 1% (final
concentration) of methanol-free formaldehyde was added, and
samples were allowed to fix for 10 min at room temperature.

Western Blotting and Quantification

Western blotting was performed as described previously
with minor modifications [22]. Briefly, proteins were sepa-
rated on 10% SDS–polyacrylamide gels and blotted onto
polyvinylidene fluoride (PVDF) membranes, which were
blocked with 6% phosphatase-free milk powder in phos-
phate-buffered saline with 0.05% Tween (PBS/Tween).
Antibodies were diluted in 3% milk to a final concentra-
tion of 0.4 mg/mL (antibody 12D4, anti-phospho-p42/44),
0.1 mg/mL (anti-p42), 0.5 mg/mL (anti-p44), 0.5 mg/mL
(antibody 16C2), and incubated overnight at 4°. Anti-
phospho-p38 MAPK antibody and anti-p38 MAPK anti-
body were used in 1:500 and 1:1000 dilutions, respectively.
Immunoreactivity was determined using peroxidase-conju-
gated goat anti-mouse IgG or goat anti-rabbit IgG (Bio-
Rad) and the enhanced chemiluminescence (ECL) reac-
tion (Amersham). Intensity of the Western blot bands was
quantified as described previously [22].

Flow Cytometry Analysis

Fixed human platelets were pelleted for 1 min at 2700 g and
resuspended in PBS with 5.5 mM D-glucose and 0.5%
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bovine serum albumin (PBS/BSA). Staining was performed
with a final concentration of 10 mg/mL anti-CD62P–FITC
or 10 mg/mL anti-CD40L antibody for 20 min at room
temperature in the dark. Platelets incubated with anti-
CD40L were stained with 30 mg/mL of FITC-conjugated
goat anti-mouse antibody for another 30 min in the dark.
Then, platelet suspensions were diluted with PBS/BSA and
analyzed as described [22].

RESULTS
Phosphorylation of p42 MAPK and p38 MAPK by
Platelet Agonists

Initially, the potency of various platelet agonists to phos-
phorylate/activate p42 MAPK and p38 MAPK was tested
(Fig. 1). Unstimulated platelets showed no significant
phosphorylation of either p42 or p38 MAPKs. Thrombin
(0.5 U/mL) induced rapid and strong p42 MAPK phospho-
rylation, whereas p42 MAPK phosphorylation by 2 mM
U46619 was only 45% of the thrombin response (upper
panel of Fig. 1A). With 30 mM ADP, only weak p42
MAPK phosphorylation (18% of the thrombin response)
was detectable. No significant phosphorylation of p44
MAPK could be detected in the stimulated platelets using
antibody 12D4, which is directed against a peptide repre-
senting the di-phosphorylated forms of both p42 and p44
MAPKs (Fig. 1A, upper panel). p38 MAPK phosphoryla-

tion was maximal after thrombin stimulation (upper panel
of Fig. 1B). U46619 (2 mM) and ADP (30 mM) reached
81% and 35%, respectively, of the maximum of thrombin-
induced p38 MAPK phosphorylation. Staining of these
blots with phosphorylation-independent anti-p42 MAPK
or anti-p38 MAPK antibodies, respectively, demonstrated
the presence of approximately equal amounts of p42 or p38
MAPK (lower blots of Fig. 1, A and B).

To exclude the possibility of additional/synergistic
MAPK activation due to thromboxane or ADP released
from activated platelets, control experiments were per-
formed with platelets preincubated with 100 mM aspirin
and (with the exception of ADP stimulation) stimulated in
the presence of 1 U/mL of apyrase. Under these conditions,
MAPK phosphorylation by thrombin, U46619, and ADP
was unchanged, indicating that MAPK phosphorylation
under our experimental conditions was a direct answer to
the agonist and not due to secondary effects (data not shown).

