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Abstract

Background: Polyphenols have been shown to decrease oxidative stress and modulate

glycemic response. Nevertheless, their effect on platelet bioenergetics and clot struc-

ture in diabetes and hyperglycemia is unknown.

Objectives: To investigate the effect of polyphenols on human platelet bioenergetics

and its subsequent effect on clot structure in normoglycemia vs acute hyperglycemia

in vitro.

Methods: Four polyphenols (resveratrol, hesperetin, epigallocatechin gallate [EGCG],

and quercetin) were selected for initial analysis. Healthy volunteers’ isolated platelets/

platelet-rich plasma were treated with 5 or 25 mM glucose to represent normoglycemia

and acute hyperglycemia, respectively. Platelet-derived reactive oxygen species (ROS),

citrate synthase activity (mitochondrial density), mitochondrial calcium flux, and

mitochondrial respiration were performed following exposure to polyphenols (20 mM, 1

hour) to determine their effects on platelet bioenergetics. Procoagulant platelets

(annexin V) and fibrin fiber density (Alexa Fluor-488 fibrinogen; Invitrogen) were

analyzed by laser scanning confocal microscopy, while clot porosity was determined

using platelet-rich plasma following exposure to polyphenols (20 mM, 20 minutes).

Results: Acute hyperglycemia increased ROS, mitochondrial calcium flux, maximal

respiration, and procoagulant platelet number. Resveratrol, quercetin, and EGCG

reduced platelet ROS in normoglycemic and acute hyperglycemic conditions. Mito-

chondrial density was decreased by quercetin and EGCG in normoglycemia. Resvera-

trol and EGCG reduced mitochondrial calcium flux in acute hyperglycemia. Resveratrol

also decreased procoagulant platelet number and attenuated oxygen consumption rate

in normoglycemia and acute hyperglycemia. No effect of hyperglycemia or polyphenols

was observed on fibrin fiber density or clot pore size.

Conclusion: Our results suggest polyphenols attenuate increased platelet activity

stemming from hyperglycemia and may benefit thrombosis-preventative strategies in

patients with diabetes.
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K E YWORD S
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are associated with diabetes and thrombosis risk.

operties and can modulate glycemic response.

let bioenergetics stemming from acute hyperglycemia.

bosis prevention strategies for patients with diabetes.
1 | INTRODUCTION

Platelets and fibrin are key players involved in hemostasis [1]. Elevated

fibrin formation and altered platelet function can lead to increased risk

of pathological thrombosis [2]. Thromboembolic disorders are a major

health burden and cause of death worldwide [3,4]. Diabetes mellitus is

another key public health concern, expected to affect 698million adults

by 2045 without implementation of effective preventative measures

[5]. Despite advances in therapy and prevention strategies, up to 65%of

deaths in individuals with diabetes are attributed to thrombosis [6,7].

Thrombosis and diabetes risk are intrinsically linked, highlighting the

need for further investigations on novel ways to prevent and lessen

thrombosis events in patients with diabetes.

Platelet bioenergetics is critical to the production and expendi-

ture of substrates that support major processes such as activation,

adhesion, and aggregation [8]. Altered platelet activity and coagulation

have been associated with diabetes [9–11]. To add to that, abnormal

clot structure, presented as denser and less porous with increased

resistance to fibrinolysis, has been described in patients with diabetes

[12,13]. Platelet mitochondrial respiration and energy metabolism

have been associated with development of procoagulant platelets, a

subpopulation of activated platelets that contribute to increased

coagulation [14–19]. The effects of hyperglycemia on platelet bio-

energetics, contributing to the development of procoagulant platelets,

and its impact on clot structure remain to be described.

Dietary habits influence risk of cardiovascular disease and diabetes

[20]. Diets rich in fruits, vegetables, andwhole grains, for instance, have

been shown to contribute to management and prevention of type 2

diabetes by improving glycemic control [21]. Polyphenols are bioactive

plant-derived compounds with well-characterized antioxidant proper-

ties and reported cardiovascular and cardiometabolic benefits [22–24].

Polyphenols have been shown to modulate postprandial glycemic

response in vivo [25,26] and diminish oxidative stress induced by hy-

perglycemia [27]. Nevertheless, the effect of polyphenols on platelet

bioenergetics and its subsequent contribution to changes in clot

structure in hyperglycemia remain to be established.

In this study, we determined the effect of acute hyperglycemia

and polyphenols on platelet bioenergetics and clot structure. We

found that polyphenols rescue perturbed platelet bioenergetics

induced by hyperglycemia.
2 | METHODS

2.1 | Plant-derived compounds

Four polyphenols, namely, resveratrol (M02442, Fluorochem), quer-

cetin (N1841, Stratech Scientific), epigallocatechin gallate (EGCG;

A2600, Stratech Scientific), and hesperetin (H4125, Merck) were

reconstituted in dimethyl sulfoxide (DMSO; D5879, Honeywell) to 20

to 44 mM and stored at 4 ◦C or −20 ◦C (EGCG). The flavonoids

quercetin, EGCG, and hesperetin were chosen based on previous

studies demonstrating their effect on sugar uptake in vitro and post-

prandial glycemia modulation in vivo [25,27–30]. Resveratrol was

included based on previously shown effects on platelet aggregation

and thrombus formation in diabetes [31,32]. Polyphenols were diluted

from stock concentrations in saline to a final concentration of 20 μM

(<0.05% DMSO). Stock DMSO was diluted accordingly (based on 44

mM) and used in experiments throughout as a control. Chosen con-

centrations were consistent with a previous study on oxidative stress

in hyperglycemia [27]. Table 1 summarizes the characteristics of each

compound included in this study from the relevant literature.
2.2 | Human blood collection

Blood samples were collected from the antecubital vein of healthy vol-

unteers in acid citrate dextrose (ACD)-A (platelet isolation) or 0.109 M

sodiumcitrate vacutainers (clot structure experiments). Informedwritten

consent from volunteers was obtained, according to the Declaration of

Helsinki. Ethical approval was granted by the University of Leeds Medi-

cine and Health Faculty Research and University of Utah Medical School

Ethics Committees. Whole blood was centrifuged within 2 hours of

collection at 100× g for 20minuteswithout brakes to obtain platelet-rich

plasma (PRP).
2.3 | Reactive oxygen species

Platelet isolation was performed using modified Tyrode’s buffer con-

taining 5.6 mM or 25 mM glucose to represent normoglycemia and

acute hyperglycemia, respectively. Platelet activation inhibitor



T AB L E 1 Summary of compound characteristics and relevant previously reported effects.

