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INTRODUCTION

The prevalence of atherosclerosis and coronary artery disease
in industrialized countries (1) and the need to slow the progression of these diseases have focused attention on the influence of
diet on the cardiovascular system (2–5). It is recognized that
some dietary components have the potential to reduce levels of
specific risk factors for cardiovascular disease (CVD) (6 –11). In
2003, a review of the literature suggested that there was compelling evidence for tomatoes to be considered as cardiovascularprotective foods (12). Many nutrients present in the tomato are
associated with theoretical or proven effects on the cardiovascular system (12, 13), and much literature dealing specifically with
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the possible cardioprotective effects of lycopene has been published (14 –17). Studies have suggested a link between tomato
consumption and the lower incidence of CVD in Mediterranean
countries (18, 19). Some studies that support this link have found
higher plasma lycopene concentrations in their populations (20,
21). However, other studies have reported that, despite an inverse
association between CVD risk and high intakes of tomato-based
products, dietary lycopene is not strongly associated with the risk
of CVD (18, 22). This finding suggests that other, unidentified
compounds in tomatoes may have cardioprotective effects.
We previously identified potent antiplatelet factors in tomato
juice that inhibit platelet aggregation in response to ADP, collagen, and thrombin (23). Platelets play a crucial role not only in
hemostasis but also in the development of CVD (24). Evidence
is increasing that acute clinical manifestations of coronary atherosclerotic disease are caused by plaque disruption and subsequent platelet-thrombus formation (25). Platelet activity can influence the progression of disease as well as the stability of
atherosclerotic plaques (26, 27). We hypothesize that observed
cardiovascular benefits attributed to the tomato could be linked
to antiplatelet activity and thus to the suppression of platelet
function in vivo. This type of natural antithrombotic agent could
have an application in primary prevention of CVD.
This report presents further investigations into the antiplatelet
activity of tomato juice. The compounds responsible for the
observed activity were isolated as a mixture and subfractionated.
The ability of these subfractions to modify the platelet response
to stimulation by different agonists was evaluated by examining
the changes in platelet aggregation response and expression of
platelet activation markers on the platelet surface. In addition, the
ex vivo efficacy of the tomato extract was evaluated in a study
designed to examine the acute effect of supplementation with
tomato extract, which was given in an orange juice matrix.
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ABSTRACT
Background: Natural antithrombotic agents that influence platelet
function are of potential interest for primary prevention of cardiovascular disease. Previous reports showed that tomato extracts inhibit platelet aggregation in vitro, but little is known of the active
components, their mode of action, or their efficacy in vivo.
Objective: The objectives of the study were to examine the antiplatelet activity of specific tomato components by in vitro experimentation and to establish their ex vivo efficacy in healthy humans.
Design: The mechanisms of action of antiplatelet components isolated from tomato extracts were examined in vitro. A 7-h time-course
study was carried out in cannulated human subjects (n ҃ 23) to
determine the ex vivo efficacy of a supplement drink containing
tomato extract and the onset and duration of antiplatelet effects.
Results: The inhibition of ADP-, collagen-, thrombin-, and
arachidonate-mediated platelet aggregation by tomato extract components appears to be linked to the inhibition of glycoprotein IIb/IIIa
and platelet secretory mechanisms. We found a significant inhibition
of baseline platelet function, from 2.9 앐 1.4% (optimal ADP concentrations; P ҃ 0.03) to 20.0 앐 4.9% (suboptimal ADP concentrations; P 쏝 0.001), 3 h after supplementation with a dose of tomato
extract equivalent to 6 tomatoes. The observed effects persisted for
쏜12 h. Coagulation variables were not affected.
Conclusions: The ingestion of tomato components with in vitro
antiplatelet activity significantly affects ex vivo platelet function.
The reported cardioprotective effects of tomatoes are potentially
linked to a modulation of platelet function.
Am J Clin Nutr
2006;84:570 –9.
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SUBJECTS AND METHODS

Preparation of tomato extract and subfractions for in
vitro experiments
An aqueous extract from ripe tomato fruit was prepared by
homogenization of fresh tomatoes (Lycopersicon esculentum,
obtained locally), centrifugation at 3500 RPM for 15 min at
25 °C, and clarification of the resulting straw-colored liquid by
ultrafiltration (ultrafiltration membrane, MW cutoff 1000 Da;
Millipore Ltd, Watford, United Kingdom). Analysis showed that
the aqueous tomato extract consisted largely of soluble sugars
(85–90% of dry matter), which showed no in vitro antiplatelet
activity. These inactive constituents were removed by using
solid-phase extraction with styrene divinylbenzene (SDVB) cartridges (JT Baker, Mallinckrodt Baker BV, Deventer, Netherlands) at pH 2.5. Nonsugar components were retained on the
cartridges and eluted in methanol. The nonsugar material that
was isolated [total active fraction (tAF)] accounted for 앒4% of
the aqueous extract dry matter and showed strong inhibition of
platelet aggregation in vitro. Semipreparative HPLC [Synergy
Polar-RP column (4 , 250 ҂ 10 mm) and Luna C18(2) column

