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Abstract Flavonols are polyphenolic compounds with

reported cardiovascular benefits and have been shown to

exhibit antiplatelet properties in vitro. While some studies

have shown inhibition of platelet aggregation following

dietary supplementation with flavonol rich foods, few

studies have assessed the ability of flavonols to inhibit

platelet mediated thrombus generation in vivo. Further-

more, the duration of benefit and the influence of different

dosing regimens remain unclear. In this study we investi-

gate the ability of two structurally related flavonols; quer-

cetin (Que) and 30,40-dihydroxyflavonol (DiOHF) to inhibit

platelet aggregation, platelet granule exocytosis and vessel

occlusion in a well characterized mouse model of platelet

mediated arterial thrombosis. We investigated the effect of

a single 6 mg/kg intravenous bolus and daily 6 mg/kg

intraperitoneal doses over seven consecutive days. Carotid

artery blood flow after injury was better maintained in mice

treated with both Que and DiOHF when compared to the

vehicle for both dosage regimens. This improved blood

flow corresponded to inhibition of platelet aggregation and

platelet dense granule exocytosis following chemical

stimulation of PAR4. We therefore provide evidence of

inhibition of platelet-mediated arterial thrombosis by

flavonols in vivo, and demonstrate that this effect persists

for at least 24 h after the last intraperitoneal dose. These

data suggest a potential clinical role for flavonols as anti-

platelet therapy.
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Introduction

Arterial thrombosis is one of the leading causes of death in

the developed world [1]. It is well established that platelet-

vessel wall interactions play an essential role in the for-

mation of vascular thrombosis. Platelets adhere to throm-

bogenic substances exposed on the damaged endothelium

surface such collagen via glycoprotein (GP) VI [2] leading

to platelet activation, aggregation and ultimately thrombus

formation.

There is increasing evidence that dietary flavonols exert

cardiovascular benefits. Flavonols are phenolic substances

widely found in fruits and vegetables [3, 4]. Epidemio-

logical studies have indicated that consumption of a fla-

vonol rich diet is associated with reduced deaths due to

cardiovascular disease (CVD) [5]. The Rotterdam study

showed a reduction of [ 65 % in the occurrence of fatal

myocardial infarction with flavonol intake [ 33 mg/d [6].

Flavonols have been shown to exert both antioxidant

and antiplatelet activity in vitro [4, 7, 8]. Rechner et al. [9]

have shown that dietary polyphenolic compounds inhibit

platelet aggregation, and Hubbard et al. [10] reported that

following ingestion of the naturally occurring flavonol
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quercetin (Que), collagen-induced platelet aggregation was

inhibited. Furthermore, previous studies have shown that

ingestion of flavonol rich foods and beverages reduce

platelet aggregation induced by different agonists [11–14].

A recent study by Jasuja, et al. has demonstrated the

potential for quercetin-3-rutinoside to inhibit laser induced

thrombosis in mouse cremaster arteries in vivo [15].

However, no studies have assessed the duration of this

antiplatelet effect, or whether inhibition of thrombosis

occurs with structurally related flavonols.

In addition to antiplatelet activity, flavonols exert well

characterised antioxidant and vasorelaxant activity. Que

has been shown to induce endothelium-independent vaso-

dilation and to restore nitric oxide (NO) production and

endothelial function in conditions of oxidative stress

[16–18]. Que improves endothelium-dependant relaxation

and increases cyclic AMP phosphodiesterases and protein

C kinase (PKC) in rat aortae [17]. 30,40-Dihydroxyflavonol

(DiOHF) is a synthetic flavonol with a structure suggested

to improve antioxidant activity over natural flavonols [19].

It has been shown to be highly effective in restoring NO

bioavailability [19]. DiOHF was also found to inhibit

superoxide generation by blood vessels or in the presence

of xanthine/xanthine oxidase and to reduce vascular con-

traction [20, 21]. It was also shown to reduce vascular

damage due to ischaemia and reperfusion injury in animal

models [22, 23]. However, no studies to date have assessed

the antiplatelet potential of DiOHF.