Compound Classification Formula

Molecular

mass (g/mol) Structure

Common

source Relevant effects

Resveratrol Stilbene C14H12O3 228.25 Grape ↓ aggregation

↓ collagen-induced thrombus

formation in diabetes [31,32]

Quercetin Flavonoid C15H10O7 302.23 Apple ↓ ROS in normoglycemia and

hyperglycemia (HepG2 cells)

↓ sugar transport in vitro [27,29]

Hesperetin Flavonoid C16H14O6 302.28 Citrus fruit ↓ sugar transport in vitro

Modulated postprandial glycemic

response [25,29]

EGCG Flavonoid C22H18O11 458.37 Green tea ↓ sugar transport in vitro

↓ postprandial glycemic

response [28–30]

“↓” indicates significant decrease.

ATP, adenosine triphosphate; EGCG, epigallocatechin gallate; ROS, reactive oxygen species.
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prostaglandin I2 was added to PRP (200 nM) prior to centrifugation at

1000 × g for 10 minutes (no brakes). The platelet pellet was washed

with modified Tyrode’s buffer, centrifuged (as described previously),

resuspended (2 × 108) in warm modified Tyrode’s buffer, and rested at

37 ◦C for 30 minutes prior to use. Washed platelets were incubated

with polyphenols (20 mM) for 1 hour prior to cellular reactive oxygen

species (ROS) measurements, quantified by fluorescence intensity of

permeant reagent 2′,7′-dichlorofluorescein diacetate (assay kit,

601520, Cayman) at 500/550 nm excitation/emission using a Synergy

H1 plate reader (BioTek).
2.4 | Citrate synthase activity

Platelet isolation and incubation with polyphenols were performed

as described above. Platelets were lysed using immunoprecipitation

lysis buffer (1:1), and citrate synthase activity, the most commonly

used marker of mitochondrial content [33–36], was measured as

previously described [33]. Briefly, a reaction mixture composed of

100 mM Tris-HCl pH 8.0, 0.2 mM acetyl coenzyme A (A2056,

Merck), 0.1 mM 5,5′-dithiobis (2-nitrobenzoic acid; 22582, Thermo

Fisher Scientific), and 1 mM oxaloacetate (omitted in negative con-

trols; 328-42-7, Merck) was added to platelet lysates, in triplicates.

Citrate synthase activity was measured at 412 nm every 20 seconds

for 10 minutes at 37 ◦C using a PowerWave microtiter-plate reader

(BioTek). Activity represents conversion of substrate (micromoles)

into product over time (minutes).
2.5 | Mitochondrial calcium flux

Platelet isolation and subsequent dilution were performed using

Tyrode’s buffer containing 5.6 mM or 25 mM glucose to represent

normoglycemia and hyperglycemia, respectively. Platelet activation

inhibitor prostaglandin E1 was added to PRP (200 nM) prior to

centrifugation at 1000 × g for 20 minutes (no brakes). The platelet

pellet was washed with Tyrode’s buffer, centrifuged (as described

previously), and resuspended (2 × 108) in warm Tyrode’s buffer.

Platelets were labeled with X-Rhod-1 (1 mM; X14210, Invitrogen)

calcium indicator dye for 1 hour at 37 ◦C away from light. Samples

were centrifuged at 1000 × g for 10 minutes (no brakes), following the

addition of prostaglandin E1, resuspended, and diluted to 2 × 107 in

Tyrode’s buffer. Samples were incubated with polyphenols (20 mM) for

1 hour at 37 ◦C away from light. Platelet marker CD41-APC (559777,

BD) was added to samples, and mitochondrial calcium flux was

measured kinetically with CytoFLEX S Flow Cytometer (Beckman

Coulter). Baseline (BL) signal was obtained for 1 minute prior to

activation with 100 ng/mL convulxin and 24 mM CaCl2. Kinetic profile

was obtained using FlowJo software (version 10.9.0; FlowJo, LLC).
2.6 | Oxygen consumption rate

Platelet isolation was performed as described above and platelets were

resuspended inXDMEMmedia (102353-100,Agilent) supplementwith 1

mMpyruvate, 4mML-glutamine, and either 5.5mMor25mMD-glucose.
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Platelets were incubated with polyphenols (20 mM) for 1 hour at 37 ◦C
prior to mitochondrial stress test, performed using a Seahorse XF

Analyzer (Agilent) to determine oxygen consumption rate (OCR). Once

BLOCR levelsweredetermined (4measurements of 3× 3minutes ofmix

and read), plateletswereactivatedwith100ng/mLconvulxin, followedby

subsequent injections of oligomycin [adenosine triphosphate (ATP)

synthase inhibitor; 1 mM], carbonylcyanide-p-trifluoromethoxy

phenylhydrazone (uncoupling agent; 0.6 mM), rotenone, and antimycin

A (complex I and III inhibitors; 1 mM) to determine OCR profile.
2.7 | Laser scanning confocal microscopy

