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Differential effects of quercetin, apigenin
and genistein on signalling pathways of
protease-activated receptors PAR; and
PAR, in platelets
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Background and purpose: The modulation by flavonoids of platelet responses induced by thrombin has been little investi-
gated, and the antiplatelet activity, as well as possible inhibitory mechanisms of these compounds on thrombin signalling, has
not yet been elucidated. We explored whether flavonoids affect platelet signalling pathways triggered by thrombin and by the
selective activation of its protease-activated receptors (PARs) 1 and 4, and analysed the antagonism of these polyphenols at
thrombin receptors.

Experimental approach: We investigated the effect of a range of polyphenolic compounds on platelet aggregation, 5-HT
secretion, intracellular calcium mobilization, protein kinase activity and tyrosine phosphorylation, triggered by thrombin and
PAR agonist peptides (PAR-APs). The ability of these flavonoids to bind to thrombin receptors was investigated by competitive
radioligand binding assays using '?*I-thrombin.

Key results: Quercetin, apigenin and genistein impaired platelet aggregation, as well as 5-HT release and calcium mobilization,
induced by thrombin and PAR-APs. Quercetin and apigenin were inhibitors of protein kinases, but genistein exhibited a minimal
ability to suppress platelet phosphorylation. Binding assays did not establish any kind of interaction between thrombin
receptors and any of the flavonoids tested.

Conclusions and implications: Quercetin, apigenin and genistein did not inhibit thrombin responses by interacting with
thrombin receptors, but by interfering with intracellular signalling. While inhibition by genistein may be a consequence of
affecting calcium mobilization, subsequent platelet secretion and aggregation, for quercetin and apigenin, inhibition of kinase
activation may also be involved in the impairment of platelet responses.
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Introduction protease-activated receptors (PARs) by proteolytic generation

of a tethered ligand. Human platelets express two functional
Thrombin, the major protease in the coagulation cascade, is  thrombin receptors, PAR; and PAR, (Kahn etal., 1998);
the most potent activator of platelets identified to date. = (nomenclature follows Alexander ef al. 2008), but their signal-
Thrombin signalling occurs largely through the activation of  ling pathways are not completely understood. Thus, how
differential signalling through the thrombin receptors is
regulated, and the potential physiological consequences of
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subsequent calcium mobilization and protein kinase C (PKC)
activation, which in turn mediate granule secretion. Recent
reports establish a key role of TxA, generation and ADP secre-
tion in the irreversible aggregation observed in response to
low or medium concentrations of thrombin through signal-
ling amplification mechanisms involving Src kinases and the
mitogen-activated protein kinase ERK1/2, among other mol-
ecules (Falker et al., 2004; Shankar et al., 2006). The signalling
events activated by these secondary mediators synergize with
primary calcium-dependent and PKC-regulated pathways to
induce Raplb and oy,f; integrin activation (Cho et al., 2002;
Quinton et al., 2002; Kamae et al., 2006). In addition to PAR,
and PAR,, which are generally assumed to account for the
moderate- and low-affinity binding sites for thrombin, respec-
tively (Kahn et al., 1999), thrombin can also bind to platelet
GPIb/IX/V. This represents a high-affinity receptor for the
protease, and although the relative importance of such
mechanisms is still a subject of controversy (Brass, 2003;
Coughlin, 2005), there is a mounting body of evidence
indicating that it may contribute to the activation of platelets
(De Marco et al., 1991; Lova et al., 2004).

The limitations of existing antiplatelet drugs provide oppor-
tunities for new agents. Attention has focused on novel ADP
receptor antagonists and on drugs that target PAR;. PAR; is
also found on endothelial cells, smooth muscle cells, fibro-
blasts and cardiac myocytes (Seiler and Bernatowicz, 2003),
and thrombin-mediated activation of PAR; on these cells may
contribute to the proliferative and pro-inflammatory effects
of thrombin. Therefore, it is possible that PAR, antagonism
will not only attenuate arterial thrombosis, but may also
modulate other thrombin-mediated processes, including res-
tenosis (Ramachandran and Hollenberg, 2008). At least two
orally active PAR; antagonists, SCH-530348 and E-5555, are
undergoing phase III clinical evaluation, and preliminary
results are encouraging (Hamilton, 2009).

Platelet activation may also be inhibited by flavonoids,
natural dietary polyphenols used since ancient times in tra-
ditional Chinese medicine (Middleton et al., 2000). However,
the modulation by flavonoids of platelet responses induced
by thrombin has been little investigated (Pace-Asciak et al.,
1995), and the antiplatelet activity, as well as possible inhibi-
tory mechanisms of these compounds on thrombin signal-
ling, has not yet been elucidated. Our previous data using
high thrombin concentrations suggested possible inhibitory
effects by certain flavonoids (Guerrero et al., 2007). In the
present study, we have assessed such effects by analyzing
platelet aggregation, C-5-HT secretion, calcium mobiliza-
tion, protein kinase and tyrosine phosphorylation induced by
a submaximal concentration of thrombin and selective PAR,
and PAR, agonist peptides (APs), and investigated the ability
of these flavonoids to bind to thrombin receptors by competi-
tive radioligand binding assays using '*I-thrombin.