(3, 250 ҂ 10 mm); Phenomenex, Macclesfield, United Kingdom] was used to subfractionate tAF components into 3 broad
groups by using a mixture of 0.05% trifluoroacetic acid and
acetonitrile in gradient elution. These 3 groups, labeled AF1,
AF2, and AF3 in decreasing order of polarity, are shown on the
HPLC chromatogram (Figure 1). The isolated tAF and subfractions AF1–AF3 were reconstituted to known concentrations in
phosphate-buffered saline (PBS; Sigma-Aldrich, Poole, United
Kingdom), and the solution’s pH was adjusted to 7.4 before use
in in vitro experiments.
In vitro platelet aggregation studies
Blood for in vitro studies was collected from drug-free,
healthy human volunteers, both male and female, aged 18 – 60 y
who had normal platelet function. Blood was collected through
siliconized needles into plastic syringes and transferred into citrated blood collection tubes (final sodium citrate concentration,
13 mmol/L). Platelet-rich plasma (PRP) was obtained by centrifugation of citrated blood for 15 min at 200 ҂ g and 37 °C and
used within 2 h for studies in which platelets were stimulated with
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FIGURE 1. A: HPLC chromatogram of total active fraction (tAF), showing the 3 subfractions (AF1, AF2, and AF3), which are monitored by ultraviolet
absorbance at 254 nm. Components within these subfractions that have antiplatelet activity in vitro (data not presented here) are numbered on the chromatogram.
B: HPLC chromatogram of AF2, which was obtained under altered chromatographic conditions suitable for the separation of these components. C: HPLC
chromatogram of AF3, which was obtained under altered chromatographic conditions to obtain increased component separation.
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ADP, collagen, or arachidonic acid (Helena Biosciences, Sunderland, United Kingdom). When thrombin (Sigma-Aldrich)
was used as an agonist, studies were carried out in washed platelet suspensions, which were prepared as described previously
(28). The extent of aggregation was monitored on a platelet
aggregometer (PACKS 4; Helena Biosciences) as described previously (28).
For in vitro experiments, the effects on platelet aggregation
observed after incubating PRP or washed platelet suspension
with test solutions are expressed as the percentage change in area
under the aggregation curve or the percentage change in collagen
lag time, as compared with control values.
In vitro platelet activation studies

Ex vivo cannulation study in healthy humans
Preparation of treatment and control supplement drinks for
use in human study
A designated food production facility (Moorepark Technology Ltd, Teagasc, Fermoy, Ireland), was used to produce a standardized food-grade tomato extract that retained the bioactive
components of interest. A compositional analysis of the concentrated extract was carried out, and the information obtained was
used to produce a relative risk assessment of defined repeated
oral exposure (Toxicology Advice and Consulting Ltd, Sutton,
United Kingdom). Microbiological safety was verified in the
Grampian Public Health Laboratory (Aberdeen, United Kingdom). For administration during the human volunteer study described, the extract was added to an orange juice matrix (Tesco
freshly squeezed orange juice; Tesco, Aberdeen, United Kingdom). Two different extract-supplemented treatment drinks
were prepared in 50- and 200-mL volumes. Each treatment drink
contained 18 g tomato extract syrup, which is equivalent to the
quantity of tAF found in 6 fresh tomatoes (total fresh weight,
앒500 g). Equivalent control drinks were also prepared at each