Sample preparation and imagingwere performed as previously described

[37]. Briefly, PRP was diluted 1:6 with saline (154 mM NaCl) containing

0 mM, 5 mM (representative of normoglycemia), or 25 mM glucose

(representative of hyperglycemia). Annexin V (1:8; R37176, Invitrogen)

and polyphenols (20 mM) were added to samples, which were incubated

for 20 minutes at room temperature away from light before spiking with

50 mg/mL Alexa Fluor 488-fibrinogen (F13191, Invitrogen). Tissue factor

(1.2 pM; 86196, Stago) and CaCl2 (5 mM) were added to the samples to

initiate clotting, followed by immediate transfer to Ibidi uncoatedm-Slide

0.4 mm (Ibidi GmbH) and placement in a dark humidity chamber for 2

hours. Imagingwasperformedusing aZeissLSM800 invertedmicroscope

(Carl Zeiss AG) with a 40× oil immersion lens. Compiled and flattened

optical z-stacks (45 × 0.7 mm) were used for fiber density (average fibers

from 3 separate locations on the clot crossing 160 mm arbitrary line) and

procoagulant platelet number (particle count) measurements on ImageJ

(version 2.0, National Institutes of Health).
2.8 | Platelet deposition under arterial shear flow

Platelets were isolated as described above and resuspended in 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Tyrode’s

buffer pH 7.4 (128 mM NaCl, 2.8 mM KCl, 20 mM HEPES, 0.4 mM

NaH2PO4, 12 mM NaHCO3, 1 mM MgCl2, 5 mM glucose, and 0.35%

bovine serumalbumin) at 6×108 platelets/mL. After removing PRP, red

blood cells (RBCs) were resuspended in HEPES Tyrode’s buffer pH 6.5

and centrifuged at 200 × g for 7 minutes. A second wash was then

performed at 1200 × g for 7 minutes. Platelets were incubated for 15

minutes with either 20 μMresveratrol (Tocris) or buffer and stained for

15 minutes with 0.5 mM DIOC6(3) (Thermo Fisher Scientific) to label

the platelets. Stained plateletsweremixedwithwashedRBCs to reach a

40% hematocrit. A Cellix Mirus Evo Pump 8-channel pulse-free micro-

fluidic syringe pump was used to perfuse the RBC-platelet mixture on a

multichannel chip (Vena8Fluoro+Biochips, Cellix). The chipwas coated

with 20 μg/mL of collagen (Chronolog) overnight at 4 ◦C and then

washed and blocked with 1% bovine serum albumin in phosphate-

buffered saline (pH 7.4) for 1 hour at 37 ◦C. The RBC-platelet mixture

was then perfused for 5 minutes at 1500 s−1. For sample analysis, one

section of the channel was selected and recorded for 5 minutes. An

image at the 5-minute time point from when platelets first adhered to
collagen strands was selected for analysis. Images were analyzed using

ImageJ by using an automatic threshold analysis to determine the

number of adherent platelets. The number of pixels identified as

platelets per field of area was used to calculate platelet adhesion.

Methods relevant to supplementary figures are included as

Supplementary Methods.
2.9 | Statistical analysis

Data are presented as the mean ± SEM. The “n” number represents the

number of independent individual repeats. Technical repeats, where

relevant, are averaged and account for 1 repeat. Normal distribution of

data was assessed with the Shapiro–Wilk test for normality. Differences

between conditions were determined by one-way analysis of variance or

Kruskal–Wallis test followedbyTukey–KramerorDunn–Bonferronipost

hoc test todeterminesignificance. Two-wayanalysis of variancewasused

to determine differences in OCR. Differences between normoglycemic

and hyperglycemic conditions were determined by paired 2-tailed ho-

moscedastic Student’s t-test. P values <.05 were considered to indicate

statistical significance. Data analysis was performed using GraphPad

Prism software (version 10.1.1; GraphPad, LLC).
3 | RESULTS

3.1 | Polyphenols attenuate platelet cellular ROS

Whole platelet ROS, indicative of oxidative stress, and mitochondria-

derived ROS were significantly increased (19% ± 1%; P < .05) in

healthy volunteers’ platelets isolated under acute hyperglycemic

conditions (25 mM glucose in isolation buffer) compared with nor-

moglycemic control (Figure 1A; Supplementary Figure S1). Treatment

of platelets with polyphenols led to a reduction in total platelet ROS

under normoglycemic (46% ± 5%, 56% ± 3%, and 43% ± 5% for

resveratrol, quercetin, and EGCG, respectively; P < .0001) and hy-

perglycemic conditions (73% ± 2%, 69% ± 4%, and 62% ± 3% for

resveratrol, quercetin, and EGCG, respectively, P < .001; Figure 1A).

There was no change observed by the compounds on mitochondria-

derived ROS (Supplementary Figure S1). As the polyphenols were

solubilized in DMSO, the effect of equivalent concentrations of this

solvent was also investigated, with no differences in ROS observed.

Interestingly, the effect of resveratrol on modulation of whole platelet

ROS was more pronounced (38% ± 4%; P < .001) under hyperglyce-

mic conditions compared with the decrease observed in the presence

of this compound in normoglycemia (Figure 1A).
3.2 | Polyphenols decrease platelet mitochondrial

density

Mitochondria are central regulators of ROS formation; therefore, we

investigated whether acute hyperglycemia and/or polyphenols



F I GUR E 1 Quantification of platelet-derived reactive oxygen species and platelet mitochondrial density in the presence of polyphenols.

Comparison of (A) platelet cellular reactive oxygen species (quantified by fluorescence intensity of permeant reagent 2′ ,7′-dichlorofluorescein
(DCF) diacetate at 500/550 nm excitation/emission;) and (B) platelet mitochondrial density (determined using a citrate synthase activity) in

normoglycemic vs hyperglycemic conditions (5.6 mM vs 25 mM glucose in isolation buffer, respectively). Washed platelets were incubated with

polyphenols (20 mM) for 1 hour prior to measurements. “−ve control” in A refers to N-acetyl cysteine (provided with a commercial assay kit).

