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Summary

Stored platelets undergo biochemical, structural and functional changes that lead to decreased 

efficacy and safety of platelet transfusions. Not only do platelets acquire markers of activation 

during storage, but they also fail to respond normally to agonists post-storage. We hypothesized 

that resveratrol, a cardioprotective antioxidant, could act as a novel platelet storage additive to 

safely prevent unwanted platelet activation during storage, while simultaneously preserving 

normal haemostatic function. Human platelets treated with resveratrol and stored for five days 

released less thromboxane B2 and prostaglandin E2 compared to control platelets. Resveratrol 

preserved the ability of platelets to aggregate, spread and respond to thrombin, suggesting an 

improved ability to activate post-storage. Utilizing an in vitro model of transfusion and 

thromboelastography, clot strength was improved with resveratrol treatment compared to 

conventionally stored platelets. The mechanism of resveratrol’s beneficial actions on stored 

platelets was partly mediated through decreased platelet apoptosis in storage, resulting in a longer 

half-life following transfusion. Lastly, an in vivo mouse model of transfusion demonstrated that 

stored platelets are prothrombotic and that resveratrol delayed vessel occlusion time to a level 
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similar to transfusion with fresh platelets. We show resveratrol has a dual ability to reduce 

unwanted platelet activation during storage, while preserving critical haemostatic function.
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Introduction

Platelet transfusion is a routine medical practice for the treatment or prevention of bleeding. 

In the United States, platelets concentrates (PC) are prepared by apheresis or from whole 

blood and are stored for up to five days. Almost uniformly, PC are transfused between three 

and five days of storage to allow for pathogen testing (local experience, Strong Memorial 

Hospital, Rochester, NY). The intent of platelet transfusion is to stop or prevent bleeding 

due to thrombocytopenia by providing patients with sufficient donor platelets to maintain 

basal haemostatic functions (Cauwenberghs, et al 2007). Ideally, transfused platelets will 

lack markers of activation that could lead to their destruction or clearance, and remain 

quiescent until needed at sites of vascular injury (Weyrich and Zimmerman 2004). Upon 

exposure to vascular damage, platelets should activate to form a haemostatic plug (Hawiger 

1987). However, stored platelets undergo extensive biochemical, structural and functional 

changes, termed the platelet storage lesion, which can lead to decreased efficacy and safety 

of platelet transfusions (Cauwenberghs, et al 2007, Ohto and Nollet 2011, Springer, et al 

2009). Following transfusion, these unwanted changes in platelet function can contribute to 

platelet-related complications, ranging from mild to moderately severe adverse reactions 

(rigors, fever, inflammation) to life-threatening events (thrombosis, stroke, transfusion-

related acute lung injury (TRALI)) (Heal, et al 2009, Slichter 2007, Tormey and Stack 

2009).

During storage, platelets become activated and release prothrombotic and proinflammatory 

mediators, which may contribute to adverse transfusion reactions (Blumberg, et al 2006, 

Kaufman, et al 2007). However, platelets are hypo-responsive to agonists post-storage, 

probably compromising the haemostatic benefit of supplementing thrombocytopenic 

patients with donor platelets (Curvers, et al 2004). Alternative storage methods that seek to 

preserve platelet function during storage are under investigation, including platelet storage 

solutions, storage bags with increased gas permeability and cold storage (Cookson, et al 

2012, Reddoch, et al 2013, Skripchenko, et al 2011, Slichter, et al 2014). While many 

studies demonstrate improved metabolic markers (pH, lactate, glucose) and parameters of 

platelet quality (mean platelet volume, “swirling” reaction, shape change), these may not be 

predictive of in vivo platelet clinical efficacy and safety (clot formation, prothrombotic 

potential, in vivo survival) (Rinder, et al 2003). Additionally, several reports suggest that the 

lifespan of platelets in storage is regulated by apoptosis. Although anucleate, platelets 

undergo apoptosis in response to stress and in vitro storage, resulting in mitochondrial 

membrane depolarization, caspase activation and phosphatidylserine exposure (Leytin 

2012). Our study focuses on addition of the natural antioxidant, resveratrol, as a novel 
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method to inhibit platelet activation during storage, while preserving the ability of platelets 

to maintain basal physiological functions upon transfusion.

Resveratrol (trans-3,5,4′-trihydroxystilbene) is a naturally occurring polyphenolic compound 

abundantly found in grapes, peanuts, and red wine (Bhat, et al 2001). It is well known for its 

cardioprotective, anti-inflammatory and anti-oxidant properties, and is currently under 

investigation in 75 clinical trials for its beneficial biological actions in patients with 

Alzheimer’s disease, obesity, type II diabetes and other disorders (Baur and Sinclair 2006; 

https://clinicaltrials.gov/ct2/results?term=resveratrol&Search=Search). Additionally, 

resveratrol has the ability to extend the lifespan of model organisms, including 

Saccharmomyces cerevisiae, C. elegans, Drosophila melanogaster and mice (Bauer, et al 

2004, Baur, et al 2006, Howitz, et al 2003, Strong, et al 2013, Viswanathan, et al 2005, 

Wang, et al 2013, Wood, et al 2004). It is a naturally occurring product with little to no 

toxicity, even at high doses (Boocock, et al 2007, Juan, et al 2002, Poulsen, et al 2013). 

Resveratrol dampens platelet aggregation and thromboxane production in vitro in the 

micromolar range (Dobrydneva, et al 1999, Pace-Asciak, et al 1995, Sobotková, et al 2009), 

but no data are available on the effects of resveratrol on stored platelets.