Subjects
Twenty-seven healthy adults of both sexes were recruited into
the study. Subjects were aged 40 – 65 y and had no history of
serious disease or hemostatic disorders. Suitability for inclusion
into the study was assessed by using diet and lifestyle questionnaires and by medical screening, during which platelet function
was assessed. Subjects were selected on the basis of high platelet
function, as determined by the platelet aggregation response to 3
mol ADP/L. Subjects with low hematologic counts or low
platelet function were not included in the study. Subjects habitually consuming dietary supplements (eg, fish oils or evening
primrose oil) were asked to suspend these supplements for a
minimum of 1 mo before participating in the study. Subjects were
instructed to abstain from consuming drugs known to affect
platelet function for a 10-d period before participation.
Written informed consent was obtained from all subjects.
The study was approved by the Grampian Research Ethics
Committee.
Phlebotomy
Subjects enrolled in the study underwent cannulation with a
siliconized 21-gauge butterfly needle, to cause minimum disruption to the vein while taking multiple blood samples. To minimize activation of the hemostatic system, a maximum of 3 venipunctures was specified. The cannula remained in place over
the entire 7-h period, and venous blood samples of 앒20 mL were
drawn at each sampling timepoint, and the first 2 mL was discarded on each occasion. After blood sample collection, the
cannula was flushed with saline to prevent blockage. For measurements of platelet function and clotting time, blood was collected into plastic syringes and transferred into citrated blood
collection tubes (final sodium citrate concentration, 13 mmol/L).
For measurement of C-reactive protein (CRP), a single baseline
blood sample (5 mL) was drawn into tubes containing EDTA
anticoagulant (final concentration, 1.6 g/L). For measurement of
fibrinopeptide A at each timepoint, 4.5 mL blood was collected
into 0.5 mL of a mixed anticoagulant containing EDTA, trasylol,
and chloromethylketone. Blood samples were incubated at 37 °C
in a portable incubator for transfer to the laboratory. Any blood
samples showing evidence of activation, defined as a fibrinopeptide A concentration 쏜6 g/L, were discarded (30% of data
points; see Results). Any volunteers showing evidence of an
elevated inflammatory response, ie, a baseline CRP concentration 쏜6 mg/L, were withdrawn from the study temporarily, and
the scheduled intervention was undertaken at a later date.
Study design
A single-blinded study design was followed. Fasted subjects
underwent cannulation, and 2 baseline samples were taken between 0700 and 0800. Immediately after the collection of the
second baseline sample, subjects consumed either a tomato extract or a control supplement drink. Further blood samples were
then withdrawn from the cannula at 1.5, 3, and 6 h. Subjects were
offered small volumes (25 mL) of water after each sampling
timepoint to avoid dehydration. A light snack (Alpen breakfast
bar; Weetabix Ltd, Kettering, United Kingdom; nutritional
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To test the effects of tAF and its subfractions on platelet activation variables in vitro, freshly drawn whole blood diluted 1:10
with HEPES-Mg buffer, pH 7.4 (450 L), was incubated with the
test substances of interest (50 L) or with HEPES-Mg buffer for
10 min. Aliquots of these mixtures (40 L) were then incubated
with or without ADP (final concentration, 10 or 3 mol/L) or
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich; final
concentration, 1 mol/L) in Falcon polystyrene tubes (BD Biosciences, Cowley, United Kingdom) for 5 min at room temperature. PMA was used to set the positive control marker on the
flow cytometer. A saturating concentration (10 L) of fluorescein isothiocyanate (FITC)– or phycoerythrin (PE)-labeled
monoclonal antibodies—anti-CD61-FITC (DakoCytomation,
Ely, United Kingdom; 0.1 g), anti-CD62P-PE (Beckman
Coulter, High Wycombe, United Kingdom; 0.03 g), and
anti-fibrinogen-FITC (DakoCytomation; 0.9 g)—was added to
the appropriate incubation tubes. FITC- and PE-labeled mouse
immunoglobulin G antibodies (BD Biosciences; 0.1 g) were
used as isotype controls. Incubation proceeded for 20 min in the
dark at room temperature. Ice-cold PBS (2 mL) was then added
and the samples were analyzed on a FACSCalibur flow cytometer (Becton Dickinson, Oxford, United Kingdom) with
CellQuest software (version 2: BD Biosciences). Activated
platelets were defined as the percentage of CD61-positive events
co-expressing the CD62P receptor or fibrinogen binding.

volume. Control and treatment (tomato extract) supplements
were prepared by mixing set quantities of ingredients in capped
opaque containers immediately before use.
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Ex vivo platelet aggregation studies
Measurement of the extent of ADP-induced platelet aggregation in PRP was carried out at each timepoint. During prestudy
screening, the optimal concentration of ADP agonist for each
subject was determined. This subject-specific optimal concentration (between 7 and 8.5 mol ADP/L) was used in the subsequent interventions. The platelet response to suboptimal ADP
concentrations was also of interest; under these conditions, a
biphasic aggregation response may be observed, which provides
further information about the nature of the platelet response.
Different ADP agonist concentrations may be used to approximate different physiologic conditions. To collect data under conditions of suboptimal platelet stimulation, a standardized lower
ADP concentration (3 mol/L) was defined as suboptimal and
used for all measurements. For ex vivo studies, effects on platelet
aggregation observed after treatment or control interventions are
expressed as the percentage change in area under the aggregation
curve after consumption of extract or placebo, as compared with
baseline values.
Ex vivo coagulometry
Clotting time measurements were made at each timepoint.
Two clotting factors, prothrombin and thrombin, were used to
provide measurements reflecting the status of the coagulation
cascade, independent of platelet function. Prothrombin time (PT)
and thrombin clotting time (TCT) estimations were performed on
a coagulometer (CoaData 4001; Helena Biosciences).
Supplementary measurements
Plasma fibrinopeptide A concentration was measured by using
a competitive enzyme-linked immunosorbent assay (Zymutest
FPA assay; HYPHEN BioMed, Neuville-sur-Oise, France) after
removal of fibrinogen by bentonite treatment. CRP concentration was measured by using a semiquantitative latex agglutination assay (Dade Behring, Milton Keynes, United Kingdom),
which allowed classification of sample CRP status as either normal or elevated (쏜6 mg CRP/L).