Our data suggest that quercetin, apigenin and genistein
affect thrombin responses exclusively by affecting intracellu-
lar signalling. While the inhibitory effect of genistein may be
essentially a consequence of affecting calcium mobilization,
subsequent platelet secretion and aggregation, inhibition of
kinase activation may also be partially implicated in the
impairment of platelet responses mediated by quercetin and
apigenin.
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Methods

Isolation of platelets

Venous blood was obtained in 3.8% sodium citrate (final
concentration 0.129 M) from healthy volunteers who had not
taken any medication for at least 10 days and gave their
informed consent prior to enrollment, according to the
ethical standards at our institution. To study the specific
effects of flavonoids on PAR; and PAR; signalling cascades
without the interference of these compounds on TxA, signal-
ling (Guerrero et al., 2005; Navarro-Nufiez et al., 2009), blood
was treated with 10 pM indomethacin before isolating
platelet-rich plasma by centrifugation at 200x g for 15 min.
Platelets were washed in the presence of 0.1 ug-mL™ prostag-
landin E, with modified HEPES/Tyrode’s buffer pH 6.5
(137 mM NacCl, 2.9 mM KCI, 0.42 mM NaH,PO,;, 11.9 mM
NaHCOs;, 2 mM MgCl,, 5.5 mM D-glucose, 10 mM HEPES),
resuspended in the specific assay buffer, adjusted to an appro-
priate count and left undisturbed for 30 min at room
temperature prior to experiments.

Platelet aggregation studies

Washed platelets were resuspended in HEPES/Tyrode’s buffer
pH 7.35 containing 2 mM CacCl, (300 x 10? L™!) and incubated
for at least 15 min with different inhibitors, flavonoids or
with =0.2% dimethylsulphoxide (DMSO) as control. They
were then stimulated during S5 min with thrombin
(0.2 U-mL"), PAR;-AP (25 uM) or PARs&AP (150 uM) in an
Aggrecorder II aggregometer (Menarini Diagnostics, Florence,
Italy), and the percentage of maximum aggregation was
recorded as the percentage of light transmission, with washed
platelets as the baseline and HEPES/Tyrode’s buffer as 100% of
light transmission. The concentration of flavonoids necessary
to obtain half-maximal inhibition of platelet aggregation
(ICs0) was determined for each agonist by incubating washed
platelets with increasing concentrations of flavonoids
(0-100 uM) or DMSO (final concentration =0.2%). Dose-
dependent inhibition curves were generated with a non-linear
curve-fitting software (GraphPad Prism for Windows version
4.0, GraphPad Inc., San Diego, CA, USA).

5-HT release

Washed platelets in HEPES/Tyrode’s buffer pH 7.35 contain-
ing 2 mM CaCl, (300 x 10° L") were radiolabeled with 1 uM
[**C]-5-HT for 45 min at 37°C, and then treated with 50 uM
flavonoids or LJ-CP8 antibody (1 uM) plus 5 uM imipramine
to prevent re-uptake of secreted 5-HT. The secretion of ["*C]-
5-HT was induced with 0.2 U-mL™! thrombin, 25 uM PAR;-AP
or 150 uM PAR4-AP for Smin at 37°C with stirring
(1000 rpm), and release was analysed as described previously
(Guerrero et al., 2005).

Measurement of calcium mobilization

Washed platelets in calcium-free Krebs-HEPES buffer
(118 mM NaCl, 4.7 mM KCl, 1.2mM MgSO,;, 1.2mM
KH,PO,4, 4.2 mM NaHCO;, 11.7 mM glucose, 10 mM HEPES,
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pH 7.4) were incubated in the dark with 3 uM Oregon green
BAPTA-1 AM in the presence of 1% pluronic acid for 45 min
at 37°C. The excess of fluorochrome was removed by two
washing steps; platelets were then resuspended at 300 X
10° L' in Krebs-HEPES buffer containing 2 mM EGTA and
incubated with different inhibitors, 50 uM flavonoids or with
an equivalent volume of DMSO (final concentration =0.2%)
before inducing internal calcium mobilization with
0.2 U-mL™? thrombin, 25 uM PAR;-AP or 150 uM PAR,-AP.
Changes in fluorescence were recorded as previously
described (Guerrero et al., 2007).

In vitro kinase assays

Using a commercial kinase activity test (SelectScreen Kinase
Profiling Service, Invitrogen, Paisley, UK), several intraplatelet
kinases were assayed at their approximate ATP K, values with
a fluorescence-based Z’-LYTE biochemical assay based on the
differential sensitivity to proteolytic cleavage of phosphory-
lated and non-phosphorylated peptides labelled with two dif-
ferent fluorophores (Rodems et al., 2002) (see description on
the Invitrogen Internet Website http://www.invitrogen.com/
site / us / en/home/Products-and-Services/Services/Screening-
and-Profiling - Services / SelectScreen-Profiling-Service / Select
Screen-Kinase-Profiling-Service.html). The biochemical assays
were performed with a final concentration of 50 uM flavonoid
(apigenin, genistein, quercetin or rutin) or 1% DMSO as
control. The percentage of kinase activity inhibition in each
case was calculated using XLfit (IDBS, Guildford, UK).

