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A B S T R A C T

Introduction: Arachidonic acid induced aggregation is a generally accepted test for aspirin resistance. However,
doubts have been raised that arachidonic acid stimulated aggregation can be regarded as reliable testing for
aspirin resistance. Arachidonic acid, in addition to platelet activation, can induce phosphatidylserine translo-
cation on the outer surface of platelet membrane which could be mediated by apoptosis pathways or transfor-
mation of platelets to the procoagulant state.
Materials and methods: We explored effects of arachidonic acid over a vast range of concentrations and a wide
range of read-outs for human platelet activation, procoagulant activity, and platelet viability. Additionally we
tested whether cAMP- or cGMP-dependent protein kinase activation can inhibit procoagulant activity or platelet
viability.
Results: Arachidonic acid-induced washed platelet activation was detected at low micromolar concentrations
during the first 2 min of stimulation. After longer incubation and/or at higher concentrations arachidonic acid
triggered platelet procoagulant activity and reduced platelet viability. At the same time, arachidonic acid sti-
mulated adenylate cyclase mediated protein phosphorylation which correlated with reduced platelet activation.
Moreover, additional stimulation of cAMP- or cGMP-dependent protein kinase inhibited only platelet activation,
but did not prevent pro-coagulant activity and platelet death.
Conclusions: While arachidonic acid induces platelet activation at low concentrations and during short in-
cubation time, higher concentrations and lasting incubation evokes adenylate cyclase activation and subsequent
protein phosphorylation corresponding to reduced platelet activation, but also enhanced pro-coagulant activity
and reduced viability. Our observations provide further proof for the complex fine tuning of platelet responses in
a time and agonist concentration dependent manner.

1. Introduction

Platelets play an important role in propagating coagulation reac-
tions within developing thrombi. Usually patients receive a combined
therapy with aspirin, clopidogrel or ticagrelor and oral anticoagulants

preventing platelet aggregation and balancing bleeding and risk for
stroke. Aspirin as an inhibitor of cyclooxygenase (COX) and throm-
boxane A2 (TXA2) production is the current standard of care, reducing
the risk of cardiovascular diseases by about 25% [1]. However, ap-
proximately one quarter of patients with cardiovascular diseases who
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Abbreviations: AA, arachidonic acid; AM, acetoxymethyl; CalDAG-GEFI, calcium- and DAG-regulated guanine nucleotide exchange factor 1; COX, cyclooxygenase;
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platelets; Xkr8, Xk-related protein family member
⁎ Corresponding author at: Interdisciplinary Bank of Biomaterial and Data Wuerzburg, University of Wuerzburg, Straubmuehlweg 2a/Bldg. A9, D-97080

Wuerzburg, Germany.
E-mail address: joerg.geiger@uni-wuerzburg.de (J. Geiger).

Thrombosis Research 171 (2018) 22–30

Available online 13 September 2018
0049-3848/ © 2018 Published by Elsevier Ltd.

T

http://www.sciencedirect.com/science/journal/00493848
https://www.elsevier.com/locate/thromres
https://doi.org/10.1016/j.thromres.2018.09.047
https://doi.org/10.1016/j.thromres.2018.09.047
mailto:joerg.geiger@uni-wuerzburg.de
https://doi.org/10.1016/j.thromres.2018.09.047
http://crossmark.crossref.org/dialog/?doi=10.1016/j.thromres.2018.09.047&domain=pdf


receive aspirin appear to have an inadequate response to aspirin [2].
Insufficient inhibition of platelet aggregation due to aspirin non-re-
sponsiveness accounts for a significantly increased risk of major car-
diovascular events [3]. Arachidonic acid (AA)-induced aggregation is
the widely accepted standard test to control for aspirin resistance. In
platelet rich plasma (PRP), binding to serum proteins can diminish the
effective concentration of arachidonic acid [4]. Moreover, arachidonic
acid induces aspirin-insensitive platelet activation at high concentra-
tions [5,6]. Accordingly, there are doubts whether AA-induced platelet
activation can be used as a reliable diagnostic test [7]. In platelets, AA
is released by activation of soluble phospholipase A2 and metabolized
by cyclooxygenases (COX) and lipoxygenases (LOX) finally leading to
the formation of thromboxane A2 (TXA2), prostaglandin D2 (PGD2) and
E2 (PGE2) which have opposite effects on platelet function [8–12].
TXA2 is a well-established stimulant of platelet aggregation while PGD2