The aim of this study was to examine the effect of Que

and DiOHF on platelet function and platelet mediated

thrombus generation in vivo. We sought to determine this

both 30 min after a single intravenous (IV) dose, and 24 h

after the last of seven daily intraperitoneal (IP) doses.

Materials and methods

Animals

All experimental procedures performed in this study were

approved by the Animal Experimentation Ethics Commit-

tee of RMIT University and in accordance with the

guidelines of the National Health and Medical Research

Council of Australia for the care and use of animals for

scientific purposes.

Administration of investigational agents

Mice (13 week old of both sexes) were treated with

6 mg/kg Que, 6 mg/kg DiOHF, or vehicle consisting of

0.5 % dimethylsulphoxide (DMSO) with 2.2 mM poly-

ethylene glycol (PEG) in saline. DMSO and PEG were

used to improve solubility of the flavonols in blood. The

investigational agents were administered via an IP injection

using a 26 gauge needle each day for 7 days, or a single IV

bolus via the tail vein. Experimental procedures and blood

collection were performed 24 h following the last IP

treatment, or 30 min following the IV bolus treatment.

4.5 mg/kg IV eptifibatide (a GPIIb/IIIa antagonist) was

used as a positive control.

Ferric chloride-induced carotid injury model

Ferric chloride-induced arterial injury was performed as

previously published [24]. Briefly, mice were anaesthetised

with ketamine and xylazine (200 : 10 mg/kg) by IP injec-

tion. A midline cervical incision was made and the carotid

artery exposed. A laser Doppler flow probe (Moor Instru-

ments, UK) was placed proximal to the carotid artery to

measure baseline blood. After baseline blood flow was

established, a 2 9 4 mm filter paper saturated with 20 %

ferric chloride was applied to the carotid artery on the

adventitial surface of the vessel for 4 min. Following the

removal of the filter paper blood flow through the carotid

artery was monitored for 30 min, or until 95 % vessel

occlusion was reached. Area under the curve (AUC) and

carotid artery blood flow at 15 and 30 min was recorded.

At the end of each experiment and whilst under deep

anaesthesia, the mouse was euthanized by cervical dislo-

cation and the injured arterial segments were harvested to

confirm the arterial injury by histological analysis.

Sample preparation for platelet aggregation and dense

granule exocytosis

In separate mice, fresh whole blood was collected into tubes

containing 100 lL of 3.2 % (w/v) sodium citrate via cardiac

puncture. Platelet rich plasma (PRP) was obtained by cen-

trifugation at 200xg for 15 min at room temperature with no

brake. Platelet poor plasma (PPP) was obtained by centri-

fugation of the remaining blood at 1200xg for 15 min at

room temperature. Platelet count was performed using a

Beckman Coulter Ac.T 5 haematology analyser (Coulter

Corporation, USA). Platelet count was normalised in all

treatments groups to 100 x 109/L in Ringer citrate dextrose

(RCD) buffer, pH 7.4 (108 mM NaCl, 38 mM KCl,1.7 mM

NaHCO3, 21.2 mM sodium citrate, 27.8 mM glucose, and

1.1 mM MgCl2 � 6 H2O, with pH adjusted to 7.4).

Platelet aggregation

Platelet aggregation was measured by turbidimetric

aggregometry using a Chrono-log 700 aggregometer

(Chrono-log Corp, USA) [25]. In brief, PRP aggregation

was performed in the presence of 100 lg/mL fibrinogen

and 1 mM CaCl2 at 37 �C with constant stirring (200 rpm).
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Platelet aggregation baseline was set against murine PPP

diluted 1 : 2 in RCD buffer. Platelet aggregation was

stimulated using 250 lM of the protease-activated receptor

4 (PAR 4) agonist peptide (H–Ala–Tyr–Pro–Gly–Lys–

Phe–NH2 (AYPGKF-NH2) (GL chemicals, China). The

maximal aggregation amplitude over a 9 min period was

recorded.