Analysis of protein phosphorylation

Washed platelets (800 x 10? L") resuspended in calcium-free
HEPES/Tyrode’s buffer pH 7.35 were incubated either with
flavonoids or with specific protein inhibitors, and then stimu-
lated with agonists at 37°C for 2 min under stirring. Reactions
were stopped and lysates prepared by addition of one volume
of 2x ice-cold 2% Nonidet P40 lysis buffer (2% NP-40,
300 mM NacCl, 20 mM Tris, 2 mM EDTA, 2 mM EGTA, 10 mM
Na;VO,4, 10 mM NaF, 4 mM PMSE, 4 mM benzamidine, 10 uM
aprotinin and 2 pg-mL™ pepstatin A, pH 7.4), and proteins
were resolved by polyacrylamide gel electrophoresis under
reducing conditions. Immunodetection of total tyrosine-
phosphorylated proteins was performed by ECL Western blot-
ting using 4G10 (1/1000 dilution) antibody followed by an
anti-mouse peroxidase-labelled secondary antibody. Densito-
metric analyses were performed as previously described
(Guerrero et al., 2007).

Selective inhibition of specific signalling elements involved in
PAR; and PAR, functional responses

Platelet aggregation induced by thrombin, PAR;-AP or
PAR4-AP was examined in the presence and absence of the
PLC inhibitor U73122 (10 uM), PI3K inhibitor LY294002
(50 uM), PKC inhibitor Ro 31-8220 (10 uM), Src kinase inhibi-
tor PP2 (10 uM), as well as with staurosporine as an inhibitor
of multiple kinases (1 uM). As phosphatidylinositol 3-kinase
(PI3K) and PLC are important for the thrombin-mediated
increase in intraplatelet calcium concentration, in such
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experiments platelets were pre-incubated with LY294009 or
U73122, for 15 min and then stimulated accordingly. In
protein tyrosine phosphorylation studies, platelets were incu-
bated with two agents known to strongly inhibit tyrosine
phosphorylation, either PP2 or staurosporine, and phospho-
rylation was analysed after stimulation by immunoblotting
after SDS—polyacrylamide gel electrophoresis.

135[-thrombin binding assays

Cold binding assays were performed by incubating washed
platelets (240 x 10° L'') with a single low concentration of
125[-thrombin (4 nM) and varying concentrations of unlabelled
thrombin (0-1 uM) or flavonoids (0-1.25 mM) in a final
volume of 250 pL of binding buffer [136 mM sodium acetate,
25 mM Tris-HClI, 0.6% polyethyleneglycol (average molecular
weight 8000), 1% BSA, pH 7.3]. Non-specific binding was
determined in the presence of 1 uM unlabelled thrombin. After
incubation for 15 min at room temperature without stirring,
platelet-bound and free ligands were separated by centrifuga-
tion through a layer of 20% sucrose (1200x g, 5 min), and their
associated radioactivity was measured in a gamma counter
(LKB, Multigamma Pharmacia, Uppsala, Sweden). Binding
data were fitted using a non-weighted non-linear model with
two sites using Prism for Windows 4.0. (GraphPad Inc.) to
obtain the affinity constant of the ligand for these sites (Kp) and
the corresponding inhibition constant (K;) for each flavonoid.

Statistical analysis

Unless stated specifically, data are expressed as means = SEM
from at least three experiments performed in different
samples. Statistical comparisons were achieved by two-tailed
Student’s t-test using GraphPad Prism for Windows version
4.0. Differences were considered to be significant at P < 0.05.

Materials

All the polyphenolic compounds tested except genistein were
kindly provided by Nutrafur-Furfural Espafiol S.A. (Murcia,
Spain) (see Supporting Information Figure S1). Genistein, the
protease and phosphatase inhibitor cocktails and PAR;-AP,
SFLLRN-OH, were from Sigma-Aldrich Quimica (Madrid,
Spain). PAR4-AP (AYPGKF-amide) was obtained from Bachem
(Weil am Rhein, Germany). Both PAR;- and PAR,-APs had a
purity of >95%. Human thrombin, PLC inhibitor U73122, Src
kinase inhibitor PP2, phosphatidylinositol 3-kinase (PI3K)
inhibitor LY294002, broad spectrum inhibitor of protein
kinases staurosporine and PKC inhibitor Ro 31-8220 were
obtained from Calbiochem-Novabiochem AG (Lucerne, Swit-
zerland). Oregon Green 488 BAPTA-1 AM was from Molecular
Probes (Eugene, OR, USA). Antiphosphotyrosine 4G10 mouse
immunoglobulin was purchased from Millipore (Watford,
UK). The anti omB; monoclonal antibody LJ-CP8 was gener-
ously provided by Dr ZM Ruggeri (Scripps Research Institute,
La Jolla, CA, USA). Antimouse IgG horseradish peroxidase
antibody, ECL detection system and [“C]5-HT were from
Amersham Biosciences Europe GmbH (Barcelona, Spain).
Na'?I, specific activity 17.4 Ci-mg”', was obtained from
Perkin Elmer (Boston, MA, USA), and the idodination reagent



used for thrombin radiolabelling (Iodo-Gen) was from Pierce
Chemical Co. (Rockford, IL, USA). All other chemicals were
from Sigma-Aldrich Quimica.