Statistical analysis
Data are presented as means 앐 SEMs. Differences in the
effects of test substances on platelet function in vitro were evaluated by using analysis of variance (ANOVA) after adjustment
for multiple comparisons by using the Tukey method. For ex vivo
measurements, all data from blood samples in which fibrinopeptide A or CRP was above defined values (6 g/L and 6 mg/L,
respectively) were eliminated (30% data point loss). Preliminary
assessment of the data distribution was carried out by inspecting
histograms and producing normal plots. Baseline platelet aggregation and coagulometry data were analyzed for differences by
ANOVA with the use of treatment and sex as factors. Data from
postintervention timepoints were analyzed as changes from
baseline; this unbalanced data set was analyzed by using the
method of residual maximum likelihood (REML; equivalent to a
2-factor ANOVA for balanced data) with the use of time and
treatment volume as factors. The presence of different ADP
concentrations was not treated as a factor in the analysis— data
collected under different conditions were analyzed separately. P 쏝 0.05 was considered significant. We used
GENSTAT for WINDOWS statistical software (version 8.1;
VSN International Ltd, Hemel Hempstead, United Kingdom)
for statistical analyses.
RESULTS

Profile of in vitro activity of tomato extract components
Effects on platelet aggregation
Isolation of tAF from the inactive matrix of the fresh tomato
juice significantly concentrated the observed bioactivity, with
쏜50-fold increases in half-maximal inhibitory concentration
values for ADP and collagen-mediated aggregation and 쏜10fold increases for arachidonic acid and thrombin-mediated aggregation (Table 1). Partition of tAF into subfractions AF1, AF2,
and AF3 allowed the range of components with antiplatelet activity to be observed for the first time (Figure 1) and confirmed
that these components had significantly different modes of action
in vitro (Table 1). The fractions AF1, AF2, and AF3 contributed
32%, 13%, and 55% to the total dry matter of tAF, respectively.
The different proportional contributions of each subfraction to
the total activity shown by tAF are represented in Figure 2.
Characterization of many of the individual compounds showing antiplatelet activity has been carried out by using chromatographic and spectroscopic methods. AF1 is highly active against
ADP- and collagen-mediated platelet aggregation, and it contains a range of nucleosides and derivatives, including adenosine,
cytidine, inosine, guanosine, AMP, and guanosine monophosphate (GMP). Several other components that inhibit platelet aggregation have been isolated but not yet identified. Subfraction
AF2 shows significantly less inhibition of ADP- and collageninduced aggregation but significantly greater inhibition of
thrombin-induced aggregation than do the other subfractions
(Table 1). AF2 contains a range of low-molecular-weight compounds, many of which are sensory components of the tomato
and are present at very low concentrations. The main components
of the AF3 subfraction are phenolic compounds. Simple phenolic
acids (eg, ferulic and caffeic acids) and some glycosidic derivatives (eg, chlorogenic acid) have been identified. In addition,
several flavonoids have been isolated, including quercetin,
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breakdown per 28-g bar: energy, 465 kJ or 110 kcal; protein,
1.8 g; carbohydrate, 19.9 g; and fat, 2.6 g) was given after the
blood sample drawn at 3 h. Of the 23 subjects completing the
study, 9 were involved in 2 interventions (ie, both the control and
tomato extract drinks were consumed by these subjects, with the
interventions timed 욷1 wk apart), and the remainder undertook
one intervention only (control or tomato extract drink).
To measure the extent of the antiplatelet effect at 12, 18, and
24 h after consumption of the tomato extract supplement drink,
an additional, small study was conducted after completion of the
main study described above. Fifteen subjects were recruited
(separately from the main study) and randomly assigned to 1 of
3 groups. All 3 groups consumed the tomato extract supplement
drink and provided a total of 3 blood samples, taken over 3
different timecourses by single venipuncture. A baseline blood
sample was obtained at t ҃ 0 (n ҃ 15), and a further sample was
taken 3 h after supplementation (n ҃ 15); a final sample was then
taken either 12 (n ҃ 5), 18 (n ҃ 5), or 24 (n ҃ 5) h after
supplementation. The effects of the treatment supplement on ex
vivo platelet function were assessed by using whole-blood
aggregometry by single platelet counting (29).
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TABLE 1
Inhibition of platelet aggregation by tomato aqueous extract, the total active fraction (tAF) isolated from the aqueous extract, and its subfractions
AF1–AF31
Inhibition of platelet aggregation: IC50

Extract or subfraction

ADP
(10 mol/L)

Collagen
(4 mg/L)

Tomato aqueous extract2
tAF3
AF14
AF24
AF34

2.0 앐 0.1a
0.05 앐 0.01b
0.06 앐 0.01b
0.40 앐 0.01c
0.17 앐 0.01d

2.7 앐 0.1a
0.05 앐 0.01b
0.04 앐 0.01b
0.59 앐 0.01c
0.30 앐 0.01d

Arachidonic acid
(500 mg/L)

Thrombin
(2 U/L)