Assessment of granule exocytosis

Dense granule exocytosis was measured by flow cytometry

using fluorescent quinacrine uptake and AYPGKF-NH2

induced release [26]. Mouse PRP was incubated with

100 lM quinacrine at 37 �C for 20 min in the dark. The

platelets were then washed using RCD buffer by centrifu-

gation at 500xg for 10 min with no brake at room tem-

perature and resuspended in RCD buffer. Aliquots were

incubated with 250 lM AYPGKF-NH2 at 37 �C for 5 min

in the dark. The reaction was stopped by 1:12 dilution of

RCD, and immediately analysed by flow cytometry as

shown in Online Resource 1. Alpha granule exocytosis was

measured in separate aliquots of PRP by incubating with

anti-mouse CD62P-PE (BD Pharmingen, USA) and

250 lM AYPGKF-NH2 at 37 �C for 30 min. Flow cyto-

metric analysis was performed using a FACSCanto II flow

cytometer (BD Biosciences, USA). 10,000 individual

platelets were analysed. Dense granule exocytosis was

recorded as the percentage of decrease in quinacrine fluo-

rescent intensity when compared to unstimulated platelets,

while alpha granule exocytosis was recorded as CD62P

mean fluorescent intensity (MFI).

Statistical analysis

All values are expressed as mean ± standard error of mean

(SEM). Comparisons between test samples and control were

performed using one-way ANOVA test with Dunnett’s test

for post hoc comparisons. Comparison between single bolus

and multiple dose vehicle regimens was made with an

unpaired students t test.

Results

Effect of Que and DiOHF on FeCl3 induced arterial

thrombosis in vivo

In order to assess the effect of Que and DiOHF on platelet

mediated thrombosis in vivo, blood flow through the car-

otid artery of C57BL/6 mice was measured following

FeCl3 injury. Vehicle treated mice had near complete

vessel occlusion within the first 15 min following ferric

chloride induced carotid artery damage with both the single

IV dose (1.7 ± 1.7 % flow, Fig 1A) and multiple IP dose

regimens (21.5 ± 9.2 % flow, Fig 1B, p = n.s. between

regimens). As expected, the platelet GPIIb/IIIa receptor

antagonist eptifibatide, administered at 4.5 mg/kg as a

positive control maintained blood flow at near pre-injury

levels (96.7 ± 3.3 % flow, Fig 1A, p \ 0.05 vs. vehicle).

Blood flow at 15 min was maintained at near pre-injury

levels for mice treated with 6 mg/kg of Que for both the

single IV (83.1 ± 17.0 % flow, Fig 1A, p \ 0.05 vs.

vehicle) and multiple IP regimen (100 ± 0 % flow,

Fig 1B, p \ 0.05 vs. vehicle). Likewise, blood flow at

15 min was well maintained in mice treated with 6 mg/kg

DiOHF as either a single IV (100 ± 0 % flow, Fig 1A,

p \ 0.05 vs. vehicle) or with a multiple IP regimen

(83.1 ± 17.0 % flow, Fig 1B, p \ 0.05 vs. vehicle).

Blood flow remained completely absent for vehicle

treated mice at 30 min following arterial injury for both the

single IV (0 % flow, Fig 1C) and multiple IP regimens

(0 % flow, Fig 1D, p = n.s. between regimens). Blood

flow in mice treated with 6 mg/kg Que was lower at

30 min vs. 15 min for both the single IV (23.0 ± 4.7 %

and 83.1 ± 17.0 % respectively, p \ 0.05) and multiple IP

regimens (52.0 ± 15.8 % and 100 ± 0 % respectively,

p \ 0.05), but remained significantly higher than the

vehicle control (Fig. 1C, D, p \ 0.05 vs. vehicle for each

regimen). Similarly, mice treated with 6 mg/kg DiOHF had

reduced blood flow at 30 min vs. 15 min for both the single

IV dose (37.2 ± 16.1 % and 100 ± 0 % respectively,

p \ 0.05) and multiple IP dose regimens (27.5 ± 14.4 %

and 83.1 ± 17.0 % respectively, p \ 0.05). Nevertheless,

mice treated with 6 mg/kg DiOHF as a single IV dose had

improved blood flow at 30 min vs. vehicle control

(37.2 ± 16.1 % vs. 0 %, Fig 1C, p \ 0.05). However,

while showing a similar trend, blood flow at 30 min was

not significantly improved in mice treated with 6 mg/kg

DiOHF as multiple IP doses (27.5 ± 14.4 % vs. 0 %,

Fig 1D, p = n.s.).