Resveratrol has been studied in humans and animal models, but a major knowledge gap lies 

in its potential to preserve normal platelet function during storage. There are currently no 

ideal options for platelet storage, including the use of additive solutions. An ideal storage 

solution should simultaneously prevent unwanted platelet activation during storage, while 

preserving normal platelet haemostatic function. In the present study, we investigated the 

potential of resveratrol to preserve platelet function during storage.

Methods

Platelet storage

Healthy human donors who had not taken anti-platelet drugs for two weeks prior to donation 

were consented in accordance with the Declaration of Helsinki under an approved 

University of Rochester institutional review board protocol. PC were generated using the 

platelet rich plasma (PRP) method via standard blood banking procedures (Fung, et al 

2014). Briefly, 550 ml whole blood was collected into CP2D/AS-3 triple blood bag units 

(Pall Medical, Covina, CA) and centrifuged at 250 × g for 15 min at 20°C. PRP was 

immediately expressed through an attached leucoreduction filter and centrifuged at 3800 × g 

for 10 min. Platelet poor plasma (PPP) was removed, leaving 100 ml of PRP. Platelets were 

rested for 30 min then resuspended with gentle agitation for 1 h at 20°C. PC were split into 

custom-made 15 ml platelet storage bags (Blood Cell Storgage, Inc., Seattle, WA) or 

attached 500 ml platelet storage satellite bags using a sterile technique. No significant 

differences were observed between platelets stored in satellite bags or mini storage bags.

Vehicle (0.1% dimethyl sulfoxide [DMSO]), 10 μM resveratrol or trans-trimethoxy-

resveratrol (dissolved in DMSO; Cayman Chemical, Ann Arbor, MI) were resuspended in 1 

ml PPP and injected into the platelet storage bags. Aspirin (acetylsalicylic acid [ASA]; 

Sigma-Aldrich, St Louis, MO) was prepared in ethanol and normal saline (50:50) and used 

at 5 μM (1% final ethanol) by resuspension in 1 ml PPP and injected into the platelet storage 
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bags prior to storage. PC were stored for five days in a 20°C incubator on a Belly Dancer 

orbital shaker (Sigma-Aldrich, St Louis, MO). Bags were sampled immediately after 

preparation (day 1) or days 3 or 5 post-preparation by removal of 1.5 ml PC using a sterile 

technique. No significant differences were observed between 0.1% DMSO vehicle treatment 

compared to no treatment (data not shown).

Washed platelets

For platelet spreading and thrombin stimulation assays, platelets were washed prior to 

activation to prevent clot formation upon activation. Platelets were pelleted by 

centrifugation of PC at 1000 × g for 10 min in the presence of 1 μg/ml prostacyclin (Cayman 

Chemical, Ann Arbor, MI), gently resuspended in Tyrode’s (Sigma-Aldrich, St Louis, MO) 

acid-citrate-dextrose (ACD, 25/3, vol/vol) solution containing 0.1 μg/ml prostacyclin, then 

centrifuged at 1000 × g for 10 min. Platelets were resuspended in Tyrode’s buffer and used 

within 3 h.

Platelet spreading

Washed platelets (1 × 107 platelets) were spread on fibrinogen-coated coverslips (100 μg/ml; 

Sigma-Aldrich, St Louis, MO) for 45 min at 37°C, washed with phosphate-buffered saline, 

and fixed with 4% paraformaldehyde. Spreading was visualized by differential interference 

contrast (DIC) optics using an Olympus BX51 microscope (Olympus, Melville, NY) at 

100X. The percentage of fully spread platelets was determined by manually counting four 

fields of view.

Immunoassays

Thromboxane B2 (TXB2) and prostaglandin E2 (PGE2) were assayed by enzyme 

immunoassay (EIA; Cayman Chemical, Ann Arbor, MI). Platelet factor 4 (PF4) was assayed 

by enzyme linked immunosorbent assay (ELISA; R&D Systems, Minneapolis, MN). 

Soluble CD40L (sCD40L) was assayed by a previously published ELISA (Kaufman, et al 

2007).

Flow cytometry

Platelets (1 × 109 platelets/l) were blocked with human Fc Receptor blocking reagent 

(Miltenyi Biotech, Bergisch Gladbach, Germany) for 15 min. Antibodies were purchased 

from BD Biosciences (Franklin Lakes, NJ). Platelets were stained with mouse anti-human 

CD61-alexa fluor 488 and mouse anti-human CD62P-alexa fluor 647 or mouse anti-human 

CD61-alexa fluor 647 and mouse anti-human annexin V-fluorescein isothiocyanate (FITC) 

for 30 min at 20°C. Platelets were identified by forward and side scatter and CD61 positivity 

on an Accuri flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Platelet 

microparticles (PMPs) were enumerated by gating CD61 positive events between 0.1 μM 

and 1.0 μM, determined by megamix sizing beads (Biocytex, Marseille, France).

Reactive oxygen species

Reactive oxygen species (ROS) were quantified by incubation of washed platelets with 5 

μmol/l dichlorodihydrofluorescein diacetate (H2DCFDA; C400, Molecular Probes, Eugene, 
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OR) and multimode reader (Varioskan Flash, Thermo Scientific, Waltham, MA). The 

background fluorescence of resveratrol in Tyrode’s buffer was subtracted from resveratrol-

treated platelets to account for effects of resveratrol directly on the dye.

Platelet Activation

Washed platelets (1 × 108 platelets) were activated with 0.2 u/ml thrombin or left 

unactivated for 15 min at 37°C. Supernatants were generated by centrifugation of washed 

platelets at 1200 × g for 15 min and analysed for mediator release as described above.