Results

Effect of flavonoids on thrombin-, PAR;-AP- and
PAR,-AP-induced platelet aggregation

In preliminary assays, we first tested the potential inhibitory
effect of 13 different polyphenolic compounds (200 uM)
belonging to distinct structural subgroups on platelet aggre-
gation induced by 0.2 U-mL™' thrombin under our experi-
mental conditions (Figure 1). Among all the compounds
tested, only quercetin, apigenin and genistein showed a sig-
nificant inhibitory effect (Supporting Information Figure S2).
These polyphenols, together with the glycosylated flavonoid
rutin as a negative control, were selected for further experi-
ments. Concentrations of PAR;-AP (25 uM) and PAR4-AP
(150 uM) producing similar platelet aggregation responses to
those obtained with 0.2 U-mL! thrombin (78 + 1%, 85 + 2%
and 83 = 2%, respectively) were next established throughout
the study.

To establish the relative potency of these compounds as
inhibitors of platelet aggregation, dose-response assays were
performed (Table 1). Quercetin and apigenin exhibited a
similar ability to impair PARs-AP-induced aggregation, while
quercetin was slightly more effective on PAR;-AP- and
thrombin-induced responses. When genistein was present,
aggregation was similarly inhibited in response to both
PAR;-AP and PAR,;-AP, while thrombin-induced inhibition

Table 1 Inhibition of platelet aggregation by flavonoids (ICso = SEM
in uM)

Apigenin Genistein Quercetin Rutin
Thrombin 0.2 U-mL"  56.4 + 9.8 >100 37.2 =58 >100
PAR;-AP 25 uM 544 =57 56.0*+55 220=*x42 >100
PAR4-AP 150 uM 20.8 + 35 476=*65 231 *15 >100

Washed platelets were stimulated with thrombin, PAR;-AP or PARs-AP in the
absence or presence of flavonoids, and aggregation was recorded as described
in Methods. Data were derived from four different experiments.
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became less marked. As expected, rutin showed no inhibiting
effects at any of the concentrations tested.

The signalling pathways downstream of thrombin require
PLC, PI3K, PKC and Src activities; however, the functional
importance of such specific elements for thrombin-induced
platelet responses remains controversial. To investigate
whether this signalling is influenced by quercetin, apigenin or
genistein, selective and commonly used inhibitors at concen-
trations to fully inhibit their target in platelets were included
in aggregation, calcium mobilization and protein phosphory-
lation studies, and their effects were compared to those of
flavonoids. Hence, we evaluated the effect of hindering such
intracellular elements on thrombin-, PAR;-AP- and PAR4-AP-
induced platelet aggregation (Table 2): inhibition of PLC, PKC
or of multiple kinases completely blocked platelet aggregation
induced by thrombin and PAR-APs, while suppression of PI3K
had a significant, but partial, effect on responses to thrombin
and PAR-APs. Nevertheless, stimulation of Src-inhibited
platelets resulted in slightly decreased aggregation only in
thrombin and PAR;-AP-activated platelets.

Effect of flavonoids on 5-HT release

5-HT is secreted from activated platelets during platelet aggre-
gation. To determine whether these flavonoids are inhibiting
secretion of dense granules, we measured “C-5-HT release
after agonist stimulation under stirring conditions. As seen in
Figure 2, quercetin, apigenin and genistein significantly
inhibited 5-HT secretion after stimulation with thrombin and
PAR-APs. No significant differences were observed in 5-HT
release in the presence of rutin under any of the conditions
tested. Similarly, pretreatment of platelets with LJ-CPS8, a
monoclonal antibody that reacts with oy,B; integrin and
inhibits platelet aggregation, did not induce any significant
change in 5-HT release.

Effect of flavonoids on intracellular calcium mobilization

We next investigated whether flavonoids interfere with intra-
platelet calcium mobilization after activation of PARs. Stimu-
lation of Oregon Green-loaded platelets with thrombin,
PAR;-AP or PAR4-AP (in the presence of 2 mM EGTA to avoid
the influx of extracellular calcium) raised intraplatelet

Figure 1

Dmso Api Dma Cat Gen Que Rho Rut Nge Ngi Ndc Pap Dmi Dme
Effect of different flavonoids on platelet aggregation induced by 0.2 U-mL™" thrombin. Washed platelets (300 x 10° L") were

incubated in the absence or presence of different flavonoids (200 uM) for 15 min before the addition of the agonist. Results are expressed as
the percentage of platelet aggregation, with washed platelets as the baseline and Tyrode’s buffer as 100% of light transmission. Data shown
are means = SEM from five different experiments. *P < 0.05 compared with dimethylsulphoxide-treated platelets (control sample). Api,
apigenin; Dma, dimethylapigenin; Cat, catechin; Gen, genistein; Que, quercetin; Rho, rhoifolin; Rut, rutin; Nge, naringenin; Ngi, naringin;
Ndc, neohesperidin dihydrochalcone; Pap, phloroacetophenone; Dmi, diosmin; Dme, diosmetin.
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Table 2 Effect of several inhibitors on thrombin-, PAR;-AP- and PAR4-AP-induced platelet aggregation (% * SEM)