Improved blood flow over the 30 min period follow

arterial injury was also reflected in AUC. While greater

overall blood flow was observed in mice treated with

multiple IP vehicle vs. a single IV vehicle, this was not

statistically significant (948 ± 156 vs. 476 ± 56 AU,

p = 0.06). As expected, a single IV bolus of 4.5 mg/kg

eptifibatide as a positive control significantly improved

blood flow vs. vehicle over the 30 min period after injury

(2471 ± 429 vs. 476 ± 56 AU, p \ 0.05).

A single IV bolus of 6 mg/kg of Que significantly

improved arterial blood flow over the 30 min following

injury when compared to IV vehicle (2062 ± 296 vs.

476 ± 56 AU, Fig 2A, p \ 0.05), and a similar improve-

ment was seen with the multiple IP regimen (2705 ± 98

vs. 948 ± 156 AU, Fig 2B, p \ 0.05). Similarly a single

IV bolus of 6 mg/kg DiOHF significantly improved arterial
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blood flow over the 30 min following injury when com-

pared to the IV vehicle (2472 ± 164 vs. 476 ± 56 AU,

Fig 2A, p \ 0.05), and a similar improvement was seen

with the multiple IP regimen (2328 ± 289 vs. 948 ± 156

AU, Fig 2B, p \ 0.05). Arterial injury was confirmed in all

sections by histology.

Effect of Que and DiOHF on PAR-4 mediated platelet

aggregation and granule exocytosis

In order to assess the effect of Que and DiOHF on platelet

function, blood platelets from C57BL/6 mice treated with

6 mg/kg of each agent or vehicle control as a single IV

bolus or multiple IP doses were assessed for PAR-4

induced platelet aggregometry and granule exocytosis, as

shown in Online Resource 2.

Stimulation with 250 lM AYPGKF-NH2 induced

57.6 ± 6.1 % platelet aggregation in mice treated with a

single IV vehicle (Fig 3A) and 73.4 ± 4.6 % aggregation

in mice treated with multiple IP doses of vehicle (Fig 3B,

p = 0.06 between regimens). As expected, a single IV

bolus of 4.5 mg/kg eptifibatide significantly inhibited

250 lM AYPGKF-NH2 induced platelet aggregation vs.

vehicle (31.0 ± 2.1 vs. 57.6 ± 6.1 %, Fig 3B, p \ 0.05).

Fig. 1 Arterial blood flow

expressed as percentage of

baseline. Blood flow was

measured at 15 min (Panels A

and B) and 30 min (Panels C

and D) after arterial injury.

Mice were treated with vehicle,

6 mg/kg quercetin, 6 mg/kg

DiOHF or 4.5 mg/kg

eptifibatide (positive control)

either with a single IV bolus

30 min prior to arterial injury

(Panels A and C, n = 5 for each

treatment) or with daily IP doses

over sequential days with the

last dose 24 h prior to arterial

injury (Panels B and D, n = 6

for each treatment). Data are

mean ± SEM. One way

ANOVA with Dunnett’s post-

test. * p \ 0.05 vs. vehicle

control

Fig. 2 Arterial blood flow area under the curve (AUC) over 30 min

for mice treated with vehicle, 6 mg/kg quercetin, 6 mg/kg DiOHF or

4.5 mg/kg eptifibatide (positive control) following ferric chloride

induced arterial injury. (Panel A) Mice treated by intravenous

injection 30 min prior to arterial injury (n = 5 for each treatment).

(Panel B) Mice treated by intraperitoneal injection once per day for

seven consecutive days, with the last dose 24 h prior to arterial injury

(n = 6 for each treatment). Data are mean ± SEM. One way

ANOVA with Dunnett’s post-test. * p \ 0.05 vs. vehicle control
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Que significantly inhibited 250 lM AYPGKF-NH2

induced aggregation vs. vehicle control when administered

as a single IV (47.0 ± 4.0 vs. 57.6 ± 6.1 % respectively,

Fig 3A, p \ 0.05) and multiple IP doses (50.4 ± 6.6 vs.