Results are shown as mean ± SEM, n = 4 with 3 technical repeats. EGCG, epigallocatechin gallate; hesp, hesperetin ns, nonsignificant; resv,

resveratrol. *P < .05; **P < .01; ***P < .001; ****P < .0001 difference from control (washed platelets only) or dimethyl sulfoxide (DMSO) in black

or gray, respectively. #P < .01; ###P < .001 difference from the corresponding condition at 5.6 mM.
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affected mitochondrial density and citric acid cycle activity. Platelet

mitochondrial density was determined using the citrate synthase ac-

tivity assay. There was no significant difference in mitochondrial

density in healthy volunteers’ platelets isolated under normoglycemic

vs acute hyperglycemic conditions (Figure 1B). Under normoglycemia,

quercetin and EGCG led to a significant decrease (31 ± 6 and 31 ± 2,

respectively; P < .05) in citrate synthase activity (Figure 1B). No sig-

nificant differences were observed for polyphenols in hyperglycemic

conditions or by DMSO control under either condition (Figure 1B).
3.3 | Acute hyperglycemia increases platelet

mitochondrial calcium flux

Mitochondrial calcium flux is critical for cellular function by contributing

to the regulation of energy production/expenditure. Platelet mitochon-

drial calciumfluxwasdeterminedkineticallybyflowcytometry inhealthy

volunteers’ platelets isolated under normoglycemic vs acute hypergly-

cemic conditions and stained with calcium indicator dye X-Rhod-1.

Different concentrations of agonists were used during method optimi-

zation (Figure 2A), with 100 ng/mL convulxin being chosen for further

experiments. Under the chosen conditions, there was a significant in-

crease in mitochondrial calcium flux (measured by the area under the

curve; 48%±8%;P< .05) inplatelets isolated under acute hyperglycemic

conditions compared with normoglycemia control (Figure 2A, B).
3.4 | Polyphenols attenuate hyperglycemia-induced

platelet mitochondrial calcium flux

Oncewedetermined that acute hyperglycemia increasedmitochondrial

calcium flux, we explored the potential modulation effects of
polyphenols. Following platelet isolation and staining with a calcium

indicator, platelets were treated with resveratrol (Figure 2C), hesper-

etin (Figure 2D), or EGCG (Figure 2E) under normoglycemic and hy-

perglycemic conditions. An equivalent concentration of DMSO in

samples with polyphenols was added to control samples without poly-

phenol compounds. Increasedmitochondrial calciumfluxareaunder the

curve in acute hyperglycemia (36% ± 7% compared with normoglyce-

mia control with DMSO; P < .01) was attenuated following incubation

with resveratrol (75%± 3%; P< .0001), and EGCG (67%± 7%; P< .001;

Figure 2F). No significant changeswere observed under normoglycemia

or in the presence of hesperetin under either condition (Figure 2F).
3.5 | Resveratrol attenuates platelet OCR

As resveratrol had a more pronounced effect on ROS under acute

hyperglycemic conditions, in addition to a substantial decrease in

mitochondrial calcium flux under the same condition, this compound

was selected for mitochondrial respiration testing. Platelets from

healthy volunteers were isolated under normoglycemic or hypergly-

cemic conditions and incubated with resveratrol or equivalent DMSO

concentration (control). BL OCRs were determined for all conditions

prior to activation of platelets. From the OCR profile (Figure 3A),

specific parameters were determined (Figure 3B).

Basal maximal respiration and spare respiratory capacity (basal

respiration subtracted frommaximal respiration) were increased (26%±
7% and 45% ± 11%, respectively; P < .05) in acute hyperglycemic con-

ditions compared with normoglycemia control. A significant increase in

ATP production after activation in normoglycemia was observed

compared with BL (30% ± 5%; P < .05). Resveratrol decreased basal

respiration (after activation) in normoglycemia and acute hyperglycemia

conditions (30% ± 8% and 45% ± 8%, respectively; P < .01). Maximal



F I GUR E 2 Mitochondrial calcium flux in normoglycemic vs acute hyperglycemic conditions in the absence and presence of polyphenols.

Healthy volunteers’ platelets were isolated in isolation media containing 5.6 mM vs 25 mM glucose in isolation buffer (representing

normoglycemia and acute hyperglycemia, respectively). Mitochondrial calcium flux was measured kinetically by flow cytometry in platelets

labeled with X-Rhod-1 calcium indicator dye for 1 hour activated with convulxin. (A) Different concentrations (25-100 ng/mL) of convulxin were

tested, with 100 ng/mL chosen for future experiments based on changes in area under the curve (AUC). (B) Kinetic time series, obtained with

FlowJo, for platelets activated with 100 ng/mL convulxin. Following incubation with X-Rhod-1 calcium indicator dye for 1 hour, platelets were

incubated with 20 mM (C) resveratrol (resv), (D) hesperetin (hesp), or (E) epigallocatechin gallate (EGCG) for 1 hour prior to analysis. An

equivalent concentration of dimethyl sulfoxide in samples with polyphenols was added to controls (ctl). (F) AUC was determined in

normoglycemia vs acute hyperglycemia in the presence of polyphenols. Results are shown as mean ± SEM, (A and B) n = 3 to 5 and (C–F) n = 3.

*P < .05; **P < .01; ***P < .001; ****P < .0001 difference from ctl.
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F I GUR E 3 Quantification of oxygen consumption rate (OCR) in normoglycemia and acute hyperglycemia in the presence of resveratrol (Resv).