6.8 앐 0.1a
0.5 앐 0.1b
0.9 앐 0.1c
0.5 앐 0.1b
0.1 앐 0.0d

8.0 앐 0.1a
0.7 앐 0.1b
1.0 앐 0.1c
0.2 앐 0.1d
0.8 앐 0.1b

g/L

kaempferol, and luteolin. Quercetin is present largely as its glycosides, of which rutin is the most abundant. This subfraction
inhibits arachidonate-induced aggregation to a significantly
greater extent than do the other subfractions (Table 1); it also
contains products of Maillard degradation reactions, which can
vary according to the starting composition of the tomato juice and
the exact conditions used during fractionation.
To evaluate the intersubject heterogeneity of platelet responses to tAF and derivatives before ex vivo studies, we examined the range of in vitro inhibition of ADP and collagenmediated platelet aggregation in PRP from 10 healthy subjects
after incubation with tAF and AF1–AF3 (Table 2). The wide
range of the in vitro responses to each test fraction reflects the
different baseline platelet activities of a group of normal healthy

subjects. Despite the range of responses, fractions tAF and AF1–
AF3 showed significantly different inhibitory potentials toward
ADP-mediated aggregation, which reflected their half-maximal
inhibitory concentration values. Similar patterns and in vitro
levels of inhibition were observed for collagen-mediated aggregation (Table 2).
Effects on platelet activation
Within the subject group, baseline (ie, control sample)
fibrinogen-binding capacity, which reflects the accessibility of
TABLE 2
Inhibition of ADP- and collagen-induced platelet aggregation in vitro after
incubation of platelet-rich plasma (PRP) from healthy subjects with the
tomato extract’s total active fraction (tAF) and its subfractions AF1–AF3
as compared with control values1
Inhibition of platelet aggregation
Component

7.5 mol ADP/L

3 mg Collagen/L
%

tAF
Difference from control
Interquartile range
AF1
Difference from control
Interquartile range
AF2
Difference from control
Interquartile range
AF3
Difference from control
Interquartile range
FIGURE 2. Proportional inhibitory activity shown by the total active
fraction (tAF) and its subfractions (AF1, AF2, and AF3) toward ADP- (10
mol/L), collagen- (4 mg/L), arachidonic acid– (500 mg/L), and thrombin(2U/L) mediated platelet aggregation. A comparison (n ҃ 5) was made
between the antiplatelet activity of the tAF at a final concentration of 1.98 g/L
and the antiplatelet activities of each subfraction at final concentrations of
0.58, 0.24, and 1.00 g/L, respectively. These concentrations reflected the
proportional contribution of each subfraction to the total active fraction.
Resulting data were normalized.

Ҁ64.9 앐 3.62,a
Ҁ73.7 to Ҁ55.5

Ҁ67.1 앐 9.3a
Ҁ89.9 to Ҁ58.4

Ҁ67.2 앐 3.6a
Ҁ75.8 to Ҁ62.5

Ҁ74.6 앐 9.8a
Ҁ92.5 to Ҁ67.2

Ҁ19.6 앐 7.5b
Ҁ33.0 to Ҁ5.8

Ҁ14.3 앐 6.1b
Ҁ17.6 to Ҁ2.8

Ҁ30.0 앐 6.0b
Ҁ44.6 to Ҁ16.7

Ҁ25.1 앐 9.0b
Ҁ31.6 to Ҁ7.7

1
All test fractions were used at a final incubation concentration of 0.1 g
PRP/L. n ҃ 10 for all measurements. Means in a column with different
superscript letters are significantly different, P 쏝 0.001 (ANOVA followed
by Tukey’s post hoc test). No significant differences were detected for the test
fraction ҂ agonist interaction (P 쏜 0.05) when the inhibition of ADPinduced aggregation and that of collagen-induced aggregation were compared for each fraction.
2
x 앐 SEM (all such values).
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1
All values are x 앐 SEM. Half-maximal inhibitory concentration (IC50) values represent the final concentration (g/L) of test substance required in
platelet-rich plasma or washed platelet suspension for inhibition of platelet aggregation by 50% under standardized conditions. Experiments were carried out
in platelet-rich plasma (ADP, collagen, and arachidonic acid) or washed platelet suspensions (thrombin), adjusted to give a platelet count of (300 앐 20) ҂ 109
platelets/L. Means in a column with different superscript letters are significantly different, P 쏝 0.001 (ANOVA followed by Tukey’s post hoc test).
2
n ҃ 5, all agonists.
3
n ҃ 10 (ADP and collagen) and 5 (arachidonic acid and thrombin).
4
n ҃ 10 (ADP and collagen) and 3 (arachidonic acid and thrombin).
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the platelet surface glycoprotein IIb/IIIa (GPIIb/IIIa) complex,
was in the range of 46.3% to 76.1% (median: 68.3%) when 10
mol ADP/L was used as agonist and in the range of 48.7% to
72.9% (median: 60.1%) when 3 mol ADP/L was used. Baseline
P-selectin expression after stimulation with 10 mol ADP/L was
found to be in the range of 49.6% to 72.5% P-selectin–positive
platelets (median: 58.6%). When 3 mol ADP/L was used as
agonist, 41.2– 68.2% P-selectin–positive platelets were recorded
(median: 51.1%). The experimental variance was 쏝5% for measurement of both activation markers. Incubation of diluted whole
blood with tAF and AF1–AF3 resulted in lower expression of the
active conformation of GPIIb/IIIa on the platelet surface, as
shown by a significantly lower fibrinogen-binding capacity induced by ADP agonist, than was seen in control samples (P 쏝
0.001; Figure 3A). For all test fractions, similar effects were
recorded for 3 and 10 mol ADP/L, and no significant fraction ҂
ADP concentration interaction was seen. Comparison of the individual effects of tAF and its subfractions showed that no one
test fraction gave effects significantly different from the others.
Significantly less activation-induced P-selectin expression than
in control samples was also observed after incubation with tAF
and AF1–AF3 (P 쏝 0.001; Figure 3B). In this case, the effect of
tAF on P-selectin expression (across agonist concentrations) differed significantly from the effects of each of the subfractions
AF1–AF3, although no differences were detected between the
individual subfractions (Figure 3B). A dose response was observed in the inhibition of both platelet activation markers by tAF
(final concentration range: 0 –100 mg/L) when 3 mol ADP/L as
agonist was used to stimulate platelet activation (Figure 4).