Control DMSO = 0.2% U73122 10 uM LY294002 50 uM Ro371-8220 10 uM PP2 10 um Staurosporine 1 uM
Thrombin 0.2 U-mL™ 833 £ 1.7 1.2 = 0.2* 48.2 = 7.9* 5.6 = 0.8% 48.8 = 6.7* 13.8 = 3.5*
PAR:-AP 25 uM 78.3 0.8 0.8 = 0.1* 37.9 £ 2.9* 8.9 = 2.4* 45.6 = 4.3* 5.9 = 0.5*
PAR4-AP 150 uM 85.5 £ 2.1 09 = 0.2* 46.4 = 8.3* 1.0 = 0.2* 733 £ 5.0 5.8 = 0.7*

Washed platelets were stimulated with thrombin, PAR;-AP or PAR4-AP in the absence or presence of the phospholipase C inhibitor U73122, PI3K inhibitor LY294002,
protein kinase C inhibitor Ro 31-8220, Src kinase inhibitor PP2 and the broad spectrum inhibitor of protein kinases staurosporine, and aggregation was recorded
as described in Methods. Data were derived from four different experiments. *P < 0.05 versus control activated samples.
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Figure 2 Effects of flavonoids on thrombin-, PAR;-AP- and PAR4-AP-
induced '“C-5-HT release. Platelets loaded with *C-5-HT were incu-
bated with flavonoids (50 uM) or LJ-CP8 (1 uM) and then stimulated
under stirring conditions. Released radioactivity was measured in
supernatants by liquid scintillation counting. Data (n = 4) are per-
centage of secretion versus the release obtained in stimulated control
samples without flavonoids (dimethylsulphoxide). 5-HT release values
(% vs. total radioactivity incorporated) in the samples without fla-
vonoids upon stimulation with 0.2 U-mL™" thrombin, 25 uM PAR;-AP
or 150 uM PAR4-AP were 88.5 = 2.0, 65.7 = 2.0 and 76.8 = 11.7,
respectively. *P < 0.05 versus the "C-5-HT release induced by each
agonist in untreated platelets.
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Figure 3 Effect of flavonoids on thrombin-, PAR;-AP- and PAR4-AP-
induced [Ca®]; mobilization. Oregon Green BAPTA-1 AM-loaded
platelets were incubated with dimethylsulphoxide as control, fla-
vonoids (50 pM), the PI3K inhibitor LY294002 (50 uM) or the phos-
pholipase C inhibitor U73122 (10 uM) and stimulated with
0.2 U-mL™" thrombin, 25 uM PAR;-AP or 150 uM PAR,-AP. Data (n =
4) represent mean percentage of peak calcium mobilization (values
obtained in stimulated control samples = 100%). *P < 0.05 versus
control activated samples. NA, non-activated; API, apigenin; GEN,
genistein; QUE, quercetin; RUT, rutin; LY, LY294002.

calcium concentration, which was prevented by the PLC
inhibitor, U73122 (Figure 3). As previously reported (Covic
et al., 2000), PAR, stimulation caused a rapid spike response,
while a much more prolonged increase was observed after the
addition of PAR4-AP or thrombin (data not shown). Pretreat-
ment of platelets with 50 uM quercetin, apigenin, genistein or
the PI3K inhibitor LY294002 significantly inhibited calcium
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Table 3 Invitrogen SelectScreen Kinase Profiling data for apigenin,
genistein, quercetin and rutin (% inhibition = SEM at 50 uM)
Apigenin Genistein Quercetin Rutin

Fyn 545 +41 164 *+22 754 =*0.7 0.7 £ 0.5
Lyn A 53908 204+06 540*=19 08=*0.6
Src 52114 19311 639=*+22 13.7+0.8
Syk 68.2 +53 18.6 2.1 80.4 = 0.1 8.5+ 0.2
MAPK1 (ERK2) 09 +06 101 =x27 20.7=x05 0.0 = 0.0
MAPK3 (ERKT) 0.0 £ 0.0 59 +1.0 93+ 1.4 0.0 £ 0.0
MAPK14 (p38a) 16.1 =+ 3.7 168 £04 16.0=*= 1.4 0.0 = 0.0
AKT1 (PKBov) 13816 161 =20 46.2+1.0 0.0=*0.0
AKT2 (PKBB) 13941 131 13 51.2+50 0.6 + 0.5
PRKCA (PKCoar) 00+x00 00x00 98=x71 27 *19
PRKCB1 (PKCB1) 10.7 = 0.7 59+09 240*19 1.4 +1.0
PRKCD (PKC3) 00*x00 27*19 232=*x23 0.0 = 0.0
PI3KB 32.0 = 2.8 4.0=*x07 755=*x25 125=*04
PI3Ky 21.0x21 135*04 855*18 37.0=*21
PI3K& 255 *3.2 7.5+25 99.0+0.7 99.0*0.0

The activity of several flavonoids against a panel of protein kinases was assessed
using a fluorescence resonance energy transfer method. The assays were per-
formed in 1% dimethylsulphoxide and an ATP concentration equal to the
Km[app] of each kinase. MAPK, mitogen-activated protein kinase; PKB, protein
kinase B; PRKC, protein kinase C; PI3-kinase, phosphatidylinositol 3-kinase.
Data were obtained from two different experiments.

mobilization induced by all agonists. As expected, rutin did
not significantly affect thrombin-, PAR;-AP- nor PAR,-AP-
mediated calcium increase.

