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Measurement of intracellular calcium ion concentration by 
spectrofluorimetry

Washed human platelets (as described earlier) were incu-
bated at 2 ×109 cells/ml in Ca2+-free Tyrodes-Hepes buffer
with 3µM-Fura-2 AM for 45 min. Platelets were washed
once and resuspended at 2 × 108 cells/ml in modified
Tyrodes-Hepes buffer. Platelets were incubated with quer-
cetin or dimethylsulphoxide alone (as described earlier) for
5 min and then stimulated with collagen (5·0 µg/ml) with
constant stirring at 37° in a luminescence spectrophotometer
(LS-50B, Perkin Elmer, Beaconsfield, Bucks., UK) with
excitation wavelengths of 340 nm and 380 nm. Fluorescence
emission was measured at a wavelength of 510 nm. The
ratio of emission values (340 nm:380 nm) was calculated
and converted to Ca2+ concentration using FLWinLab
software (Perkin Elmer) and the equation:

where [Ca2+]i is the intracellular Ca2+ concentration, R is the
value for the emission ratio (340 nm:380 nm), Kd is the
dissociation constant of the Fura-2 − Ca2+ complex (224 nM)
and SFB is the fluorescence ratio at 340 nm:380 nm of Rmin
and Rmax. Rmax, the maximum 340 nm:380 nm value, was
determined by lysing platelets with NP40 immuno-
precipitation lysis buffer in the presence of 1 mM-CaCl2.
Rmin, the minimum 340:380 nm value, was determined by
the addition of 2 mM-ethylene glycol-O,-O′-bis(2-amino-
ethyl)-N,N,N′,N′-tetraacetic acid.

Design of fruit- and vegetable-rich diet study

Twenty subjects (ten male and ten female) were recruited
from the University of Reading. The Ethics and Research
Committee of the University of Reading approved the
protocol and all subjects gave informed consent before taking
part. For 3 d the subjects followed a fruit- and vegetable-free
diet. A blood sample was taken at the end of the 3 d, and the
subjects were given a lunchtime meal of five portions of fruit
and vegetables (Table 1) every day for the next 5 d. At the end
of this period another blood sample was taken. All subjects
were asked to abstain from polyphenol-rich foods for the
duration of the study, so that the only polyphenols in the diet
were those in the fruit and vegetable meal. The subjects were
given details of a diet low in polyphenols (Hertog et al. 1992),
and they were asked to record all food and drink consumed
throughout the 8 d of the study. A maximum of three cups of
tea or coffee per d was allowed and the amount consumed
was noted in the diet diary.

The US Department of Agriculture (1992) Food Pyramid
Guide suggests five or more servings of fresh fruit and
vegetables per d. This recommendation was used as a guide
for the design of a meal that contained five or more servings
of fruit and vegetables that were high in polyphenols and
also provided carbohydrate and protein. The composition of
the meal is shown in Table. 1.

Measurement of whole-blood platelet aggregation in
samples from the fruit and vegetable study

Blood samples were taken into 4·5 ml vacutainer system
blood tubes (Becton Dickinson, Plymouth, UK) containing

0·105 M-sodium citrate as anticoagulant (1 vol. sodium
citrate:9 vol. blood). Samples were stored at room temper-
ature, and analysis was commmenced 1 h after venepuncture
and completed within 4 h.

Whole blood was diluted 1:1 (v/v) with PBS, followed by
pre-incubation to 37°. Whole-blood platelet aggregation
was measured for 6 min after stimulation with an agonist.
The extent of aggregation was determined as the amplitude
of the slope produced after the addition of the agonist
(electrical impedance; Ω).