Aggregometry

Platelet aggregation was performed by the turbidimetric method using a Chrono-log Lumi-

Aggregometer with AGGRO/LINK software (Chrono-Log Corp., Havertown, PA). PRP 

(500 μl) was placed in a silicone-coated cuvette with constant stirring at 1200 rpm using a 

siliconized stir bar. The PPP from each sample was used as the reference sample, denoting 

100% light transmission. Aggregation was initiated using the following agonists and 

concentrations: 10 μM ADP, 10 μg/ml collagen, or a combination of 5 μM ADP and 5 μg/ml 

collagen.

Thromboelastography (TEG)

Thrombocytopenic samples were generated by centrifugation of citrated whole blood at 180 

× g for 12 min at 20°C. PRP was replaced by an equal amount of autologous PPP obtained 

from a different tube by centrifugation at 1900 × g for 12 min at 20°C. The platelet count of 

thrombocytopenic samples was 13.0 +/− 2.0 × 109/l. Platelets were mixed at a 1:4 ratio with 

autologous fresh thrombocytopenic whole blood. Kaolin was used to initiate clot formation. 

TEG was performed using a TEG haemostasis system (Haemoscope Corp,, Niles, IL) within 

2 h of collection (Refaai, et al 2013).

Mitochondrial membrane potential

Mitochondrial membrane potential was measured using JC-1 dye (Molecular Probes, 

Eugene, OR). The ratio of red/green fluorescence (monomers/aggregates) was determined 

by incubation of platelets (1 × 109 platelets/l) with 2.0 μg/ml JC-1 for 30 min. Resveratrol 

stored in normal saline in platelet storage bags was used as a negative control for the effects 

of resveratrol directly on JC-1 dye. Because resveratrol alone in normal saline decreased red 

fluorescence, these background values were subtracted from resveratrol-treated PC.

Western Blotting

Total protein was quantified by bicinchoninic acid assay (Thermo-Scientific, Waltham, MA) 

and 10 μg was separated using sodium dodecyl sulphate-ployacrylamide gel electrophoresis, 

transferred onto a polyvinylidene difluoride membrane, blocked with 5% bovine serum 

albumin, and probed with rabbit anti-human cleaved caspase-3 (Cell Signaling, Danvers, 

MA), rabbit anti-human Bcl-XL (also termed BCL2L1) (Santa Cruz Biotechnology, Dallas, 

TX), rabbit anti-human Bak (also termed BAK1) (Cell Signaling), or mouse anti-human 

actin. Densitometry was performed using ImageJ software (National Institutes of Health, 

Bethesda, MD.).
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In vivo studies

Mouse experiments were performed in accordance with a University Committee on Animal 

Resources (UCAR) protocol, approved by the University of Rochester. Whole blood was 

collected by terminal retro-orbital bleeds from isoflurane-anesthetized 8- to 10-week-old 

C57Bl/6 male mice into citric acid. Whole blood from 30 mice was centrifuged at 250 × g 

for 15 min at room temperature and the top 2/3 of PRP was removed, avoiding red blood 

cell (RBC) and white blood cell (WBC) contamination. A complete blood count was 

performed using a HemaTrue Haematology Analyser (Heska, Loveland, CO) to obtain 

platelet counts and ensure no RBC or WBC contamination. PRP was split into two equal 

samples and treated with vehicle (0.1% DMSO) or 10 μM resveratrol, then stored in an 

upright 10 ml cell culture flask at room temperature with gentle agitation.

Platelet recovery

Mouse platelets (prepared above) were labelled with carboxyfluorescein succinimidyl ester 

(CFSE; LifeTechnologies, Eugene OR), washed with Tyrode’s buffer, then 5 × 107 platelets 

were transfused by retro-orbital injection into 8-week-old male mice. Mice were serially 

bled and the percentage of CFSE-positive platelets was enumerated by flow cytometry.

Ferric chloride thrombosis

Platelets were labelled with 10 μM calcein-AM (Molecular Probes, Eugene OR) by retro-

orbital injection. PRP (200 μl at 1 × 1011 platelets/l) was injected intravenously into 4-week-

old male mice anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) via 

intramuscular injection. The mesentery was externalized and thrombosis was initiated by 

application of 5 mm2 Whatmann’s paper soaked in 10% ferric chloride to the vessel surface 

for 45 s. Platelet accumulation was recorded with a digital imaging camera in real-time until 

stable vessel occlusion occurred (Nikon Ti-S inverted microscope and high speed digital 

imaging camera with NIS Elements image analysis software; Nikon, Tokyo, Japan).

Results

Resveratrol improves platelet spreading after storage

Although platelets spontaneously activate during storage, they do not function normally in 

response to a single agonist post-storage (Shapira, et al 2000). Platelet spreading is a 

haemostatic event crucial for wound healing and closure of broken vasculature (Hawiger 

1987). However, the ability of stored platelets to spread has not been investigated. An initial 

screen of cardioprotective molecules was performed to identify a compound that could 

mitigate, but not abrogate, spontaneous platelet activation (data not shown). Based on this 

screen and dose-response studies, 10 μM resveratrol was selected for further evaulation. 

Immediately after preparation, PC were treated with resveratrol and stored for up to five 

days. Neither platelet counts nor mean platelet volume were affected by resveratrol 

treatment (Supplemental Fig 1). We demonstrate that platelets lost their ability to spread on 

fibrinogen post-storage (Fig 1A). Resveratrol significantly restored the ability of platelets to 

spread by approximately two-fold at three and five days post-storage (Fig 1B–C). Similar 

results were observed when unwashed stored platelets were spread on fibrinogen post-
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storage, suggesting that platelet washing did not deleteriously affect platelet spreading (data 

not shown).