Effect of flavonoids on in vitro kinase activity

Several flavonoids including genistein and quercetin have
been classically defined as broad-spectrum kinase inhibitors
(Akiyama et al., 1987; Hubbard et al., 2003; 2004), and selec-
tive inhibition of protein kinases by quercetin, apigenin,
genistein, but not rutin may explain our present observations.
By using a precise, commercial fluorescence assay, we aimed
to establish the effect of these flavonoids (50 uM) on several
tyrosine and serine-threonine kinases reported as key signal-
ling elements of the platelet activation process. As shown in
Table 3, quercetin, and to a lesser extent apigenin, displayed a
substantial direct inhibitory effect against Fyn, Lyn, Src and
Syk. We also observed a major effect of quercetin against PI3K
B, vy and 6 isoforms, and a moderate effect on Akt 1 and 2. On
the other hand, quercetin did not show a major inhibitory
activity upon the serine/threonine kinases ERK1/2 and p38 o,
members of the MAP kinase family, nor on the distinct PKC
isoforms analysed. In all cases, apigenin exerted weaker effects
than quercetin, and genistein proved not to have a particular
potency against any of the kinases tested. The glycosylated



flavonoid rutin was confirmed as a potent inhibitor of PI3K$
with a mild effect on PI3Ky, while it did not exert a significant
inhibition of any of the other kinases examined.

Effect of flavonoids on platelet whole tyrosine phosphorylation
induced by activation of PARs

Experiments were, therefore, performed to assess whether the
deleterious effect of quercetin and apigenin, but not genistein
nor rutin, on protein kinases was related to selective impair-
ment of protein tyrosine phosphorylation upon thrombin-
and PAR-APs-induced platelet stimulation. In order to ensure
a sufficiently strong phosphorylation response, agonist
concentrations were increased up to 0.5 U-mL™" thrombin,
100 uM PAR;-AP and 500 uM PAR4-AP. Consequently, in these
assays flavonoids were also tested at increased concentrations
(100 uM). As shown in Figure 4, thrombin elevated phospho-
tyrosine protein content, and this increase was significantly
impaired by the multiple kinase inhibitor staurosporine.
Under these experimental conditions, quercetin and, to a
lesser extent, apigenin behaved as efficient inhibitors of
thrombin- and PAR-APs-induced whole protein tyrosine phos-
phorylation, while genistein and rutin displayed a minor
inhibitory effect.

Effects of flavonoids on '#’I-thrombin binding

The fact that the inhibition by specific flavonoids of in vitro
platelet responses seems to be related, at a great extent, to
their ability to compete for binding to the TxA, receptor
(Guerrero et al., 2005; 2007; Navarro-Nunez et al., 2009),
prompted us to investigate if the potential interaction of
flavonoids with thrombin receptors may also play a role in
their effect on thrombin-induced activation. For that purpose,
a cold saturation binding assay was carried out in washed
platelets by examining the reduction of '*I-thrombin binding
with increasing concentrations of unlabelled thrombin. Our
binding data were best fitted to a two-site model, obtaining
affinity constants of 12.3 and 145.2 nM for thrombin binding
sites, probably corresponding to PAR; and PAR; receptors. As
illustrated in Figure 5, under our experimental conditions
none of the flavonoids tested competed for this binding.

Discussion

This study focused on the effects of different flavonoids on
thrombin-induced platelet activation through the assessment

»

Figure 4 Effect of flavonoids on thrombin-, PAR;-AP- and PAR4-AP-
induced tyrosine phosphorylation. Washed platelets were incubated
with vehicle (dimethylsulphoxide), flavonoids (100 uM), the Src
kinase inhibitor PP2 (10 uM) or the multiple kinase inhibitor stauro-
sporine (1 uM), and stimulated with 0.5 U-mL™" thrombin, 100 uM
PAR;-AP or 500 uM PAR4-AP for 2 min. Platelets were then lysed, and
phosphotyrosine-containing proteins were identified by Western blot
using the 4G10 antibody. A representative blot is shown in the upper
panels. In each case, tyrosine phosphorylation was quantified by
densitometry using Quantity One software. The lower panel shows
comparative results of tyrosine phosphorylation achieved with plate-
lets stimulated in the absence or presence of flavonoids or inhibitors.
Data are mean = SEM from three separate experiments. NA, non-
activated; API, apigenin; GEN, genistein; QUE, quercetin; RUT, rutin;
STA, staurosporine. *P < 0.05 compared with phosphotyrosine
content in stimulated platelets in the absence of inhibitors.
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Figure 5 Effect of flavonoids on '?*I-thrombin binding to platelets.
Washed platelets were incubated with '?’I-thrombin (4 nM) in the
presence of increasing concentrations of unlabelled thrombin or fla-
vonoids as competitors. The plot represents the resultant dose-
dependent displacement curve of the specific binding obtained with
unlabelled thrombin and the lack of interaction between tested fla-
vonoids and thrombin receptors. Data were obtained from three
different experiments.