FIGURE 3. Inhibition of ADP-induced expression of the platelet activation markers glycoprotein IIb/IIIa (GPIIb/IIIa) (A) and P-selectin (B) after
incubation of whole blood with the tomato extract’s total active fraction (tAF)
and its subfractions (AF1, AF2, and AF3). All inhibitors were used at a final
concentration of 0.05 g/L; for each measurement, n ҃ 5. For both GPIIb/IIIa
and P-selectin measurements, no significant differences were detected between the 2 agonist concentrations, and the fraction ҂ agonist concentration
interaction also was not significant (P 쏜 0.05, ANOVA). Across agonist

concentrations, test fractions significantly inhibited both platelet activation
markers, with results significantly different from control (P 쏝 0.001,
ANOVA). No difference in the extent of GPIIb/IIIa inhibition was observed
between the 4 test fractions (A; P 쏜 0.05, ANOVA followed by Tukey’s post
hoc test). With regard to P-selectin inhibition, tAF was significantly different
from each of AF1, AF2, and AF3 (B; P 쏝 0.001, ANOVA followed by
Tukey’s post hoc test); however, the 3 subfractions did not differ significantly.
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FIGURE 4. Observed dose response of the inhibition of platelet activation induced by 3 mol ADP/L after incubation of platelets with the tomato
extract’s total active fraction (tAF) at concentrations ranging from 0.0 to 0.1
g/L. Data are shown for inhibition of activation as measured by reduction in
fibrinogen-binding capacity and P-selectin expression. n ҃ 3.
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TABLE 3
Baseline platelet aggregation and coagulometry characteristics of the
subjects1

TABLE 4
The effect of supplementation with control or tomato extract treatment on
ex vivo platelet aggregation induced by ADP agonist over a 7-h period1

Subject group
(10 M, 13 F)
Optimal ADP2
AUC (AU)
Interquartile range
Suboptimal ADP4
AUC (AU)
Interquartile range
PT
Clotting time (s)
Interquartile range
TCT
Clotting time (s)
Interquartile range

49 339 ⫾ 8123
48 484–51 860
41 684 앐 2056
36 043–49 307
14.4 앐 0.2
13.8–15.1
18.1 앐 0.2
17.7–18.9

Ex vivo study: time course of the observed acute
antiplatelet effect
Baseline characteristics of subjects selected by prestudy
screening
The average baseline platelet aggregation and clotting time
data for the subject group are shown in Table 3. For simplicity,
the terms “optimal” and “suboptimal” are applied to the different
ADP agonist concentrations used in ex vivo measurements (see
Subjects and Methods). Screening of subjects for high platelet
activity, in an attempt to reduce the expected heterogeneity of the
data set (as seen in Table 2), resulted in a subject group that was
highly responsive to stimulation with suboptimal concentrations
of ADP. No significant differences in either platelet function or
clotting times were observed between male and female subjects
at baseline. Clotting times were within the normal reference
range.
Stability of cannulation: effects on activation of the
hemostatic system
Maintenance of cannula patency for a period of 7 h without an
anticoagulant rinse was difficult. For 9 interventions, the full
timecourse was not completed and the study came to a premature
end at 3 h. Even when blood samples were successfully drawn
from the cannula, the saline rinse was often insufficient to prevent a small amount of clotting. Blood samples at affected timepoints were subsequently shown to be activated during or after
phlebotomy, and data from these samples was discarded. In all,
38 (30%) of 128 data points were discarded because of activation
during sampling.
Diurnal changes in platelet responsiveness to agonist over
time
The measured changes in platelet aggregation (optimal or suboptimal ADP concentration) 1.5, 3, and 6 h after supplementation

3h

6h

% change
Optimal ADP
Overall
Tomato extract2
Control3
50 mL
Tomato extract4
Control5
200 mL
Tomato extract6
Control7
Suboptimal ADP
Overall
Tomato extract2
Control3
50 mL
Tomato extract4
Control5
200 mL
Tomato extract6
Control7