Quantitative Analysis of Vasodilator-Induced Inhibition
of p42 MAPK and p38 MAPK Phosphorylation

The effects of vasodilators on platelet MAPK phosphory-
lation were analyzed in washed human platelets preincu-
bated for 1 min with 10 mM PG-E1 or 100 mM SNP. Under
these conditions, PG-E1 and SNP were previously demon-

FIG. 1. Phosphorylation of p42 and p38 MAPKs
by platelet agonists. Washed human platelets were
incubated with buffer (control), 0.5 U/mL of
thrombin, 2 mM U46619, or 30 mM ADP for 2
min and analyzed for threonine/tyrosine phospho-
rylation of p42/p44 MAPK (panel A, upper auto-
radiograph) and of p38 MAPK (panel B, upper
autoradiograph) by Western blotting using phos-
phorylation-specific antibodies as described in
Methods. Approximately equal loading of each lane
was confirmed by using phosphorylation-indepen-
dent antibodies against p42 or p38 MAPKs (lower
autoradiographs in panels A and B, respectively).
Autoradiographs shown are representative of at
least three independent experiments.
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strated to selectively activate cAMP-PK or cGMP-PK,
respectively [16–19]. Then, platelets were stimulated with
0.5 U/mL of thrombin, 2 mM U46619, or 30 mM ADP, and
at different time points analyzed for MAPK phosphoryla-
tion by the Western blot technique as described in Meth-
ods. For each agonist, platelet MAPK phosphorylation at 1
min in the absence of vasodilators was defined as MAPK
phosphorylation standard (100%), and MAPK phosphory-
lation at other time points was expressed as a percentage of
this standard.

Figure 2 shows original Western blots of a representative
experiment with thrombin-stimulated platelets. Thrombin
induced a rapid and time-dependent phosphorylation of
p42 and p38 MAPKs (Fig. 2, A and B). Preincubation with
10 mM PG-E1 or 100 mM SNP inhibited phosphorylation
of p42 MAPK completely at 0.5 min of stimulation,
whereas at later time points inhibition was partially over-
come, resulting in a delayed time–course and reduced
maximum of MAPK phosphorylation. At 1 min of throm-
bin stimulation, phosphorylation in the presence of PG-E1

and SNP was found to be 18% and 30%, and at 2 min 35%
and 70%, respectively (Figs. 2A and 3A, left panel). For
U46619, PG-E1-inhibited phosphorylation of p42 MAPK
was found to be between 8% and 23%, whereas phosphor-
ylation in the presence of SNP was between 22% and 47%

(Fig. 3A, middle panel). ADP-induced p42 MAPK phos-
phorylation was almost completely inhibited for all time
points of incubation (Fig. 3A, right panel).

p38 MAPK phosphorylation in platelets stimulated with
0.5 U/mL of thrombin was completely inhibited at 0.5 min
by both PG-E1 and SNP, whereas inhibition at 1 and 2 min
was partially overcome, resulting in 48% and 75% phos-
phorylation, respectively, for PG-E1, and 56% and 81%
phosphorylation, respectively, for SNP (Figs. 2B and 3B,
left panel). For U46619, PG-E1-inhibited phosphorylation
of p38 MAPK was found to be between 20% and 38%, and
phosphorylation in the presence of SNP was between 26%
and 61% (Fig. 3B, middle panel). For ADP, PG-E1- or
SNP-inhibited phosphorylation of p38 MAPK was found to
be between 26% and 32% (Fig. 3B, right panel). Inhibition
of thrombin-, U46619-, and ADP-induced p42 and p38
MAPK phosphorylation was significant for all time points
for both vasodilators.

Phosphorylation of VASP, a common substrate of both
cAMP-PK and cGMP-PK, was used as a control for PG-E1-
and SNP-induced phosphorylation of these kinases (Fig.
2C) [16]. The pattern of VASP phosphorylation observed
in this study confirms the selective activation of cAMP-PK
and cGMP-PK by PG-E1 and SNP, respectively [21].

FIG. 2. Inhibition of thrombin-induced p42 and
p38 MAPK phosphorylation by cyclic nucleotide-
elevating vasodilators in human platelets. Washed
human platelets were preincubated with buffer, 10
mM PG-E1, or 100 mM SNP for 1 min, then
stimulated with 0.5 U/mL of thrombin. Reactions
were stopped at the time points indicated and
analyzed for threonine/tyrosine phosphorylation of
p42/p44 MAPK (upper blot of panel A) and of p38
MAPK (upper blot of panel B) by Western blotting
using phosphorylation-specific antibodies as de-
scribed in Methods. Approximately equal loading of
each lane was confirmed by using phosphorylation-
independent antibodies against p42 and p38
MAPKs (lower blots in panels A and B, respective-
ly). To confirm activity of cAMP-PK and cGMP-
PK, phosphorylation of VASP at serine239 was
detected by the phosphorylation-specific antibody
16C2 (panel C). Autoradiographs shown are rep-
resentative of at least three independent experi-
ments.
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Regulation of Surface Expression of CD40 Ligand and
P-selectin by PG-E1 and SNP