Mitochondrial stress test was performed on healthy volunteers’ isolated platelets in the presence and absence of Resv using Seahorse XFAnalyzer

to determine OCR. Healthy volunteers’ platelets were isolated in isolation media containing 5.6 mM vs 25 mM glucose in isolation buffer

(representing normoglycemia and acute hyperglycemia, respectively). Isolated platelets were treatedwith Resv (20 mM) for 45 to 60minutes prior

to activation andanalysis. (A)Oncebaseline (BL)OCR levelsweredetermined, plateletswere activated (Act)with 100ng/mLconvulxin, followedby

subsequent injections of oligomycin [adenosine triphosphate (ATP) synthase inhibitor], carbonylcyanide-p-trifluoromethoxyphenylhydrazone

(uncoupling agent), and rotenone and antimycin A (complex I and III inhibitors) to determine OCR profile. Agonist was not added to BL samples.

FromtheOCRcurve, (B) basal respiration, proton leak,maximal respiration, spare respiratory capacity, nonmitochondrial oxygenconsumption, and

ATP production were determined. Results are shown as mean ± SEM, n = 3 to 4. *P < .05; **P < .01; ***P < .001; ****P < .0001 difference.
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respiration after activationwas also decreasedby resveratrol under both

conditions (35% ± 7% and 48% ± 11% for normoglycemia and hyper-

glycemia, respectively; P < .001). In addition, ATP production under

normoglycemia and acute hyperglycemia conditions was reduced by

resveratrol (30% ± 9% and 49% ± 10%, respectively; P < .05). No sig-

nificant changes were observed for proton leak (basal respiration not

coupled to ATP synthesis) or nonmitochondrial oxygen consumption for

the conditions tested (Figure 3B).
3.6 | Resveratrol modulates procoagulant platelet

number

Platelet mitochondrial respiration has been suggested to contribute to

the development of procoagulant platelets [14,15]. Therefore, we

investigated the effects of resveratrol on procoagulant platelet devel-

opment, followed by clotting of PRP triggered with tissue factor. Acute

hyperglycemia (dilution and incubation of PRP with 25 mM glucose)



F I GUR E 4 Procoagulant platelet and fibrin fiber quantification in clots formed in the presence of resveratrol in normoglycemic vs acute

hyperglycemic conditions. Healthy volunteers’ platelet-rich plasma (PRP) was diluted with saline containing no glucose, 5 mM (representative of

normoglycemia), or 25 mM (representative of hyperglycemia) glucose. (A) Absolute procoagulant platelet number was determined by laser scanning

confocal microscopy. (B) Fibrin fiber density was determined by laser scanning confocal microscopy. (C) Representative confocal images of

procoagulant platelets (annexinV). (D) Representative confocal images offibrinfibers (Alexa Fluor-488 fibrinogen). “PRP” refers to clots formed in the

absenceof resveratrol, and “Resveratrol” refers toclots formed in thepresenceof 20mMof thecompound.Dimethyl sulfoxide (“DMSO”) refers to clots

formed in the presenceof anequivalent concentrationof this solvent in the “Resveratrol” sample as a control. Tissue factorwas used to initiate clotting

following 20-minute incubationwith 0 to 5mMglucose± resveratrol. Results are shown asmean± SEM, n = 4. *P< .05; **P< .01; ***P< .001; ****P<

.0001 difference fromPRP control or DMSO in black and gray, respectively. ##P< .01 difference from0mMPRP control. Scale bar represents 25 mm.
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significantly increased procoagulant platelet number compared with sa-

line control (48 ± 5 vs 29 ± 3, respectively; P < .01; Figure 4A). Quanti-

fication of procoagulant platelets (using annexin V) was performed from

laser scanning confocal images (Figure4C). Procoagulant plateletnumber

was reduced following resveratrol treatment in saline control (15± 3 for

resveratrol treatment;P< .001) and innormoglycemic (22±3and39±7

for resveratrol treatment and control, respectively; P < .05) and hyper-

glycemic conditions (32±5 for resveratrol treatment;P< .05;Figure4A).
3.7 | Thrombus formation and clot structure

measurements

Conversely to the effects of resveratrol on procoagulant platelets dis-

cussed above, we observed no effect of this compound on fibrin fiber

density in clots made with PRP under the conditions tested (Figure 4B).

Fibrin fiber density (Alexa Fluor-488 fibrinogen) was determined from

laser scanning confocal images (overlayed with procoagulant platelet



F I GUR E 5 Thrombus formation under shear flow in normoglycemia in the presence of resveratrol (Resv). Healthy volunteers’ platelets

were isolated in isolation media containing 5 mM glucose (representing normoglycemia). Isolated platelets were treated with Resv (20 mM) or

buffer (control) and stained with 0.5 mM DIOC6 for 15 minutes. Washed red blood cells were added to samples to a final hematocrit of 40%.

Red blood cell–platelet mixture was perfused over 20 μg/mL of a collagen-coated chip using a microfluidic syringe pump and recorded for 5

minutes at 1500 s−1. (A) Platelet deposition at 5-minute time point from when platelets first adhered to collagen strands was quantified from

images. Representative image of platelet deposition in (B) control and (C) Resveratrol treated platelets. Results are shown as mean ± SEM, n = 5.

*P < .05 difference from control.
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channel; Figure 4D). We further observed no significant changes in clot

pore size, indicative of clot architecture, in clots treatedwith resveratrol

and other polyphenols under normoglycemic and acute hyperglycemic

conditions (SupplementaryFigureS2). Therewerenodifferences inPRP

maximal clot firmness or clotting time in thromboelastic analysis of the

extrinsic and intrinsic pathways in the presence of polyphenols

(Supplementary Figure S3A, B). The kinetic profile of fibrin polymeri-

zation in PRP clots was also unchanged in the presence of polyphenols

(Supplementary Figure S4A–C). Thrombus formation, measured under

arterial shear, demonstrated a significant decrease in platelet deposi-

tion under normoglycemic conditions in the presence of resveratrol

(75%± 5% reduction with resveratrol treatment; P< .05; Figure 5A–C;

Supplementary Videos S1 and S2). A summary schematic of our main

findings is presented in Figure 6.
4 | DISCUSSION

Our study shows that polyphenols attenuate increased ROS and en-

ergy consumption brought about by acute hyperglycemia in platelets.