Resveratrol prevents accumulation of proinflammatory mediators during platelet storage

Next, the ability of resveratrol to inhibit the spontaneous activation of platelets during 

storage was investigated. Supernatants were sampled for inflammatory mediator 

accumulation on days 1, 3, and 5 of storage. Levels of TXB2, PGE2, PF4 and sCD40L 

increased over time in control stored PC and expression of CD62P on the platelet surface 

similarly increased (Fig 2A–E). Accumulation of TXB2, the stable metabolite of 

thromboxane A2, in resveratrol-treated platelets was significantly less than control on day 3 

of storage (Fig 2A). Resveratrol ablated PGE2 accumulation at day 3 and was still 

significantly reduced at day 5 (Fig 2B). PF4 and sCD40L levels were not affected by 

resveratrol, nor was expression of CD62P on the platelet surface (Fig 2C–E). Consistent 

with previous reports, reactive oxygen species (ROS) in stored platelets increased over time 

(Perales Villarroel, et al 2013) and here we show that resveratrol prevented this 

accumulation, probably due to its antioxidant properties (Fig 2F). Despite the resveratrol-

mediated decrease in ROS during storage, pH levels in PC was not affected (Supplemental 

Fig 2A). Additionally, glucose levels in stored PC decreased over time, probably due to 

metabolic consumption as evidenced by platelet activation, but resveratrol did not 

significantly alter glucose consumption over time, despite its ability to reduce markers of 

platelet activation (Supplemental Fig 2B).

Resveratrol preserves the ability of human platelets to activate post-storage

Stored platelets are less responsive to agonist post-storage (Shapira, et al 2000). We 

confirmed this finding and newly demonstrate that resveratrol-treated stored platelets 

improved platelet response to agonist stimulation. Freshly prepared platelets (day 1) 

produced TXB2 and PGE2 in response to thrombin treatment while resveratrol significantly 

decreased TXB2 and PGE2 production at day 1 (Fig 3A–B). On the other hand, platelets 

stored for 3 or more days produced significantly less TXB2 and PGE2 in response to 

thrombin stimulation. At day 5 of storage, resveratrol-treated platelets produced 

significantly more TXB2 and PGE2 in response to thrombin stimulation compared to control 

platelets. These new data show that while resveratrol initially inhibited platelet activation, it 

preserved the ability of platelets to activate post-storage. Furthermore and importantly, these 

new findings show that the inhibitory actions of resveratrol are reversible, unlike inhibition 

by ASA, which irreversibly prevented TXB2 and PGE2 release.

Resveratrol preserves the ability of stored platelets to aggregate

In addition to losing the ability to release TXB2 and PGE2 post-storage, platelets require two 

agonists to aggregate post-storage. Platelets that had been stored for 5 days aggregated 

approximately 5-fold less than fresh platelets in response to ADP and approximately 4-fold 

less in response to collagen (Fig 4). Resveratrol restored the ability of platelets to aggregate 

after 5 days of storage in response to ADP and collagen by 3- and 2-fold, respectively (Fig 

4A–D). Although resveratrol restored the ability of stored platelets to aggregate in response 

to ADP (compared to no aggregation in control platelets), secondary aggregation was not 
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achieved and platelets readily disaggregated. Additionally, the ability to aggregate in 

response to dual agonist stimulation was improved with resveratrol treatment, which was 

only investigated at 5 days post-storage (Fig 4E–F). On the other hand, ASA-treated 

platelets were unable to aggregate after 5 days of storage.

Resveratrol preserves the ability of stored platelets to aggregate independent of COX1 
inhibition

Resveratrol is a reversible inhibitor of cyclooxygenase-1 (COX1) and its inhibitory action is 

dependent on the m-hydroquinone moiety (3,5-di-OH group) (Szewczuk, et al 2004). To 

determine whether the ability of resveratrol to preserve platelet function during storage was 

due to COX1 inhibition early in storage, platelets were stored with the resveratrol structural 

analogue, trans-trimethoxy-resveratrol (TMR). TMR exhibits comparable in vitro and in 

vivo activities to resveratrol, (Kim, et al 2012, Scherzberg, et al 2015) but is unable to 

inactivate COX1 due to the absence of the m-hydroquinone moiety (Szewczuk, et al 2004). 

We confirmed that TMR was unable to inhibit COX1 in human platelets by showing that 

while resveratrol inhibited thrombin-induced TXB2 release, TMR had no effect on TXB2 

release. (Supplemental Fig 3). However, TMR preserved the ability of platelets to aggregate 

at 5 days post-storage to a similar degree as resveratrol (Fig 4), suggesting that the 

mechanism by which resveratrol preserved platelet function was independent of COX1 

inactivation early in storage.

Resveratrol improves the function of stored human platelets in an in vitro model of 
transfusion

To assess whether resveratrol-treated PC might be superior to standard treatment in a 

transfusion setting, an in vitro model of autologous transfusion was utilized. 