of their effects on the specific signalling cascades downstream
of PAR; and PAR, receptors. Here, we show that three fla-
vonoids, quercetin, apigenin and genistein, inhibit both
PAR;-AP- and PARs-AP-mediated responses of platelets, via
inhibition of calcium mobilization, granule release and aggre-
gation. While the cellular mechanism for the antiplatelet
activity of quercetin, and to a lesser extent of apigenin, may
be partly due to the inhibition of multiple platelet kinases,
this mechanism does not appear to be responsible for the
genistein-induced effects. Furthermore, we show that fla-
vonoids do not compete for thrombin binding, and thus,
receptor antagonism does not seem to account for platelet
inhibition with these compounds.

The mechanisms by which PARs signal platelet activation
have not been well defined. Although there is evidence that
PAR; and PAR; signalling pathways are not redundant (Stein-
hoft et al., 2005; Holinstat et al., 2006), outlining the precise
signalling and downstream sequelae of each receptor is pres-
ently controversial and essentially unclear. Both ADP secreted
from platelet dense granules, as well as TxA, generation, are
important mediators in thrombin-mediated responses (Cho
et al., 2002; Falker et al., 2004; Begonja et al., 2007). Our pre-
vious data indicate that quercetin, apigenin and genistein
inhibit platelet function by binding to TxA, receptors with
subsequent inhibition of its signalling pathways (Guerrero
et al., 2005; 2007). In the present study, we therefore investi-
gated the inhibitory effect of these flavonoids on thrombin
responses independently of TxA, signalling pathways in the
presence of indomethacin to avoid selective inhibition of the
amplifying actions of TxA, at the receptor level. Whereas
inhibition of cyclooxygenase by aspirin or indomethacin
inhibits the activation induced by low doses of thrombin, the
activation promoted by higher doses, such as those used in
the present study, seems not to be affected (Falker et al., 2004;
Begonja et al., 2007).

Here, we show for the first time that quercetin, apigenin
and genistein inhibit both PAR;- and PARs-mediated platelet
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aggregation, whereas they appear to be somewhat weaker
inhibitors of thrombin-induced aggregation. These results
suggest that the lesser effects of these compounds on throm-
bin might be due to the contributing and adding effects of
both receptors on the signalling by the protease. The inhibi-
tory effect of these flavonoids on other thrombin-stimulated
responses (calcium mobilization, serotonin release, tyrosine
phosphorylation) does not support other potential explana-
tions, such as flavonoids hindering the proteolytic activity of
thrombin, nor reflecting the strengthening contribution of
GPIb signalling to thrombin-induced platelet activation at the
doses of the protease used in this study.

Aggregation and secretion appear to contribute to a mutu-
ally amplifying positive feedback loop upon thrombin activa-
tion. Thus, at low levels of thrombin, without secretion,
aggregation does not occur; likewise, without aggregation,
discernable dense granule secretion does not take place (Liu
etal., 2008). Nevertheless, in our hands, pretreatment of
platelets with LJ-CP8 did not prevent dense granule release,
reflecting that under our experimental conditions inhibition
of 5-HT secretion by quercetin, apigenin and genistein was
not a consequence, but probably a direct cause of the im-
paired aggregation response. The initiation of secretion by
thrombin is the result of the synergistic action of Ca** mobi-
lization and PKC activation, as a consequence of PLC-
mediated phosphoinositide hydrolysis (Walker and Watson,
1993). Thus, in this study, Ro 31-8220, a classical PKC inhibi-
tor, inhibited thrombin- and PAR-AP-induced platelet aggre-
gation. Phosphorylation studies (see below) do not suggest an
inhibition by quercetin, apigenin nor genistein of PKC signal-
ling pathways, implying that impaired calcium mobilization
might account for the effect of these flavonoids on platelet
dense granule secretion.

As expected, quercetin, apigenin and genistein, but not
rutin, significantly reduced thrombin-, PAR;-AP- and PAR,-
AP-induced release of Ca** from intracellular stores. Under
our experimental conditions, and in contrast to previous
studies (Holinstat et al., 2006), PLC blockade with U-73122
had a significant inhibitory effect on thrombin-, PAR;-AP-
and PAR;-AP-induced aggregation. This discrepancy is prob-
ably due to the different experimental conditions employed:
in fact, Holinstat ef al. (2006) measured the platelet aggre-
gation response using lower concentrations of the inhibitor
and higher concentrations of peptides than those used here,
and in the absence of indomethacin, possibly reflecting that
TxA, is a major requirement for platelet aggregation by PAR-
APs and thrombin when PLC and subsequent calcium mobi-
lization are inhibited. Data from this study, specifically
those related to genistein, suggest that flavonoids might be
modulating calcium levels through mechanisms other than
inhibition of protein kinases, such as affecting polyphos-
phoinositide turn-over (Ozaki ef al., 1993) or by blockade of
calcium channels (Dobrydneva et al., 2002).