A summary of results is shown in Table 2. We also demonstrated that

platelet procoagulant number, elevated in acute hyperglycemia, is

reduced in the presence of resveratrol. Oxidative stress and increased

ROS in hyperglycemia have been associated with pathogenesis of

diabetes and other metabolic diseases [38]. Polyphenols have well-

characterized antioxidant properties and recent meta-analyses of

randomized controlled trials and population-based cohort studies

show that polyphenols reduce cardiometabolic and cardiovascular

disease mortality [22–24]. Previous studies have shown that poly-

phenols modulate postprandial glycemic response in vivo and decrease

hyperglycemic-induced oxidative stress in vitro [25–27]. In this study,

we also observed increased ROS and OCRs in hyperglycemia,

consistent with previous reports [16,39], and newly show that mito-

chondrial calcium flux increases in platelets under hyperglycemic
conditions. We also explore, for the first time, the effect of poly-

phenols on platelet bioenergetics and clot structure in the context of

hyperglycemia.

We observed that polyphenols decrease platelet ROS in both

normoglycemic and acute hyperglycemic conditions. Interestingly,

resveratrol had a more pronounced effect in the acute hyperglyce-

mic condition. As mitochondria are central regulators of ROS for-

mation [40,41], we explored the effect of hyperglycemia and

treatment of polyphenols on 1) mitochondrial density, 2) mitochon-

drial calcium flux, and 3) OCR. Polyphenols decreased mitochondrial

density in platelets under normoglycemia, consistent with previous

reports on a liver cell line [27]. It has been hypothesized that changes

in mitochondrial density by polyphenols (quercetin) are attributable

to lowered lipogenesis [27]. Recent studies have demonstrated the

crucial role of de novo lipogenesis in the differentiation of mega-

karyocytes and platelet production [42,43]. Further characterization

is required to determine the mechanism via which polyphenols

contribute to decreased mitochondrial density in platelets. In this

study, we observed no significant changes in mitochondrial citrate

synthase activity in hyperglycemia in the absence or presence of

polyphenols. This suggests that the increased ROS in hyperglycemia

is unlikely due to elevated mitochondria density. Therefore, we

investigated the impact of hyperglycemia on mitochondrial calcium

flux. Acute hyperglycemia increased platelet mitochondrial flux,

indicating elevated metabolism. Two compounds, namely resveratrol

and EGCG, attenuated mitochondrial calcium flux. This suggests that

polyphenols have the potential to modulate platelet energy expen-

diture/production, contributing to more stable glycemic control. Our

findings are consistent with previous reports of improved mito-

chondrial bioenergetics by polyphenols in pancreatic beta-cells and

neuron cultures [44,45], proposing benefits of compounds in the

context of diabetes and inflammation.

It has been reported that platelets in individuals with diabetes are

“hyperactive” and that calcium flux influences mitochondrial



F I GUR E 6 Summary schematic of the relationship between platelet bioenergetics and clot structure with thrombosis risk. Platelet

mitochondrial (brown) is a central regulator of reactive oxygen species (ROS), energy consumption and expenditure (respiration), and

procoagulant platelet formation. Platelet mitochondrial features that may influence bioenergetics (purple) include mitochondrial number

(density) and calcium (Ca2+) influx. Procoagulant platelets support coagulation, having an impact on clot structure (blue) phenotype (eg, clot

density and permeability). Altered (Δ) platelet bioenergetics and clot structure increase (↑) thrombosis risk. Red upward arrow represents

observed increase with acute hyperglycemia, and I represents attenuation effect by polyphenols. ATP, adnosine triphosphate; CoA, coenzyme A;

FAD, Flavin Adenine Dinucleotide; NAD, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine dinucleotide hydrogen.
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respiratory capacity and function [9,46]. Therefore, to establish how

changes in mitochondrial calcium flux impacted platelet metabolism,

we explored the effect of hyperglycemia and resveratrol on OCR. As

expected, we observed increased respiration in acute hyperglycemic

conditions, while platelet activation (P-selectin and PAC1 in response

to varying concentrations of convulxin) remained unchanged in com-

parison with normoglycemia (data not shown). Resveratrol modulated

OCR in both normoglycemic and acute hyperglycemic conditions. This

suggests that this compound may have potential benefits in
T AB L E 2 Summary of effects of normoglycemia vs acute hyperglycem

Parameter measured

Normoglycemic conditions

þ polyphenols

ROS (basal) ↓ with resveratrol, hesperetin,

quercetin, and EGCG

Mitochondrial density (basal) ↓ with quercetin and EGCG

Mitochondrial Ca2+ flux ns

Mitochondrial stress test (resveratrol) ↓ basal resp. after activation

↓ max resp. after activation

↓ ATP product. after activation

Procoagulant platelets (resveratrol) ↓

Thrombus formation under

shear flow (resveratrol)

-

Fiber density ns

Pore size ns

“↑” indicates significant increase, “↓” indicates significant decrease.

ATP, adenosine triphosphate; BL, baseline; resp., respiration; EGCG, epigalloca
attenuating oxidative metabolism, thereby contributing to improved

glycemic control and decreased inflammation [47,48].

Platelet energy metabolism and mitochondrial respiration have

been linked with development of procoagulant platelets [14,15].

Furthermore, calcium mobilization, followed by water influx, gives

procoagulant platelets their distinctive “balloon”-like morphology [49].

A procoagulant state has been reported in patients with diabetes,

including changes in platelet function and activation of the coagulation

cascade [10,11] and increased procoagulant platelet priming in
ia ± polyphenols on platelet bioenergetics and clot structure.