73.4 ± 4.6 % respectively, Fig 3B, p \ 0.05). Similarly

DiOHF significantly inhibited 250 lM AYPGKF-NH2

induced aggregation vs. vehicle control when administered

as a single IV (46.3 ± 7.0 vs. 57.6 ± 6.1 % respectively,

Fig 3A, p \ 0.05) and multiple IP doses (49.9 ± 6.5 vs.

73.4 ± 4.6 % respectively, Fig 3B, p \ 0.05).

Dense granule exocytosis was measured by fluorescent

quinacrine release. Stimulation with 250 lM AYPGKF-

NH2 induced 55.0 ± 4.1 % release of fluorescent quina-

crine with a single IV vehicle (Fig 4A) and 61.9 ± 3.6 %

release with multiple IP vehicle (Fig 4B, p = n.s. between

regimens). As expected, treatment with a single IV bolus of

4.5 mg/kg eptifibatide did not affect dense granule exo-

cytosis (52.3 ± 4.0 vs. 55.0 ± 4.1 %, Fig 4A, p = n.s.).

Que significantly inhibited 250 lM AYPGKF-NH2

induced release of fluorescent quinacrine vs. vehicle

control when administered as a single IV (32.0 ± 11.0

vs. 55.0 ± 4.1 %, Fig 4A, p \ 0.05) and multiple IP

doses (38.2 ± 7.8 vs. 61.9 ± 3.6 %, Fig 4B, p \ 0.05).

Similarly DiOHF significantly inhibited 250 lM

AYPGKF-NH2 induced release of fluorescent quinacrine

vs. vehicle control when administered as a single IV

(29.3 ± 12.5 vs. 55.0 ± 4.1 %, Fig 4A, p \ 0.05) and

multiple IP doses (34.7 ± 6.7 vs. 61.9 ± 3.6 %, Fig 4B,

p \ 0.05).

Alpha granule exocytosis was measured by platelet

surface P-selectin (CD62P) expression. Stimulation with

250 lM AYPGKF-NH2 induced CD62P expression vs. no

agonist control (3257 ± 297 vs. 75 ± 14 MFI, p \ 0.05)

in vehicle treated mice.

Que had no effect on 250 lM AYPGKF-NH2 induced

CD62P expression vs. vehicle control when administered

as multiple IP doses (2671 ± 463 vs. 3257 ± 297 MFI,

Fig 5, p = n.s.). DiOHF also had no effect on 250 lM

AYPGKF-NH2 induced CD62P expression vs. vehicle

control when administered as multiple IP doses

Fig. 3 PRP platelet aggregation stimulated with 250 lM of the PAR

4 agonist AYPGKF-NH2. PRP was derived from mice treated with

vehicle, 6 mg/kg quercetin, 6 mg/kg DiOHF or 4.5 mg/kg eptifibatide

(positive control) either as a single IV bolus 30 min prior to blood

collection (Panel A, n = 8 for each treatment) or as multiple IP

injections over seven consecutive days with the final dose 24 h prior

to blood collection (Panel B, n = 8 for each treatment). Data

are mean ± SEM. One way ANOVA with Dunnett’s post-test.

* p \ 0.05 vs. vehicle control

Fig. 4 AYPGKF-NH2 induced platelet dense granule exocytosis, as

measured by release of fluorescent quinacrine by flow cytometry. PRP

was derived from mice treated with vehicle, 6 mg/kg quercetin, 6 mg/

kg DiOHF or 4.5 mg/kg epitifibatide (positive control) either as a

single IV bolus 30 min prior to blood collection (Panel A, n = 6 for

each treatment) or as multiple IP injections over seven consecutive

days with the final dose 24 h prior to blood collection (Panel B, n = 6

for each treatment). Data are mean ± SEM. One way ANOVA with

Dunnett’s post-test. * p \ 0.05 vs. vehicle control
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(3306 ± 694 MFI vs. 3257 ± 297 MFI, Fig 5, p = n.s.).

Single IV doses were not examined for CD62P expression.

Discussion

We demonstrate that the naturally occurring flavonol Que

and the synthetic flavonol DiOHF improve carotid artery

blood flow for up to 30 min following injury in a well-

established mouse model of acute platelet mediated arterial

thrombosis. These improvements in arterial flow corre-

spond to inhibition of platelet aggregation and dense

granule exocytosis. Improvements in both blood flow and

inhibition of platelet aggregation and exocytosis were

demonstrated with both a single IV bolus just prior to, or

with multiple doses over days leading to the arterial injury.