To shed further light on the signal transduction steps spe-
cifically affected by these flavonoids, we analysed protein
phosphorylation by biochemical assays that had been vali-
dated or used by others (Gharbi efal., 2007; Kothe etal.,
2007). Consistent with a previous study, quercetin (Hubbard
etal., 2003), and to a lesser extent, apigenin, predominantly
inhibited the non-lipid kinases Syk, Fyn, Src and Lyn, and the



activity of the lipid PI3K. Genistein, however, only weakly
attenuated protein phosphorylation, while rutin displayed a
considerable effect only on PI3K3. Consistent with these data,
quercetin and apigenin, in contrast to genistein and rutin,
substantially inhibited thrombin- and PAR-AP-induced
increases in total protein tyrosine phosphorylation, which
validates the thoroughness of the previous assay. Other
reports have established that Lyn (Cho et al., 2002) and Akt 1,
a principal downstream effector of PI3K signalling (Chen
et al., 2004), are required for thrombin induction of secretion-
dependent platelet aggregation. These were the kinases sub-
stantially affected by quercetin and apigenin. However, this
potential mode of action would be unlikely to account
entirely for the impairment of thrombin- and PAR-AP-
promoted aggregation by these two flavonoids, as PP2 and
LY294002, specific Src and PI3K inhibitors, respectively, were
only partially effective in reducing such responses. Some of
these flavonoids, most notably genistein, have long been con-
sidered to act as non-selective inhibitors of tyrosine kinases
(Akiyama et al., 1987). However, our results further support
the concept that the isoflavone genistein is not a particularly
good inhibitor of tyrosine kinases in human platelets follow-
ing stimulation with thrombin (Nakashima etal., 1991;
McNicol, 1993).

Previously, we reported an antagonistic activity of fla-
vonoids against the platelet TxA, receptor (Guerrero et al.,
2005; 2007; Navarro-Nufiez et al., 2009). This result prompted
us to examine whether the inhibitory effect that flavonoids
exerted on PAR-induced responses was due to membrane
receptor antagonism as well. However, our binding assays did
not establish any kind of interaction between such receptors
and any of the flavonoids tested, indicating that these com-
pounds inhibit thrombin responses exclusively by affecting
intracellular signalling.

Recent reports established that platelet Rap1b and integrin
oupPs activation downstream of G4 occurs through sequential
calcium-dependent, PKC-regulated and secretion-derived sec-
ondary mechanisms (Quinton et al., 2002; Cifuni et al., 2008).
Calcium and diacylglycerol-regulated guanine nucleotide
exchange factor I (CalDAG-GEFI) has been reported as the
primary signalling molecule mediating calcium-dependent
activation of Raplb and ou,f; (Crittenden et al., 2004). Our
results showed that quercetin, apigenin and genistein
partially prevented intracellular calcium mobilization in
response to thrombin, PAR;-AP and PAR,-AP, and that apige-
nin and quercetin also impair kinase activation. Hence, the
inhibitory effect of genistein on PAR;-AP- and PAR,-AP-
induced aggregation may be essentially a consequence of
diminished CalDAG-GEFI activation due to attenuated free
intracellular calcium levels, while for quercetin and apigenin
not only the above mechanism, but also inhibition of kinase
activation may be partly implicated.

Flavonoids, by affecting signalling pathways involved in
the release of secondary mediators needed to reinforce and
stabilize PAR-mediated platelet activation, impair the
response to submaximal stimulation of platelet thrombin
receptors. Although these effects are seen with concentrations
of flavonoids that exceed those obtained after standard
consumption of flavonoid-rich foods, these data raise the
question of the role of pharmacological supplementation
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with these compounds in situations such as the prevention of
atherothrombosis.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Structures of the different polyphenolic com-
pounds used in this study. Only the flavonoids apigenin,
genistein and quercetin were found to exert significant inhibi-
tory effects on platelet responsiveness to thrombin. These
flavonoids share the same benzo-y-pyrone structure consist-
ing of two aromatic rings (named A and B) linked by a three-
carbon chain that forms an oxygenated heterocyclic ring (C
ring). The single difference between the chemical structure of
apigenin and genistein lies in the site of B-ring insertion
(carbon 3 for genistein, carbon 2 for apigenin), while querce-
tin differs from apigenin due to inclusion of a hydroxyl group
in carbon 3. Rutin, the glycosylated counterpart of quercetin,
did not show any effect on platelet function. Two synthetic
compounds were also included in the preliminary assays:
neohesperidin dihydrochalcone, a synthetic sweetening
agent produced by alkaline hydrogenation of the Citrus
flavonoid neohesperidin, and phloroacetophenone, a key
intermediate in flavonoid synthesis.

Figure S2 Representative platelet aggregation curves.
Washed platelet suspensions treated with 50 uM flavonoids or
0.1% DMSO as control were stimulated with thrombin
(0.2 U-mL™"), PAR;-AP (25 uM) or PAR4-AP (150 uM) in an
Aggrecorder II aggregometer. Changes in light transmission of
platelet suspensions over baseline were monitored for 5 min,
and the percentages of maximal aggregation were recorded.
API, apigenin; GEN, genistein; QUE, quercetin; RUT, rutin.
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