Acute hyperglycemic

conditions

Acute hyperglycemic conditions

þ polyphenols

↑ ↓ with resveratrol, quercetin, and EGCG

ns ns

↑ ↓ with resveratrol and EGCG

↑ BL max resp.

↑ BL spare resp.

capacity

↓ basal resp. after activation

↓ max resp. after activation

↓ ATP product. after activation

↑ ↓

↓ -

ns ns

ns ns

techin gallate; ns, nonsignificant change; ROS, reactive oxygen species.
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hyperglycemia [16]. Therefore, we explored the effect of acute hy-

perglycemia and resveratrol treatment on procoagulant platelet for-

mation and clot structure. We observed that acute hyperglycemia

increased procoagulant platelets, as expected, and that resveratrol

decreased procoagulant platelet numbers in normoglycemic and hy-

perglycemic conditions. This is in agreement with the mitochondrial

calcium flux and stress test results and indicates that resveratrol may

contribute to decreased prothrombotic state. Nevertheless, we

observed no significant effects of acute hyperglycemia on fiber density

or clot porosity. Furthermore, polyphenols tested in this study did not

alter fiber density, clot pore size, clot firmness in extrinsic/intrinsic

pathway-specific analyses, or clot polymerization. The reason for this

discrepancy between increased procoagulant platelet formation and

an absence of the effect on clot structure is currently unknown. It may

be that the PRP clot structure and function tests are not sensitive

enough for changes in platelet procoagulation. Alternatively, there

may be other mechanisms at play or contributing factors present

in vivo that attenuate the effects of procoagulant platelets under the

conditions tested in our clot structure assays. We hypothesize that the

effects of hyperglycemia and protection by polyphenols (namely,

resveratrol) on ROS are related to changes in OCR. Further in-

vestigations are required to determine if and/or how these changes

contribute to procoagulant platelet development.

Although there are some discrepancies [50–52], previous reports

have suggested a role for polyphenols/extracts as antithrombotic

agents, including decreased platelet aggregation by resveratrol

[31,32]. Resveratrol has also been shown to decrease collagen-

induced thrombus formation in samples from patients with diabetes

compared with control [32]. In our hands, this compound also

decreased platelet/PRP aggregation (data not shown) and platelet

deposition under shear flow. These reports support our findings that

polyphenols may have beneficial effects on platelet bioenergetics in

hyperglycemia and, thereby, attenuate elevated risk of thrombosis in

diabetes. Further investigations in vivo are required to establish the

effect of chronic hyperglycemia on platelet bioenergetics and the

potential benefits of polyphenols on thrombosis risk.

Unlike previous reports of changes in turbidity and clot firmness

by food extracts [51,53,54], we did not observe an effect of the

polyphenols tested on clot structure. It is possible that other com-

pounds present in specific food extracts included in these studies,

single or in combination, may influence clot structure. Differences in

incubation times, dosage, and sample preparation (eg, whole blood vs

PRP) may also contribute to differences in observations. More

recently, a study showed prolonged occlusion time in a ferric-chloride

injury model following treatment with flavonoid luteolin but no

changes in prothrombin or partial thromboplastin time [52]. Further

investigations are required to establish the effect of purified poly-

phenols and/or food extracts on clot structure and thrombus forma-

tion/stability. The presence of multiple hydroxyl groups contributes to

the free radical scavenger potential of the compounds used in this

study [55,56]. As shown in Table 1, resveratrol is the only compound

that does not share the common double-ring structure of compounds

from the flavonoid class. Structural characteristics of each compound
may contribute to their different effects on ROS attenuation and

platelet bioenergetics. Further studies are required to identify the

mechanisms of action associated with specific compounds/classes.

Furthermore, the effect of compounds on platelet bioenergetics in

acute hyperglycemia presented in this study supports the need for

future studies to determine the potential chronic effects of com-

pounds on hyperglycemia.

Our study explores for the first time the effect of polyphenols on

platelet bioenergetics in normoglycemia vs acute hyperglycemia and

the subsequent effect on clot structure in vitro. We show that com-

pounds tested attenuated increased platelet bioenergetics and meta-

bolism stemming from acute hyperglycemia. Our data suggest that

polyphenols may influence prothrombotic phenotype by affecting

cellular function rather than clot structure. In conclusion, polyphenols

may have potential benefits at attenuating platelet-mediated elevated

thrombosis risk in diabetes and may therefore potentially contribute

to thrombosis prevention strategies.
ACKNOWLEDGMENTS

The authors would like to thank the Faculty of Biological Sciences

Bioimaging and Flow Cytometry facility.
FUNDING

J.S.G. is supported by a Mautner BHF Career Development Fellow-

ship. J.S.G.’s training in RAC laboratory was supported by a Training

Fellowship of the International Society on Thrombosis and Haemo-

stasis. L.M.K. and I.C. were supported by Summer Studentships from

the British Society for Haemostasis and Thrombosis. L.D.R. acknowl-

edges the support of the Biotechnology and Biological Research

Council (BB/R013500/1), Diabetes UK (19/0006049), and the Medical

Research Council (MR/X009734/1). A.D.V.M. acknowledges the sup-

port of the Summerhayes Fellowship. R.A.C. is supported by National

Institutes of Health grants R01HL163019 and R01HL160808. A.A.

was funded by an American Society of Hematology Graduate Student

Fellowship. The RASA laboratory is supported by grants from the

British Heart Foundation (RG/18/11/34036) and the Wellcome Trust

(204951/B/16/Z). The RASA laboratory is further supported in part by

the National Institute for Health and Care Research (NIHR) Leeds

Biomedical Research Centre. The views expressed are those of the

author(s) and not necessarily those of the National Health Service, the

NIHR, or the Department of Health and Social Care.
AUTHOR CONTRIBUTIONS

J.S.G. conceived the study, performed experimental work, planned and

designed research, analyzed data, and wrote the manuscript. A.A. per-

formed shear experiments, optimized calcium flux and oxygen con-

sumption rate techniques, and advised on experimental work. L.M.K.

and I.C. performed clot structure experiments. A.D.V.M. and L.D.R.

advised on citrate synthase activity assay methodology and data anal-

ysis. R.A.S.A. and R.A.C. advised on study design and data interpretation

and edited the article. All authors critically reviewed the article.