Thrombocytopenic whole blood was prepared by platelet-depleting fresh whole blood to 

mimic a thrombocytopenic patient. Thrombocytopenic whole blood was “transfused” at a 

ratio of 4:1 (thrombocytopenic whole blood:platelets) with autologous fresh or stored 

platelets and thromboelastography (TEG) was performed to assess clot formation. The 

maximum amplitude (MA), a TEG parameter that measures clot strength and considered the 

best indicator of platelet function, was evaluated (Bowbrick, et al 2003). The decrease in 

MA from fresh whole blood (58.1+/−2.5 mm) to fresh thrombocytopenic whole blood 

(28.2+/−1.7 mm) is probably due to the decreased platelet count (Fig 5A–B), as MA is 

approximately 80% dependent on platelet function (Wiinberg, et al 2005). Transfusion of 

either fresh control or resveratrol-treated platelets (day 1) to thrombocytopenic whole blood 

improved clot strength by approximately 60% (47.0+/−3.8 mm and 48.2+/−1.6 mm, 

respectively; Fig 5C–E). After five days of storage, transfusion of stored control platelets did 

not significantly improve clot strength (35.7+/−1.7 mm; Fig 5C and E), while stored 

platelets treated with resveratrol were able to maintain clot strength upon transfusion, similar 

to days 1 and 3 (44.4+/−2.1 mm; Figs.5D–E). No differences were observed between 

platelet counts following transfusion (Fig 5F), suggesting that treatment of PC with 

resveratrol prior to storage could enhance the ability of platelets to function upon 

transfusion.
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Resveratrol mitigates apoptosis in stored human platelets

The lifespan of platelets during storage is thought to be regulated by apoptosis, and stored 

platelets express apoptotic markers over time (Gyulkhandanyan, et al 2012, Leytin 2012). 

Here, we show that stored platelets have reduced mitochondrial membrane potential after 5 

days of storage, while resveratrol treatment prevented mitochondrial membrane 

depolarization (Fig 6A). Similarly, the ratio of the pro-survival protein Bcl-xl (BCL2L1) to 

the pro-apoptotic protein Bak (BAK1) is thought to be a main regulator of platelet apoptosis 

(Leytin 2012). Resveratrol improved the ratio of Bcl-xl/Bak at 5 days post-storage (Fig 6 B–

C). Storage also induced a time-dependent increase in cleaved caspase-3 in human platelets, 

while resveratrol-treated platelets had significantly lower levels of active caspase-3 at day 5 

(Fig 6 B, D). Platelets expose phosphatidylserine (PS) in response to activation or apoptosis 

in addition to making platelet microparticles (PMPs). Here, we show that stored platelets 

increase PS exposure and PMP production over time, both of which were dampened by 

resveratrol (Fig 6E–F). Taken together, these data support a role for resveratrol in mitigating 

apoptosis during platelet storage.

Trans-resveratrol-treated platelets have a longer half-life in vivo post-transfusion

In order to determine whether resveratrol-treated platelets had enhanced survival in vivo, we 

utilized a mouse model of transfusion. Mouse platelets were treated with resveratrol and 

stored for 24 h, then labelled with CFSE and transfused into autologous recipients. There 

were no differences in recovery at 4 h post-transfusion between control and resveratrol-

treated platelets (Fig 7A). However, resveratrol-treated platelets had an enhanced recovery 

at 24 and 48 h post-transfusion, suggesting that resveratrol-treated platelets have a higher 

survival than control platelets in vivo.

Resveratrol-treated platelets are less prothrombotic than control platelets after transfusion

A major goal of our study was to preserve normal platelet haemostatic function without 

generating prothrombotic levels of activation. To assess the function of stored platelets in 

vivo, autologous mouse transfusions with fresh, control stored, or resveratrol-treated stored 

platelets were performed. Thrombosis was initiated using a ferric chloride injury model and 

the time to vessel occlusion was measured (Fig 7B). Transfusion of fresh platelets led to an 

occlusion time of approximately 1100 s (Fig 7C), comparable to non-transfused mice (data 

not shown). Transfusion of control platelets stored for 1 day resulted in vessel occlusion 

occurring in half the time (570 s) of fresh platelets (Fig 7D). Resveratrol-treated stored 

platelets had less thrombotic potential upon transfusion, partially returning occlusion time to 

that of fresh platelets (830 s; Fig 7E). These data demonstrate that resveratrol-treated stored 

platelets are less thrombotic than standard stored platelets in an in vivo model of transfusion.

Discussion

Our novel findings demonstrate that, unlike other traditional agents that inhibit platelet 

function, resveratrol (a plant-derived anti-oxidant compound) uniquely mitigates unwanted 

platelet activation, while preserving the ability of stored platelets to function post-storage. 

Not only do platelets acquire markers of activation during storage, but they also fail to 

respond normally to agonists post-storage (Shapira, et al 2000). This leads to a dual 
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dysfunction, whereby patients may be receiving platelets that have a reduced capacity to 

perform normal haemostatic functions, yet constitute an increased proinflammatory and 

prothrombotic risk. Clearly, platelet transfusions are a life-saving practice in 

thrombocytopenic patients with bleeding. However, there is room to improve the efficacy 

and safety of these transfusions, which are crucial for patient populations at high risk for 

bleeding, such as patients with haematological malignancies, transplant, surgical and trauma 

patients. Our goal was to identify a compound, with few to no known toxicities that could 

mitigate the platelet storage lesion. We initially screened several compounds to identify a 

lead candidate that could dampen, but not abrogate platelet activation (data not shown). 

Based on this screen, resveratrol was evaluated for its ability to prevent spontaneous 

activation of stored platelets.

In this study, we demonstrate, using both in vitro assays and in a preclinical mouse model, 

that resveratrol mitigates platelet activation associated with the platelet storage lesion, thus 

maintaining platelet function in a closer to normal state during storage for transfusion. 