A rapid increase in platelet CD40L and CD62P expression
was observed after stimulation with 0.5 U/mL of thrombin,
2 mM U46619, or 30 mM ADP (Fig. 4, A and B). Maximal
expression of CD40L induced by thrombin, U46619, and
ADP was comparable for all agonists used, although expres-
sion with U46619 and ADP followed a faster time–course
(Fig. 4A). Surface expression of CD62P induced by throm-
bin was 3-fold higher than after stimulation with U46619,
whereas ADP induced only weak expression of CD62P (Fig.
4B). Furthermore, CD40L and CD62P surface expression
followed different time–courses.

To test the influence of activation of cAMP- and
cGMP-dependent protein kinases on CD40L and CD62P
surface expression, platelets were preincubated with 10 mM
PG-E1 or 100 mM SNP, followed by stimulation with
thrombin, U46619, or ADP. CD40L surface expression was
strongly reduced by PG-E1 and SNP in thrombin-stimu-
lated platelets (between 74% and 98% inhibition) and in
U46619-stimulated platelets (between 56% and 84% inhi-
bition). However, inhibition of ADP-induced CD40L ex-
pression in the presence of PG-E1 and SNP was only found
to be between 21% and 69% (Fig. 4A). CD62P surface
expression was strongly reduced by PG-E1 and SNP in
thrombin-stimulated platelets (between 88% and 100%

FIG. 3. Quantitative analysis of vasodilator-mediated inhibition of agonist-induced p42 MAPK and p38 MAPK phosphorylation in
human platelets. PRP or washed human platelets (in the case of thrombin stimulation) were preincubated with buffer (h), 10 mM
PG-E1 (E), or 100 mM SNP (F), stimulated with 0.5 U/mL of thrombin, 2 mM of the TXA2 analog U46619, or 30 mM ADP, and
analyzed for p42 MAPK and p38 MAPK phosphorylation (panel A and B, respectively) as described in Methods. As demonstrated in
Fig. 1, the potency of platelet agonists to activate p42/p38 MAPKs was thrombin > TXA2 > ADP. For quantitative analysis, image
analysis was performed as described in Methods, and agonist-induced MAPK phosphorylation after 1-min stimulation was referred to
as 100%. MAPK phosphorylation at other time points was expressed as a percentage of this standard and is indicated below each curve.
Data shown are mean values 6 SEM of at least three independent experiments.
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inhibition) and in U46619-stimulated platelets (between
62% and 100% inhibition). The weak ADP-induced
CD62P expression was inhibited between 29% and 75% in
the presence of PG-E1 or SNP (Fig. 4B).

Influence of p42/p38 MAPK Inhibition on CD40L and
CD62P Expression

MAPK activation was reported to be important for platelet
activation when platelets were activated with low concen-
trations of collagen or U46619 [13, 14]. To test whether
p42 or p38 MAPK activation are upstream events of
CD40L or CD62P surface expression, PRP with 100 mM
aspirin and 1 U/mL of apyrase was preincubated with 10
mM each of the MAPK kinase (MEK) inhibitor PD 98059
and the p38 MAPK inhibitor SB 203580 for 30 min, and
stimulated for 1 min with 2 mM U46619. Under these
conditions, U46619 induced a less than 2-fold increase in
CD40L/CD62P expression. PRP incubated with inhibitors

showed no significant reduction in CD40L or CD62P
expression as compared to control platelets with the excep-
tion of a slight, but significant reduction in basal CD62P
expression (Fig. 5). To ensure activity of the MAPK
inhibitors, inhibition of p42 MAPK activation by PD
98059 was confirmed by Western blotting using the phos-
phorylation-specific antibody 12D4 (data not shown).

DISCUSSION

The major new findings of this study are: (i) Cyclic
nucleotide-induced activation of either cAMP-PK or
cGMP-PK inhibits agonist-induced phosphorylation of
both p42 and p38 MAPKs in human platelets, as well as
agonist-induced platelet surface expression of proinflamma-
tory molecules including CD40L; and (ii) Our experimen-
tal data do not support the conclusion that p42 and p38
MAPK activation are involved in CD40L/CD62P expression.