0.3 앐 0.8
1.2 앐 0.8

Ҁ2.9 앐 1.4
5.0 앐 3.2

Ҁ2.4 앐 1.6
Ҁ1.9 앐 2.3

Ҁ1.0 앐 1.3
1.1 앐 1.2

Ҁ4.7 앐 3.1
7.9 앐 7.9

Ҁ4.5 앐 2.5
Ҁ2.7 앐 2.8

1.4 앐 0.8
1.3 앐 1.1

Ҁ1.5 앐 0.6
3.0 앐 2.8

Ҁ0.4 앐 1.9
1.3

Ҁ7.4 앐 2.4
0.3 앐 1.2

Ҁ20.0 앐 4.98
4.4 앐 2.2

Ҁ21.3 앐 6.28
0.9 앐 2.1

Ҁ9.3 앐 4.6
Ҁ0.5 앐 1.5

Ҁ23.1 앐 9.88
6.8 앐 1.5

Ҁ27.2 앐 12.18
1.2 앐 2.7

Ҁ5.7 앐 2.0
1.6 앐 2.3

Ҁ17.8 앐 5.18
2.9 앐 3.4

Ҁ15.4 앐 3.08
Ҁ0.4

1
All values are x 앐 SEM or x . Values represent the change from baseline
aggregation. Analysis was carried out by using a residual maximum likelihood model with interaction terms for time and volume. The treatment ҂ time
interaction was significant at suboptimal ADP (P ҃ 0.014) but not at optimal
ADP (P 쏜 0.05), and the treatment ҂ time ҂ volume interaction was not
significant at either agonist concentration.
2
1.5 h, n ҃ 17; 3 h, n ҃ 14; 6 h, n ҃ 10.
3
1.5 h, n ҃ 8; 3 h, n ҃ 5; 6 h, n ҃ 5.
4
1.5 h, n ҃ 8; 3 h, n ҃ 6; 6 h, n ҃ 5.
5
1.5 h, n ҃ 5; 3 h, n ҃ 2; 6 h, n ҃ 4.
6
1.5 h, n ҃ 9; 3 h, n ҃ 8; 6 h, n ҃ 5.
7
1.5 h, n ҃ 3; 3 h, n ҃ 3; 6 h, n ҃ 1.
8
Significantly different from the control supplement, P 쏝 0.001
(residual maximum likelihood).

with control or tomato extract drinks, expressed as the percentage
change (⌬%) from baseline values, are summarized in Table 4.
No significant differences from baseline status were observed in
the control group over time, which indicated that diurnal changes
in platelet response to ADP agonist were not significant in this
subject group.
Effects of treatment with tomato extract supplements on
platelet aggregation
ADP-induced platelet aggregation was significantly lower
than baseline values after supplementation with tomato extract
but not after supplementation with the control drink. The overall
differences between the tomato extract and control drinks were
significant at both optimal (overall mean ⌬% in tomato extract
group: Ҁ1.58 앐 0.71%; overall mean ⌬% in control group:
2.10 앐 1.15%; P ҃ 0.03) and suboptimal (overall mean ⌬% in
tomato extract group: Ҁ15.23 앐 2.19%; overall mean ⌬% in
control group: 1.86 앐 3.56%; P 쏝 0.001) ADP concentrations.
Table 4 shows the changes from baseline aggregation observed
at each timepoint for the tomato extract group. When platelets
were stimulated with suboptimal concentrations of ADP, significant differences from the control group were observed for the
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1
PT, prothrombin time; TCT, thrombin clotting time; AUC, area under
the curve; AU, arbitrary units. No significant differences between male and
female subjects were observed at baseline (P 쏜 0.05 for all variables,
ANOVA).
2
Values given represent the area under the aggregation curve induced
by 7.5– 8.5 mol ADP agonist/L (the optimal concentration).
3
x 앐 SEM (all such values).
4
Values given represent the area under the aggregation curve induced
by 3 mol ADP agonist/L (the suboptimal concentration).

1.5 h

ANTIPLATELET EFFECTS OF TOMATO EXTRACT
TABLE 5
The effect of supplementation with control or tomato extract treatment on
ex vivo prothrombin time (PT) and thrombin clotting time (TCT) over a
7-h period1
1.5 h

3h

6h

% change
PT
Tomato extract2
Control3
TCT
Tomato extract2
Control3

0.8 앐 1.8
0.3 앐 2.7

2.9 앐 2.0
1.7 앐 3.4

2.7 앐 2.3
2.1 앐 4.1

Ҁ2.9 앐 1.2
1.9 앐 1.8

1.3 앐 1.3
Ҁ1.4 앐 2.3

Ҁ0.7 앐 1.6
Ҁ1.1 앐 2.7

tomato extract group at 3 and 6 h. When optimal ADP concentrations were used, the time ҂ treatment interaction was not
significant at any timepoint. No significant differences arising
from the different carrier volumes were observed in either the
control or tomato extract group at any timepoint (Table 4).
The persistence of the observed effect was greater than anticipated, and therefore it is not possible to pinpoint the peak effect
from this data set. A small bridging study (n ҃ 15) was conducted
to measure the extent of the antiplatelet effect 12, 18, and 24 h
after consumption of the tomato extract supplement drink (data
not shown). At 18 h after supplementation, platelet function had
returned to baseline in all subjects.
Coagulometry
No significant differences from baseline values in clotting
time were observed in the control group over the course of the 7-h
cannulation period (Table 5). No significant difference was detected between the effects of the tomato extract and the control
drinks on coagulation variables.
DISCUSSION