Stored platelets largely lose their ability to respond to physiological agonists over time, 

which may be due to their partial activation during preparation and storage, as evidenced by 

the release of proinflammatory and prothrombotic bioactive mediators (TXB2, PGE2). We 

confirm here that stored platelets do not fully aggregate in response to ADP or collagen 

alone (Supplemental Fig 2) and newly show that stored platelets lose their ability to spread 

on fibrinogen. Resveratrol treatment, however, greatly improved the ability of stored 

platelets to aggregate (Fig 4) and spread (Fig 1). Platelets undergo severe stress during 

preparation for storage, which can adversely affect their ability to function normally, as 

evidenced by their reduced ability to aggregate in response to ADP. Freshly prepared 

platelets only maximally aggregated to approximately 20% in response to high dose ADP. In 

contrast, platelets collected in vacutainer tubes and not subjected to the harsh conditions of 

leucoreduction and platelet pelleting typically maximally aggregate 80–90% in response to 

ADP (data not shown). Although resveratrol preserved the ability of platelets to aggregate 

post-storage, addition of resveratrol prior to leucoreduction and serial centrifugation could 

further improve platelet quality during storage. Interestingly, although resveratrol preserved 

the ability of stored platelets to aggregate in response to ADP, sustained aggregation was not 

achieved and the platelets readily disaggregated. Disaggregation occurs in the absence of 

secondary signals from dense granule release, suggesting that resveratrol selectively affects 

platelet signalling.

While mitigating the platelet storage lesion and inappropriate activation is a crucial first step 

toward safer and effective transfusions, platelets must also function normally following 

transfusion. Addition of stored platelets to thrombocytopenic whole blood to mimic 

transfusion decreased clot strength, measured by TEG. Resveratrol improved clot strength 

more than two-fold over that of conventionally stored platelets. No other TEG parameters 

were affected by resveratrol exposure, suggesting that these beneficial effects were platelet-

specific and providing evidence that resveratrol treatment may provide improved 

haemostatic response following transfusion.

Some clinical studies suggest that transfusion of stored platelets can have prothrombotic side 

effects, probably due to platelet activation and the accumulation of prothrombotic and 
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proinflammatory mediators over time (Khorana, et al 2008, Sahler, et al 2011). We used an 

in vivo mouse model of thrombosis to show that autologous transfusion of conventionally 

stored mouse platelets into naïve recipients accelerated thrombosis. This prothrombotic 

phenotype was ameliorated following transfusion of resveratrol-treated stored platelets, 

supporting our hypothesis that resveratrol-stored platelets more closely resemble fresh, 

unstored platelets. As donor platelets represent a small fraction of the total platelets after 

transfusion in this model, accelerated thrombosis is probably a consequence of activation of 

endogenous platelets and other vascular cells by proinflammatory mediators in the PC 

supernatants (Cognasse, et al 2006, Cook, et al 2005, Khorana, et al 2008, Spiess 2004, 

Spiess, et al 2004), and not solely from the infused stored platelets. We have previously 

reported that stored PC accumulate high levels of bioactive proinflammatory mediators, 

such as sCD40L (Kaufman, et al 2007), which contribute to transfusion-related adverse 

outcomes, such as TRALI (Khan, et al 2006) and fever (Phipps, et al 2001). Additionally, 

apoptotic platelets and PMPs are known to be prothrombotic and probably contribute to the 

accelerated thrombosis in this model (Jackson and Schoenwaelder 2010, Leytin and 

Freedman 2003). These two factors are potentially key mechanisms by which vasculature is 

primed to inflammatory insults, resulting in accelerated thrombosis. Many patients receiving 

platelet transfusions have underlying inflammatory conditions, which could synergize with 

inflammatory mediators from stored blood products, leading to adverse outcomes, such as 

thrombosis (Sahler, et al 2011). Therefore, the ability of resveratrol to dampen the 

accumulation of potentially harmful mediators could, speculatively, lead to a reduced 

incidence of adverse transfusion reactions.

Our innovative investigations of resveratrol effects during platelet storage support a 

mechanism whereby resveratrol maintains platelet integrity to improve haemostasis 

following transfusion. However, the mechanism of action of resveratrol on human platelets 

is not well understood. Resveratrol is reported to inhibit the synthesis of prostaglandins 

through COX1 inactivation in nucleated cells (Szewczuk, et al 2004). We show for the first 

time that stored platelet release of bioactive mediators was attenuated by resveratrol. 

Importantly, this inhibition was reversible, as platelets stored with resveratrol maintained 

their ability to make TXB2 and PGE2 in response to thrombin stimulation. This was in 

contrast to ASA, which irreversibly inhibits platelet activation. Interestingly, the ability of 

resveratrol to preserve platelet function during storage was independent of its ability to 

inhibit COX1 activity early in storage, as the resveratrol analogue lacking COX1 inhibitory 

functions, TMR, was still able to improve platelet function post-storage (Fig 4). We propose 

that resveratrol exerts its beneficial actions through multiple mechanisms. Early in storage, 

resveratrol reversibly inhibited COX1 activity, leading to reduced accumulation of TXB2 

and PGE2 over time. This beneficial action would probably reduce the proinflammatory 

impact of stored PC on patients receiving transfusions. More studies are needed to determine 

at what point during the first three days of storage platelets regain their ability to produce 

prostaglandins in response to stimulation, as transfusion of resveratrol-inactivated platelets 

(e.g., day 1 freshly prepared platelets) could impair in vivo haemostatic functions.

Although both TXB2 and PGE2 accumulated during storage, resveratrol affected PGE2 

accumulation to a greater degree. These data may suggest an alternative mechanism of 
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inhibition by resveratrol downstream of COX1. Furthermore, the effect of resveratrol on 

release of other mediators was not as pronounced as the effect on prostaglandins. 