FIG. 4. Flow cytometry analysis of vasodilator-mediated inhibition of agonist-induced platelet surface expression of CD40L and CD62P
(P-selectin). PRP or washed human platelets (in the case of thrombin stimulation) with 100 mM aspirin and 1 U/mL of apyrase (except
for ADP stimulation) were preincubated with buffer, 10 mM PG-E1, or 100 mM SNP, stimulated with 0.5 U/mL of thrombin, 2 mM
of the TXA2 analog U46619, or 30 mM ADP for the indicated time points, and then analyzed for surface expression of CD40L (panel
A) or CD62P (panel B) by flow cytometry as described in Methods. The left side of both panels shows representative original flow
cytometry histograms of antibody binding to platelets preincubated with buffer (curve 1), PG-E1 (curve 2), or SNP (curve 3) after 2
min of thrombin stimulation. The right side of the panels indicates the time–courses of mean fluorescence of specific antibody binding
to thrombin-, U46619-, or ADP-stimulated platelets preincubated for 1 min with buffer (h), PG-E1 (E), or SNP (F). Note the
different y-axis scale for thrombin in panel B. Below the curves, the percent inhibition of agonist-induced CD40L/CD62P surface
expression by SNP or PG-E1 is indicated. Data shown are mean values 6 SEM of at least three independent experiments.
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It is well known that development and progression of
cardiovascular diseases is critically influenced by intravas-
cular platelet activation followed by expression of platelet
surface proteins such as CD62P or CD40L. CD62P is a
well-characterized endothelial and platelet adhesion receptor
mediating interactions of activated platelets and endothe-
lial cells with leukocytes [2, 23]. This enhances inflamma-
tory responses by initiating leukocyte cytokine production
and secretion [24]. CD40L, a type I member of the tumor
necrosis factor (TNF) receptor superfamily of proteins, was
originally identified on stimulated CD41 T cells, but has
also been found to be rapidly expressed on the surface of
activated platelets [4]. CD40L binds to CD40 on endothe-
lial cells inducing endothelial chemokine secretion and
up-regulation of tissue factor and endothelial adhesion
molecules. These mechanisms initiate a procoagulant phe-
notype, mediate leukocyte binding, and induce inflamma-
tory responses at sites of injured vessel wall [4, 25].

Potent physiologic inhibitors of platelet activation are
endogenous factors released from vascular endothelial cells
such as the endothelium-derived relaxing factor (NO/
EDRF) and prostacyclin (PG-I2). These factors, as well as
the widely used pharmacological vasodilators (e.g. PG-E1 or
NO donors such as SNP), mediate their effects in human
platelets through elevation of intracellular cyclic nucleo-
tides and activation of cyclic nucleotide-dependent protein
kinases which phosphorylate a variety of intracellular
signaling molecules (reviewed in [18, 19]). Inhibition of
CD62P by cAMP and cGMP/NO has been described in
vitro and in vivo [26–29]. Our study demonstrates that in
human platelets cAMP- and cGMP-elevating vasodilators
strongly inhibited agonist-induced surface expression of
both CD62P and CD40L. The inhibition of inflammatory
molecules might contribute to the long-term beneficial
effects of vasodilators in vascular diseases [30, 31]. How-
ever, ADP-induced expression of CD40L was inhibited
only partially, an effect that needs further investigation.

Activation of p42 and p38 MAPKs has been found to be
a potentially important factor for platelet activation and
surface receptor expression. MAPKs are expressed in all
eukaryotic cells as an essential part of complex signaling
networks. They are activated by diverse stimuli such as