triggers the formation of cAMP [8,10,13], thus stimulating one of the
major platelet inhibitory pathways. PGE2 concentration dependently
stimulates either a Gi- or Gs-protein thus either amplifying or pre-
venting platelet activation in a concentration dependent manner [8,14].
Similarly, LOX metabolites were shown to have anti- and pro-throm-
botic properties however, the molecular mechanisms of 12-HETE action
on platelet functions are still controversial and remain incompletely
understood (reviewed in [15,16]). Moreover, AA can bring platelets to
a coagulant state and induce exposure of phosphatidylserine (PS) on
their surface [17,18], hence initiating the blood coagulation system
[19]. PS externalization is also a marker for platelet apoptosis and
death. Apoptotic platelets show impairment of activation despite PS
exposure and thrombin generation [20,21]. Yet it is not clear whether
AA-induced PS surface exposure is mediated by caspase-dependent
platelet apoptosis, or transformation of platelets to a pro-coagulant
state, and whether AA affects platelet viability.

Cyclic nucleotides (cAMP and cGMP) and their corresponding pro-
tein kinases cAMP-dependent protein kinase (PKA) and cGMP-depen-
dent protein kinase (PKG) represent the major platelet inhibitory me-
chanisms affecting almost any agonist-induced platelet activating
pathway including calcium signaling, integrin activation, degranula-
tion, shape change, adhesion, aggregation, etc. [22,23]. The inhibition
is mediated by phosphorylation of several proteins including the in-
ositol 1,4,5 trisphosphate (IP3) receptor, vasodilator-stimulated phos-
phoprotein (VASP), thromboxane receptor, and calcium- and DAG-
regulated guanine nucleotide exchange factor 1 (CalDAG-GEFI,
RASGRP2) by PKA and/or PKG [24–26]. Consequently a number of
pharmacologic agents modulating cyclic nucleotide regulation have
emerged for the treatment of cardiovascular diseases [27–30]. Re-
cently, activation of PKA has been shown to protect platelets from
apoptosis and clearance induced by different pathological stimuli [31].
However, it is not known whether PKA/PKG activation can inhibit
platelet pro-coagulant activity and influence platelet viability induced
by AA. Here we show that AA-induced washed platelet activation oc-
curs at low micromolar concentrations during the first 2 min of stimu-
lation. Prolonged incubation and/or higher concentrations of AA
trigger platelet pro-coagulant activity and reduce platelet viability. At
the same time, AA stimulates adenylate cyclase and induces VASP
phosphorylation, both of which are correlated with diminished platelet

Fig. 1. Dose-dependent changes of AA-induced integrin αIIbβ3 activation and P-
selectin exposure.
(A) Flow cytometric analysis of activated αIIbβ3 integrin determined by binding
of fluorophore-labelled fibrinogen, (B) P-selectin surface exposure, and (C) total
αIIbβ3 integrin content (detected with CD41 antibody) of AA-stimulated plate-
lets. Washed platelets (WP 1×108/ml) were incubated with fluorophore-la-
belled fibrinogen (A), P-selectin-PE (B) or CD41-FITC (C) antibodies, treated by
different AA concentrations during 2min and then fixed, washed, and analyzed
by flow cytometry. Maximum platelet activation was observed with 10 μM AA.
Platelet activation started to decrease at AA concentration≥ 10−4 M. Data are
presented as means ± SD, n=7,*, p < 0.05 compared to controls taken as 1.
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