Resveratrol reduced sCD40L and PF4 release from freshly isolated platelets (data not 

shown), but no differences were observed during platelet storage. It is possible that 

resveratrol, probably due to its ability to inhibit COX1, selectively mitigates prostaglandin 

synthesis, and any inhibition of PF4 and sCD40L release in freshly isolated platelets was a 

result of impaired autocrine activation signals from PGE2 and TXB2.

Additionally, our data demonstrate that resveratrol reduced apoptosis during storage. The 

pro-survival effects of resveratrol are clearest at 5 days post-storage, which could be 

attributed to low levels of apoptosis early in platelet storage. However, resveratrol may be 

able to extend the lifespan of platelets during storage, although this has not been investigated 

yet. Importantly, we demonstrate that resveratrol-treated platelets had enhanced in vivo 

survival after transfusion in a mouse model. This may be due to the decreased activation 

status of the stored platelets, reducing their clearance from the circulation. As no differences 

in recovery were observed at 4 h post-transfusion, it is possible that the enhanced survival of 

resveratrol-treated platelets was due to reduced apoptosis during storage. The mechanism by 

which resveratrol preserves platelet function during storage is likely to be multifactorial and 

complex. However, our new data suggest that it is independent of reversible inhibition of 

COX1, but instead involves reduced platelet apoptosis leading to improved function and 

survival post-storage. However, reductions in apoptosis are probably not solely responsible 

for resveratrol’s ability to preserve platelet function, as resveratrol only slightly affected 

apoptosis in this study. Resveratrol has numerous molecular targets and further studies 

should comprehensively evaluate resveratrol’s mechanism of action in stored platelets.

We propose that an ideal or at least improved platelet storage additive would reduce platelet 

activation during storage, but allow normal haemostatic function post-transfusion. An 

additional benefit of using resveratrol as a novel storage additive is that resveratrol persists 

in plasma stored at room temperature for one month (Iranshahy, et al 2013). However, 

intravenous infusion of resveratrol results in rapid metabolism by the liver (Muzzio, et al 

2012, Walle, et al 2004). Therefore, resveratrol remains stable during platelet storage, and is 

rapidly cleared post-transfusion. An added benefit of resveratrol is that it is a naturally 

occurring plant product that has minimal toxicity at high doses (Boocock, et al 2007, Dash, 

et al 2013, Juan, et al 2002, la Porte, et al 2010, Poulsen, et al 2013). The dosage used in our 

platelet storage studies are within the levels used pharmacologically or in nutritional 

supplements (Boocock, et al 2007, la Porte, et al 2010, Muzzio, et al 2012).

One limitation of our study was the sole use of platelets generated via the PRP method. 

Studies evaluating the potential of resveratrol to mitigate the platelet storage lesion in 

apheresis platelets are warranted. As resveratrol was added to platelets after leucoreduction 

and preparation for storage, similar results are likely to be seen in apheresis platelets. 

Furthermore, addition of resveratrol prior to leucoreduction and centrifugation has the 

potential to improve platelet function to a greater degree due to its ability to prevent 

activation of platelets immediately after treatment.
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We provide additional evidence for the potential health benefits of resveratrol, a naturally 

occurring anti-oxidant compound. Our novel findings on resveratrol treatment of platelets 

demonstrate that: (1) spontaneous platelet activation was decreased, (2) platelets have an 

improved ability to function normally post-storage, and (3) the thrombotic potential of 

stored platelets was markedly decreased following transfusion (probably due to the 

mitigation of platelet activation and apoptosis during storage). The crucial and innovative 

findings from these studies is that resveratrol has a dual ability to decrease inflammatory 

mediator release during storage, while preserving platelet function leading to enhanced in 

vivo survival. Our data support resveratrol, or perhaps similar, more stable and bioactive 

chemical analogues, as a promising new platelet storage additive. Future studies will be 

necessary to fully investigate the mechanisms by which resveratrol acts on stored platelets, 

and to determine the efficacy and safety of this approach in clinical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Resveratrol improves platelet spreading after storage
Human platelets were collected from healthy human donors and platelet concentrates (PC) 

were prepared according to standard blood banking procedures. PC were treated with 

vehicle or 10 μM resveratrol (Resv.) prior to storage and stored for up to 5 days at room 

temperature with agitation. After 1, 3 or 5 days of storage, platelets were washed and 

allowed to spread on fibrinogen-coated coverslips for 45 min. Coverslips were fixed and 

visualized by differential interference contrast (DIC) optics using an Olympus BX51 

microscope at 100X and SPOT computer software. Scale bars = 10 μm. One representative 

donor of 3 is shown (A–B). The percentage of fully spread platelets per field of view was 

determined by manually counting four fields of view for 5 individual donors (C). Mean +/− 

SEM. n=5 Statistical significance determined by Two-Way RM ANOVA with Dunnett’s 

post-test. † p<0.05, †† p<0.01 compared to Day 1. *p<0.05, **p<0.01 compared to vehicle.
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Figure 2. Resveratrol prevents accumulation of proinflammatory mediators during storage
Human platelets were collected from healthy human donors and platelet concentrates (PC) 

were prepared according to standard blood banking procedures. PC were treated with 

vehicle (Veh) or 10 μM resveratrol (Resv.) prior to storage and stored for up to 5 days at 

room temperature with agitation. Supernatant mediator levels in platelet poor plasma were 

analysed by enzyme immunoassy (A–B) or enzyme-linked immunosorbent assay (C–D). 