Plasma concentrations of flavonoids

The plasma concentrations of flavonoids were determined as
described previously (Ader et al. 2000), with minor modifi-
cations. Blood samples were taken into 10 ml vacutainer
system blood tubes with EDTA. Plasma was prepared by
centrifugation for 10 min at 2000 g, and stored at −80° until
analysed. An aliquot (800 µl) of the plasma sample was acid-
ified with 100 µl acetic acid (0·583 mol/l), spiked with 20 µl
rhamnetin (50 µg/ml in methanol; internal standard) and
subsequently treated with a mixture of β-glucuronidase (104

units)–sulphatase (2·5  × 102 units); crude extract from Helix
pomatia; Sigma-Aldrich AG, Deisenhofen, Germany. After
an incubation of 1 h at 37° the flavonol aglyca quercetin,
kaempferol, isorhamnetin and tamarixetin were simultane-
ously extracted with 5·5 ml acetone. The mixture was
centrifuged at 3700 g for 45 min and the supernatant fraction
was evaporated to dryness under vacuum at 45° (SpeedVac
AES 1010; Savant Instruments Inc., Farmindale, NY, USA).
The residue was redissolved in 200 µl methanol, 77·5 µl
deionised water and 22·5 µl HCl (10 mol/l). For HPLC
analysis 30 µl were injected onto a C-18 Kromasil 100
column (250 × 4 mm, particle size 5 µm; Jasco, Gross-
Umstadt, Germany) protected by a C-18 Inertsil ODS-2
precolumn (10 × 4 mm, 5 µm particle size; Jasco). The eluent
(1 ml/min) was 0·025 M-NaH2PO4 (pH 2·4)–acetonitrile–

Ca
2+[ ]i Kd R Rmin–( )×( ) Rmax R–( ) SFB×( )÷ ,=

Table 1. Composition of fruit and vegetable meal given to subjects
 participating in the fruit- and vegetable-rich diet study*

Course Food product Weight (g)

Salad starter

Main course

Dessert

Drink

Cherry tomatoes
Cucumber
Continental four-leaf salad
Salad dressing
Tomato and onion pasta sauce 

composed of:
Yellow onions
Passata (sieved plum 
tomatoes)

Extra virgin olive oil
Tricolour fusilli pasta (cooked 

weight)
Frozen raspberries (defrosted 

weight)
Vanilla ice cream
One apple
Purple grape juice

100
60
25
4

175

approximately 70
approximately 105

>1
75 or 125 †

100

25
average 30

350 ml

*For details of procedures, see p. 472.
†Subjects weighing <60 kg were given 75 g pasta, those weighing >60 kg were 

given 125 g, unless otherwise requested.
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methanol (68:27:5, by vol.). The column effluent was mixed
with 1·5 M-Al(NO3)3 in methanol containing acetic acid
(7·5 %, v/v) at a rate of 0·4 ml/min in a post-column
reactor(3 m Tefzel-tube, 0·5 mm i.d., coiled to an outer
diameter of 5 mm and connected to the HPLC column with a
low-dead-volume tee; Jasco). The column and the reactor
were placed in a column oven set at 30°. The fluorescence of
the resulting flavonoid–metal complex was measured at 485
nm using a Jasco FP 920 (Jasco Corp) fluorescence detector
with excitation wavelength set at 422 nm. The limit of
detection was 3 ng/ml.

Statistical analysis

IC50 values were calculated using Prism for Windows
version 2.0 (Graphpad Inc., San Diego, CA, USA) with non-
linear regression. Graphs were plotted using a sigmoidal
curve, and variable Hill slope with 100% and 0% inhibition
constants. Paired t tests were performed using SPSS 10.0 for
windows (SPSS, Chicago, IL, USA). Results are presented
as mean values with their standard errors and P ≤ 0·05 was
considered significant.

Results

In vitro effects of polyphenols on platelet function

The effects of five different hydroxycinnamates and quer-
cetin on platelet aggregation were investigated. Percentage
inhibition of platelet aggregation was calculated and IC50
values determined. The IC50 values for the hydroxycinna-
mates are shown in Table 2. Sinapic acid had the highest
IC50 value (815 (SE 1·09) µM); all the other IC50 values were
approximately 500 µM.

The IC50 values for quercetin with collagen (4, 2 and
0·5 µg/ml) as agonist were (µM) 6·47 (SE 1·09), 4·87
(SE 1·11) and 2·37 (SE 1·03) respectively (n 3). The IC50
value for quercetin with thrombin (0·1 IU/ml) as agonist
was 27·6 (SE 1·04) µM (n 3). The IC50 values for quercetin
were all substantially lower than those for the hydroxy-
cinnamates. The IC50 values were also dependent on the
concentration of collagen used.