These results corroborate those of a very recent study

showing the antithrombotic effects of a related dietary

flavonol, quercetin-3-rutinoside in laser-induced injury to

mouse cremaster arteries [15].

At 15 min after arterial injury, blood flow in the vehicle

control had reduced to close to zero, while blood flow for

6 mg/kg Que and DiOHF were maintained with both

dosage regimens. However, at 30 min after injury, while

still significantly improved over the vehicle control, blood

flow in the mice treated with Que and DiOHF had fallen

below 50 % of pre-injury levels. This suggests mice treated

with flavonols maintained the ability to form a thrombus,

but that thrombus formation was reduced and occurred at a

reduced rate.

Platelet aggregation is one of the final steps in the

thrombus formation, and is preceded by adhesion to the site

of injury, intracellular signalling, shape change and a

platelet release reaction in which dense and alpha granules

release mediators necessary for amplification of platelet

activation and propagation of the platelet rich thrombus

[27, 28]. This study demonstrates inhibition of dense

granule exocytosis with 6 mg/kg of Que or DiOHF either

by single IV or multiple IP injections. Dense granule

exocytosis is necessary for in situ delivery of ADP to the

growing thrombus, which is critical to thrombus propaga-

tion. Inhibition of dense granule exocytosis limits release

of ADP and is consistent with a delay in thrombus gener-

ation. In contrast to eptifibatide, inhibition of thrombus

growth and platelet aggregation with Que and DiOHF

corresponded to inhibition of dense granule exocytosis.

Thus inhibition of ADP release from dense granules with

DiOHF and Que may contribute to the impaired thrombus

generation observed in this study.

The model used is a well characterised model of platelet-

mediated arterial thrombosis and the current study demon-

strates direct antiplatelet potential of flavonols. However, the

ability of flavonols to improve vascular relaxation and

function is likely to also contribute to the observed

improvements in blood flow. In this model ferric chloride

injures the carotid artery by a redox-active mechanism

requiring erythrocyte hemolysis [29]. Ferric chloride

denudes the endothelium exposing the thrombogenic sub-

endothelial matrix and subendothelial collagen. Circulating

platelets recognise collagen and begin binding to it via the

GPVI and GPIb-IX-V complex receptor on the platelet sur-

face, initiating platelet activation, and subsequent thrombus

formation at the site of endothelial injury [24]. Propagation

of the growing thrombus beyond the site of injury is limited

by expression of mediators such as NO and prostacyclin by

the surrounding healthy endothelium. We [22, 30] and others

[16–18] have previously demonstrated the capacity of

flavonols to improve endothelial NO bioavailability in con-

ditions of oxidative stress. While no studies have assessed

Que and DiOHF on prostacyclin production, structurally

related flavonoids found in several foods been shown to

double the production of 6-keto-prostaglandin F1a (a stable

metabolite of prostacyclin) in endothelial cells [31, 32]. This

preservation of endothelial function and increased expres-

sion of key anti-platelet mediators, combined with well

characterized enhancement of endothelium-dependant

relaxation [11, 22, 30, 33] in addition to the direct anti-

platelet activity we have demonstrated, may contribute to the

improved blood flow following injury observed in this study.

Another potential mechanism by which Que and DiOHF

might reduce thrombus formation in the FeCl3 induced

injury model is through the potential for antioxidant

activity ameliorating the oxidative damage produced by

ferric chloride, rather than by direct inhibition of platelet

function. However, this possibility is considered unlikely

as arterial injury was confirmed by examination of

histological segments irrespective of treatment, and is

Fig. 5 AYPGKF-NH2 induced platelet alpha granule exocytosis, as

measured by P-selectin expression by flow cytometry. PRP was

derived from blood collected from mice treated with 6 mg/kg Que

(n = 6), 6 mg/kg DiOHF (n = 6) or vehicle (n = 6) as multiple IP

injections over 7 consecutive days with the final dose 24 h prior to

blood collection. Data are mean ± SEM. One way ANOVA with

Dunnett’s post-test. * p \ 0.05 vs. vehicle control
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corroborated by data from Jasuja et al. [15] where a laser

induced injury was used.