Membrane-bound CD62P expression was evaluated on washed platelets by flow cytometry 

(E). Reactive oxygen species (ROS) production was measured in platelets using H2DCFDA 

dye (F). Mean +/− SEM. n=3 Statistical significance was determined by Two-Way RM 

ANOVA with Dunnett’s post-test. *p<0.05, ***p<0.001
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Figure 3. Resveratrol preserves the ability of platelets to activate post-storage
Human platelets were collected from healthy human donors and platelet concentrates (PC) 

were prepared according to standard blood banking procedures. PC were treated with 

vehicle (Veh), 10 μM resveratrol (Resv.), or 5 μM aspirin (ASA) prior to storage and stored 

for up to 5 days at room temperature with agitation. Platelets (1 × 108 platelets/ml) were 

washed and either left unactivated or activated with 0.2 u/ml thrombin for 15 min. 

Supernatants were collected and thromboxane B2 (TXB2) and prostaglandin E2 (PGE2) were 

assayed by enzyme immunoassy. Mean +/− SEM. n = 4 Statistical significance was 

determined by Two-Way RM ANOVA with Bonferroni post-test. *p<0.05, *p<0.01, 

***p<0.001
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Figure 4. Resveratrol preserves the ability of platelets to aggregate post-storage
Human platelets were collected from healthy human donors and platelet concentrates (PC) 

were prepared according to standard blood banking procedures. PC were treated with 

vehicle (Veh), 10 μM resveratrol (Resv.), 10 μM trans-trimethoxy-resveratrol (TMR) or 5 

μM aspirin (ASA) prior to storage and stored for up to 5 days at room temperature with 

agitation. Platelet poor plasma was generated from each sample and used as a reference 

denoting 100% light transmittance. Aggregation was initiated by addition of 10 μM ADP 

(A–B), 10 μg/ml collagen (C–D) or 5μM ADP + 5 μg/ml collagen (E–F). Representative 
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traces from one donor at day 5 are shown (A, C, E). Dual agonist stimulation was only 

performed at day 5 post-storage (F). Mean +/− SEM. n = 4 Statistical significance was 

determined by one-way (F) or two-way (B, D) RM ANOVA with Dunnett’s post-test. 

**p<0.01
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Figure 5. Resveratrol improves the function of stored human platelets in an in vitro model of 
transfusion
Human platelets were collected from healthy donors and processed according to standard 

blood banking procedures. Platelet concentrates were treated with vehicle (Veh) or 10 μM 

resveratrol (Resv.) prior to storage and stored for up to 5 days at room temperature with 

agitation. Thrombocytopenic whole blood (B) was generated from fresh whole blood (A). 

Stored control platelets (C) or stored resveratrol-treated platelets (D) (20 × 109/l) were 

mixed at a 1:4 ratio with autologous fresh thrombocytopenic whole blood. 

Thromboelastography was measured within 2 h of collection. The maximum amplitude 

(MA; mm; indicated by dotted line) was measured for each sample. One representative 

donor from day 5 post-storage (A–D) and quantification of 3 independent donors (E) are 

shown. The platelet counts following transfusion were measured (F). Mean +/− SEM. n=3 

Statistical significance was determined by Two-Way RM ANOVA with Dunnett’s post-test. 

*p<0.05
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Figure 6. Resveratrol mitigates apoptosis that occurs during platelet storage
Human platelets were collected from healthy donors and processed according to standard 

blood banking procedures. Platelet concentrates (PC) were treated with vehicle (Veh; V) or 

10 μM resveratrol (Resv.; R) prior to storage and stored for up to 5 days at room temperature 

with agitation. Mitochondrial membrane potential was measured using JC-1 dye on washed 

platelets generated at each time point (A). Washed platelets were lysed and immunoblotted 

for Bcl-xl, Bak, active caspase-3 and actin (B). Densitometry was performed for three 

independent human donors (C–D). The percentage of annexin V positive platelets and the 

percentage of platelet microparticles (PMPs) relative to platelets were determined by flow 

cytometry (E–F). Mean +/− SEM. n=4 (A–D), n=6 (E–F) Statistical significance was 

determined by Two-Way RM ANOVA with Dunnett’s post-test. *p<0.05, **p<0.01.
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Figure 7. Trans-resveratrol-treated platelets have a longer half-life and decreased thrombosis in 
vivo post-transfusion
Blood was collected via retro-orbital bleeds from 30 C57Bl/6 mice, and platelet rich plasma 

(PRP) was generated via centrifugation. PRP was treated with vehicle (0.1% DMSO) or 10 

μM trans-resveratrol and stored for 24 h at room temperature with gentle agitation. (A) 

Platelets were fluorescently labelled with CFSE and transfused into 8-week-old C57Bl/6 

autologous recipients retro-orbitally. Blood was collected via retro-orbital bleed after 4, 24 

or 48 h and the percentage of CFSE-positive platelets was determined by flow cytometry. 

n=12. Mean+/− SEM. Statistical significance was determined by Two-Way ANOVA with 

Bonferroni post-test. **p<0.01, ***p<0.001. (B) Fresh (C), control stored platelets (D), or 
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resveratrol-treated stored platelets (10 μM; E) were fluorescently labelled with calcein-AM 

and transfused into 4-week-old C57Bl/6 autologous recipients retro-orbitally. 10% ferric 

chloride was applied to a mesenteric arteriole to initiate thrombosis. Blood flow was 

visualized by intravital microscopy; dotted lines indicate vessel wall location. Images from 

650 s are shown for one representative animal (C–E) and the time to full vessel occlusion 

was measured (B). Statistical significance was determined by One-Way ANOVA with 

Tukey post-test. *p<0.05, ***p<0.001
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