chemokines, growth factors, and hormones, leading to cell
proliferation or cell differentiation. In platelets, only a few
substrates of MAPKs are known. Platelet substrates of p42
MAPK include ribosomal S6 kinase (p90rsk) [9], and several
studies have suggested a role for p42 MAPK in phospho-
lipase A2 (cPLA2) activation [32, 33]. p38 MAPK in
platelets directly phosphorylates cPLA2 [12, 33] and
MAPK-activated protein kinase-2 (MAPKAPK-2), leading
to arachidonic acid release and phosphorylation of the
small heat shock protein hsp27 [13]. Little is known about
the function and regulation of MAPKs in platelets. Both
p42 and p38 MAPKs are rapidly activated at an early stage
in human platelets in response to a variety of platelet
agonists [9–13]. In this study, platelet agonists were com-
pared with regard to their potency to phosphorylate p42
and p38 MAPKs in platelets (Figs. 1 and 3). Thrombin was
found to be a strong activator of both p42 and p38 MAPK.
Agonists such as U46619 or ADP were less potent to
phosphorylate p42 MAPK, whereas phosphorylation of p38
MAPK induced by U46619 was only slightly reduced
compared to thrombin. ADP was the weakest activator of
both p42 MAPK and p38 MAPK. Several studies have
suggested that p42 MAPK and p38 MAPK activation
provide a crucial signal in the early stages of platelet
activation that might be necessary for surface receptor
expression/activation and aggregation in response to mini-
mal concentrations of platelet agonists or extracellular
matrix proteins [13, 14]. In our study, using a TXA2 analog
at a concentration that induced only weak platelet activa-
tion, we found no effect of p42/p38 MAPK inhibition on
platelet CD40L/CD62P expression, indicating that under
these conditions MAPKs do not regulate platelet surface
receptor expression. However, preincubation with the
MAPK inhibitors slightly but significantly reduced basal
expression of CD62P, an effect that requires further studies
to recognize its effect on platelet function. These experi-
ments were performed in the presence of aspirin to avoid
overlying effects due to inhibition of cyclooxygenases by
the MAPK inhibitors [34].

cAMP was reported to have both activatory and inhib-
itory effects on p42/p44 MAPK activity, depending on the
cell type investigated. In Swiss 3T3 fibroblasts, COS-7

FIG. 5. Effects of the MAPK inhibitors PD 98059
and SB 203580 on U46619-induced CD40L and
CD62P expression. PRP with 100 mM aspirin and
1 U/mL of apyrase was preincubated for 30 min
with buffer (open bars) or 10 mM PD 98059 and
10 mM SB 203580 (black bars). For analysis of
CD40L and CD62P expression, unstimulated PRP
and PRP stimulated for 1 min with 2 mM U46619
were analyzed as described in Methods. Data shown
are mean values 6 SEM of at least 7 independent
experiments. (n.s., not significant; *, P < 0.001;
t-test).
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monkey kidney cells, and a myeloid progenitor cell line,
cAMP increased MAPK activity [35, 36], whereas in Rat-1
fibroblasts and human aortic smooth muscle cells MAPK
activation was inhibited by cAMP [35, 37]. cGMP can also
have opposite effects on p42/p44 MAPK activation in
different cell types. Rat mesangial cells and cGMP-PK-
expressing rat aortic smooth muscle cells showed stimula-
tion of p42/p44 MAPK activation in response to cGMP
analogs [38, 39]. In contrast, cGMP analogs inhibited
epidermal growth factor-induced MAPK activation in
cGMP-PK-expressing baby hamster kidney cells [40]. p38
MAPK has been reported to be activated by cAMP or
cGMP in rat epididymal fat cells or human embryonic
kidney fibroblasts, respectively [41, 42]. Here, we have
demonstrated inhibition of agonist-induced p42 and p38
MAPK phosphorylation by both cAMP- and cGMP-elevat-
ing vasodilators in human platelets. In platelets, various
substrates of cAMP-PK and cGMP-PK are known [18, 43].
However, the target substrates of cAMP-PK and cGMP-PK
which initiate inhibition of both platelet granule secretion
and MAPK activation remain to be identified. Earlier, it
was shown that cyclic nucleotides inhibit platelet aggrega-
tion at an early step of the activation cascade, presumably
at the level of phospholipase C [44]. This supports the
hypothesis that platelet degranulation is affected at a level
proximal to PKC activation [26, 27]. Our data confirm this
model, since PKC activation is also an upstream event in
the p42 MAPK cascade [10]. However, p38 MAPK activa-
tion was reported to be independent of PKC [45].

In conclusion, the physiological role of endothelium-
derived vasodilators and platelet inhibitors such as PG-I2

and NO and the impairment of these systems in diseases
associated with endothelial dysfunction are well recognized
[46–48]. The findings of this study reveal that pathophysi-
ologically important platelet pathways and molecules in-
volved in inflammation (CD40L, P-selectin), as well as
platelet MAPK pathways, are down-regulated by activators
of platelet cAMP-PK and/or cGMP-PK. Down-regulation
of CD40L expression, a major proinflammatory stimulus,
could be of considerable importance for the prevention of
cardiovascular diseases. This underlines the physiological
role of endothelium-derived vasodilators and the therapeu-
tic potential of cyclic nucleotide-elevating platelet inhibi-
tors for the prevention of the initial development and
subsequent progression of inflammatory vascular lesions.
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