The effect of quercetin on the mobilisation of Ca from
intracellular stores was investigated. Mean peak Ca concen-
trations are shown in Table 3. When platelets were incubated
with varying concentrations of quercetin, mean peak Ca

release was inhibited in a concentration-dependent manner,
and was almost completely abolished by 20 µM-quercetin.

The effect of quercetin on platelet whole-cell protein
tyrosine phosphorylation was also investigated. Fig. 3
shows the total platelet whole-cell tyrosine protein phos-
phorylation as a percentage of the control value. Percentage
total platelet whole-cell tyrosine phosphorylation increased
from basal levels on stimulation with collagen, as previously
reported (Gibbins et al. 1997). In the presence of quercetin,
percentage total platelet whole-cell protein tyrosine
phosphorylation was inhibited in a concentration-dependent
manner. Quercetin at 150 µM significantly inhibited per-
centage total platelet whole-cell tyrosine phosphorylation
when compared with the dimethylsulphoxide control and
basal levels (P = 0·05).

Table 2. Median inhibitory concentration (IC50) values for the 
inhibition of platelet aggregation by five hydroxycinnamates with 

collagen (1·0 µg/ml) as agonist*

(Mean values with their standard errors for three determinations)

IC50 (µM)

Hydroxycinnamate Mean SE

Sinapic acid
trans-Cinnamic acid
p-Coumaric acid
Ferulic acid
Caffeic acid

815·9
528·5
482·6
481·7
478·1

1·09
1·19
1·22
1·20
1·19

*For details of procedures, see p. 472.

Table 3. Inhibition of platelet calcium release by quercetin with 
collagen (5·0 µg/ml) as agonist.

(Mean values with their standard errors for three determinations)

Peak Ca concentration (nM)

Quercetin (µM) Mean SE

0
5
10
15
20

87·75
75·84
51·98
21·73
3·7

 7·76
13·7
15·7
4·96
2·51

*For details of procedures, see p. 472.
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Fig. 3. Quercetin inhibits collagen-stimulated whole-cell protein-
tyrosine phosphorylation. Platelets, in the presence of ethylene
glycol-O,-O′-bis(2-amino-ethyl)-N,N,N′,N′-tetraacetic acid (1 mM),
were incubated with quercetin (25–150 µM) or dimethylsulphoxide
(DMSO) control for 5 min and then stimulated with collagen
(25 µg/ml) for 90 s. Platelets were then lysed and proteins separated
by SDS–PAGE under reducing conditions and subjected to
immunoblotting to detect protein phosphotyrosine residues. Total
protein-tyrosine phosphorylation was analysed using densitometry.
Total tyrosine phosphorylation is shown as a percentage of the
control value. Values are means with their standard errors represent-
ed by vertical bars for three determinations. Mean value was
significantly different from that for the dimethylsulphoxide control and
from basal levels: *P = 0·05.
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The effects of a fruit and vegetable-rich diet on platelet 
aggregation

Plasma concentrations of quercetin, kaempferol, isor-
hamnetin and tamarixetin were measured as markers of
polyphenolic intake. The mean plasma concentrations
of these polyphenols are shown in Fig. 4. Plasma concen-
trations of the four flavonol compounds were measured on
entry to the study (i.e. under normal dietary conditions),
after the fruit- and vegetable-free period and after the fruit-
and vegetable-enriched period. The total plasma flavonol
concentration showed a decrease after the 3 d fruit- and
vegetable-free period compared with that for the normal
diet (from 0·154 µM (SE 0·027) to 0·071 µM (SE 0·015)),
but increased significantly (from 0·071 µM (SE 0·015) to
0·277 µM (SE 0·044); P = 0·001) after supplementation with
the fruit- and vegetable-rich lunchtime meal for 5 d.
Quercetin concentrations were the highest of the four
compounds detected and constituted 80 % of the total
levels.