Earlier work by Dutta-Roy et al (23), Yamamoto et al (30), and
Lazarus and Garg (31) found that aqueous, delipidated tomato
extracts were potent antiplatelet agents in vitro and that a proportion of the observed activity could be linked to the nucleoside
adenosine. To account for the full range of antiplatelet activities
shown, it was concluded that additional bioactive compounds
must be present (23, 30). We have separated the active components of tomato juice (tAF) from generic matrix compounds and
identified groups of components that are responsible for different
antiplatelet effects in vitro. Results show that specific subfractions of tAF are of great interest for future work. Whereas fraction AF1 shows high activity against both ADP- and collagenmediated platelet aggregation, nucleoside derivatives may have
a short half-life in the gut or bloodstream, which limits their
physiologic effectiveness. However, fractions AF2 and AF3
have a broader spectrum of activity against platelet agonists, and
they contain a wide range of components, some of which are
known to be bioavailable. Some of the flavonoid derivatives
present in AF3 have established antiplatelet activity in vitro,

although they are present at concentrations lower than those that
other studies have shown to be effective (32–34). Most of the
isolated components with antiplatelet activity are not flavonoid
derivatives, and their characterization and individual antiplatelet
activity profiles remain to be reported.
Universal occurrence of tAF components has been established
in tomatoes of various cultivars, places of origin, and times of
harvest. Yamamoto et al (30) reported cultivar-dependent variation in the antiplatelet activity of tomato extracts. We observed
that stage of ripeness has a more significant effect on active
component concentration than does either cultivar or place of
origin. Extracts produced from green tomatoes of all cultivars
examined were less active and contained lower concentrations of
AF2 and AF3 components than did extracts produced from corresponding ripe tomatoes (data not shown).
A possible mechanism by which tomato extract components
inhibit different pathways of platelet aggregation has been suggested from our observation that tAF and its subfractions prevent
activation of integrin ␣IIb␤3 (ie, GPIIb/IIIa). Expression of this
integrin is specific to platelets and megakaryocytes. Its activation
is essential for platelet aggregation, which it mediates by binding
fibrinogen or von Willebrand factor (vWF) (35, 36). In resting
platelets, GPIIb/IIIa is maintained in a low-affinity state for ligand binding, which allows platelets to circulate freely (37). On
activation, receptor-specific inside-out signals are generated,
which activates GPIIb/IIIa and increases its affinity for adhesive
ligands (38, 39). Inhibition of the GPIIb/IIIa activation step—
which is common to multiple aggregation pathways— could underlie the wide-ranging effects of tAF. Recently, Lazarus and
Garg (31) showed that basal platelet cyclic AMP concentrations
are unaltered by tomato extract active components in vitro, which
suggests that phospholipase C enzyme family–mediated cascade
reactions (which can affect GPIIb/IIIa activation) may be at the
root of the observed antiaggregatory activity. The effects of
AF1–AF3 on platelet receptor– binding capacity as well as on
phosphoinositide metabolism and shape change must also be
examined before mechanisms can be confidently suggested.
This work has shown that, in addition to preventing platelet
activation and aggregation, tAF reduces the expression of
P-selectin (ie, CD62P) on the platelet surface in response to
ADP-induced platelet activation in whole blood. In resting platelets, P-selectin is localized in the membranes of platelet
␣-granules (40). On platelet activation, it is redistributed to the
platelet surface, where it initiates adhesion to leukocytes (41).
Under conditions of blood flow and shear stress, this glycoprotein promotes platelet cohesion and stabilizes newly formed aggregates (42). Thus, tAF components can potentially affect the
size and longevity of platelet aggregates. The observed effects on
P-selectin also imply that tAF components inhibit the release of
␣-granule components in activated platelets, which affects many
proaggregatory molecules. Some protein kinase C isoforms may
be inhibited (43).
The objectives of the reported time-course study were, first, to
ascertain whether a significant acute effect of tAF components
could be detected ex vivo in healthy volunteers; second, to ascertain the time course of the effect and establish whether diurnal
changes in platelet function would affect its detection; and third,
to examine whether supplement volume would affect the observed platelet responses. Thus, to summarize the main outcomes
of the study, a significant change in platelet function over time
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All values are x 앐 SEM. No significant differences between tomato
extract and control groups were observed (P 쏜 0.05, residual maximum
likelihood), and the treatment ҂ time and treatment ҂ time ҂ volume
interactions were not significant for this data set.
2
1.5 h, n ҃ 17; 3 h, n ҃ 14; 6 h, n ҃ 10.
3
1.5 h, n ҃ 8; 3 h, n ҃ 5; 6 h, n ҃ 5.
1
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