An unexpected finding of this study was that at a dosage

capable of achieving inhibition of dense granule exocyto-

sis, no inhibition of alpha granule exocytosis was observed.

Platelet alpha granule secretion occurs more readily than

dense granule secretion, however the mechanisms leading

to membrane fusion and exocytosis of the two granule

types have generally been assumed to be similar [34, 35].

Studies have shown that aspirin at certain concentrations is

capable of inhibiting ADP induced serotonin release (a

dense granule component) whilst P-selectin expression is

unaffected [35], suggesting the potential for selective

inhibition of exocytosis of the different granule types. The

results obtained in the current study suggest a similar

mechanism of selective inhibition of dense granule exo-

cytosis whilst alpha granule exocytosis is maintained.

However, recent studies have suggested that a-granules are

heterogeneous in composition [34, 36]. While all a-gran-

ules contain P-selectin, subtypes have been identified with

differential expression of pro- and anti-angiogenic factors

[36] and vWF [37]. While our results demonstrate that

overall a-granule exocytosis, as measured by P-selectin

expression is not inhibited by Que or DiOHF, it remains

possible that subtypes of a-granules may be inhibited, and

further studies are warranted to elucidate this. Further

investigation of the different concentrations of the flavo-

nols and exocytosis induced by different chemical agonists

is also warranted before conclusions can be drawn from

this interesting observation.

While not significantly different, there was lower

AYPGKF-NH2 induced aggregation in mice treated with

IV vehicle 30 min prior to blood collection compared to

those treated with IP vehicle over 7 days. The C57BL/6

mice in the IP groups were 2 weeks older than IV treated

mice at the time of testing, and were sourced from a dif-

ferent supplier than the IV group. These variables may

have contributed to the difference in vehicle treated

aggregation. It is unlikely that the vehicle consisting of

0.5 % DMSO and 2.2 mM PEG in inhibited platelet

function when administered by IV 30 min prior to blood

collection as no effect of vehicle when added to platelets

in vitro at the dose used was observed.

In this study IV treatment was used to assess the acute

effect, while the multiple IP treatments were used to

investigate the longer lasting effects of Que and DiOHF

treatment. IV injection of 6 mg/kg will result in approxi-

mately 200 lM of Que and 270 lM of DiOHF in the

plasma. This is much higher than concentrations associated

with dietary intake of Que (20–30 nM [38]). IP treatments

of the same dose are absorbed through the peritoneal cir-

culation, while some of it is metabolised by the liver. It has

been suggested that IP administered Que reaches the liver

unchanged [39] where it is conjugated [40]. Therefore, the

plasma flavonol concentration following IP administration

would be less than that of IV treatment. However, a

characteristic feature of the bioavailability of quercetin is

the elimination of this flavonol and its metabolites is quite

slow, with reported half-lives ranging from 11–28 h [41].

This could favour accumulation in the plasma with multi-

ple IP doses. The pharmacodynamics of DiOHF are not yet

established. We have shown that seven consecutive IP

injections of 6 mg/kg of Que or DiOHF significantly

reduce thrombus formation in the carotid artery. This

corresponds to doses previously shown to significantly

reduce oxidative damage produced by oxygen free radicals

and reverse endothelial dysfunction by restoring endothe-

lium dependant relaxation and increased nitric oxide bio-

availability [11, 22, 30, 33]. Both single IV and multiple IP

treatments with Que and DiOHF resulted in incomplete, yet

significant inhibition of platelet aggregation and dense

granule exocytosis accompanied with a significant reduc-

tion in thrombus formation.

Conclusion

We provide evidence that the naturally occurring flavonol

Que and the synthetic flavonol DiOHF reduce thrombus

formation and improve carotid artery blood flow in a well-

established mouse model of acute platelet mediated arterial

thrombosis. These improvements occur with both IV

administration just prior to, or with multiple IP doses over

7 days with the last dose 24 h before arterial injury. The

improvements in arterial flow correspond to inhibition of

platelet aggregation and dense granule exocytosis.
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