Platelet aggregation was measured as whole-blood
platelet aggregation with two different agonists (ADP and
collagen) after the fruit- and vegetable-free period and after
the fruit- and vegetable-supplementation period for the
twenty subjects. After the supplementation period the mean
whole-blood platelet aggregation had decreased from 13·56
(SE 0·54) Ω to 12·32 (SE 0·78) Ω with ADP (10µM) and from
13·35 (SE 1·60) Ω to 12·9 (SE 1·57) Ω with collagen
(1·5µg/ml). However, these changes were not significant.

When a higher dose of collagen (5·0 µg/ml) was used as the
agonist the mean whole-blood platelet aggregation after the
supplementation period was unchanged.

Discussion

The dietary antioxidants found in fruits and vegetables have
received attention in recent years as a possible mechanism
by which dietary components protect the body from free
radicals and reactive oxygen species. These dietary anti-
oxidants may therefore play a role in many disease states,
such as atherosclerosis. Platelet function can be regulated by
a number of pharmacological agents, including a number
of compounds that are found in the diet (Cerbone et al.
1999; Serebruany et al. 2000). A group of polyphenolic
antioxidants of the flavonoid family have been shown to
inhibit platelet aggregation in vitro (Beretz et al. 1982;
Landolfi et al. 1984; Tzeng et al. 1991) and some human
dietary studies have also suggested that a diet high in
flavonoids may inhibit platelet aggregation in vivo (Janssen
et al. 1998; Keevil et al. 2000). Quercetin, a flavonoid that
has received much attention in the area of nutritional
biology, has been shown to inhibit platelet aggregation
in vitro (Beretz et al. 1982). Although a specific mech-
anism for this inhibitory activity has not been established, a
number of investigations of possible mechanisms have been
reported. Certain flavonoids have been shown to inhibit the
generation of metabolites of arachidonic acid by cyclooxy-
genase and lipoxygenase (Beretz et al. 1982; You et al.
1999), and inhibit Ca-dependent isoforms of protein
kinase C (Liu & Liang 2000). However, platelet function is
controlled by a network of signalling pathways, and the
exact mode of action has not been elucidated.

In the present study the effects of the hydroxycinnamates
(a subgroup of the polyphenols) and the flavonol quercetin
on platelet aggregation in vitro were investigated. The
hydroxycinnamates were found to inhibit platelet aggregation
with collagen as an agonist. However, the concentrations
of hydroxycinnamates required (556 µM is the average
concentration required to produce a 50% inhibition of platelet
aggregation) were higher than those reported to be present in
human plasma (approximately 3  µM; Bourne & Rice-Evans,
1998, 1999). Thus, the hydroxycinnamates would not appear
to make a marked contribution to reduced platelet function
in vivo.

Consistent with previous reports (Beretz et al. 1982),
quercetin was shown to inhibit collagen-induced platelet
aggregation in vitro in a concentration-dependent manner.
This effect was also dependent on the concentration of
collagen used, with higher concentrations of quercetin being
required to overcome stimulation by higher concentrations
of collagen. The IC50 values for quercetin found in the
present study are lower than those published previously
(Beretz et al. 1982; Landolfi et al. 1984), and are the same,
or close to, quercetin concentrations that may be present in
the human plasma, which can be as high as 3·5 µM after
ingestion of certain forms of quercetin (Hollman et al.
1999).Thus, quercetin derived from the normal diet or
through supplementation may have an inhibitory effect on
platelet function in vivo.
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Fig. 4. The effect of polyphenolic content of the diet on plasma
flavonol levels. The concentrations of four flavonols (quercetin (\),
kaempferol (1), isorhamnetin (%) and tamarixetin (,)) in blood
plasma from subjects consuming their normal diet, after 3 d on a
low-polyphenol diet and after 5 d of supplementation of the
low-polyphenol diet with a fruit- and vegetable-rich lunchtime meal
every day were measured by HPLC (for details of diets and
procedures, see p. 472). Total flavonol concentration (]) represents
the sum of the concentrations of the four flavonols measured. Values
are means with their standard errors represented by vertical bars for
twenty subjects. Mean value was significantly different from that after
the 3 d period on the fruit- and vegetable-free diet: ***P = 0·001
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