12 of 13 - GAUER ET AL.
RELATIONSHIP DISCLOSURE

There are no competing interests to disclose.
X

Julia S. Gauer @gauer_s

Abigail Ajanel @abigail_ajanel

Lutale M. Kaselampao @metruthlutale

Isabel Candir @isabelcandir

Amanda D.V. MacCannell @MaccannellA

Lee D. Roberts @Roberts_Lab

Robert A. Campbell @rcampbell04

Robert A.S. Ariëns @RobertAriens

REFERENCES

[1] Rondina MT, Weyrich AS, Zimmerman GA. Platelets as cellular ef-

fectors of inflammation in vascular diseases. Circ Res.

2013;112:1506–19.

[2] Wendelboe AM, Raskob GE. Global burden of thrombosis: epide-

miologic aspects. Circ Res. 2016;118:1340–7.

[3] Roth GA, Johnson C, Abajobir A, Abd-Allah F, Abera SF, Abyu G,

et al. Global, regional, and national burden of cardiovascular diseases

for 10 causes, 1990 to 2015. J Am Coll Cardiol. 2017;70:1–25.

[4] ISTH Steering Committee for World Thrombosis Day. Thrombosis: a

major contributor to the global disease burden. J Thromb Haemost.

2014;12:1580–90.

[5] Cho NH, Shaw JE, Karuranga S, Huang Y, da Rocha Fernandes JD,

Ohlrogge AW, et al. IDF Diabetes Atlas: global estimates of diabetes

prevalence for 2017 and projections for 2045. Diabetes Res Clin Pract.

2018;138:271–81.

[6] Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ, Berry JD,

Borden WB, et al. Heart disease and stroke statistics—2012 update:

a report from the American Heart Association. Circulation.

2012;125:e2–220.

[7] National Health Service. National diabetes audit, 2017-18. Report 2a:

complications and mortality (complications of diabetes). https://www.

hqip.org.uk/wp-content/uploads/2019/12/National-Diabetes-Audit-

2017-18-Report-2a.pdf; 2019. [accessed December 23, 2023].

[8] George MJ, Bynum J, Nair P, Cap AP, Wade CE, Cox Jr CS, et al.

Platelet biomechanics, platelet bioenergetics, and applications to

clinical practice and translational research. Platelets. 2018;29:431–9.

[9] Einarson TR, Acs A, Ludwig C, Panton UH. Prevalence of cardio-

vascular disease in type 2 diabetes: a systematic literature review of

scientific evidence from across the world in 2007-2017. Cardiovasc

Diabetol. 2018;17:83. https://doi.org/10.1186/s12933-018-0728-6

[10] Pomero F, Di Minno MN, Fenoglio L, Gianni M, Ageno W, Dentali F.

Is diabetes a hypercoagulable state? A critical appraisal. Acta Dia-

betol. 2015;52:1007–16.

[11] Colwell JA. Treatment for the procoagulant state in type 2 diabetes.

Endocrinol Metab Clin North Am. 2001;30:1011–30.

[12] Jörneskog G, Egberg N, Fagrell B, Fatah K, Hessel B, Johnsson H,

et al. Altered properties of the fibrin gel structure in patients with

IDDM. Diabetologia. 1996;39:1519–23.

[13] Dunn EJ, Ariëns RA, Grant PJ. The influence of type 2 diabetes on

fibrin structure and function. Diabetologia. 2005;48:1198–206.

[14] Schoenwaelder SM, Darbousset R, Cranmer SL, Ramshaw HS,

Orive SL, Sturgeon S, et al. 14-3-3ζ regulates the mitochondrial

respiratory reserve linked to platelet phosphatidylserine exposure

and procoagulant function. Nat Commun. 2016;7:12862. https://doi.

org/10.1038/ncomms12862
[15] Hindle MS, Spurgeon BEJ, Cheah LT, Webb BA, Naseem KM. Multidi-

mensional flow cytometry reveals novel platelet subpopulations in

response to prostacyclin. J Thromb Haemost. 2021;19:1800–12.

[16] Denorme F, Portier I, Kosaka Y, Campbell RA. Hyperglycemia ex-

acerbates ischemic stroke outcome independent of platelet glucose

uptake. J Thromb Haemost. 2021;19:536–46.

[17] Agbani EO, van den Bosch MT, Brown E, Williams CM, Mattheij NJ,

Cosemans JM, et al. Coordinated membrane ballooning and-

procoagulant spreading in human platelets. Circulation.

2015;132:1414–24.

[18] Podoplelova NA, Sveshnikova AN, Kotova YN, Eckly A, Receveur N,

Nechipurenko DY, et al. Coagulation factors bound to procoagulant

platelets concentrate in cap structures to promote clotting. Blood.

2016;128:1745–55.

[19] Denorme F, Campbell RA. Procoagulant platelets: novel players in

thromboinflammation. Am J Physiol Cell Physiol. 2022;323:C951–8.

[20] Shan Z, Li Y, Baden MY, Bhupathiraju SN, Wang DD, Sun Q, et al.

Association between healthy eating patterns and risk of cardiovas-

cular disease. JAMA Intern Med. 2020;180:1090–100.

[21] Ley SH, Hamdy O, Mohan V, Hu FB. Prevention and management of

type 2 diabetes: dietary components and nutritional strategies.

Lancet. 2014;383:1999–2007.
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