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Abstract

Background: Approximately 17.3% of the global population exhibits an element of zinc

(Zn2+) deficiency. One symptom of Zn2+ deficiency is increased bleeding through

impaired hemostasis. Platelets are crucial to hemostasis and are inhibited by

endothelial-derived prostacyclin (prostaglandin I2 [PGI2]), which signals via adenylyl

cyclase (AC) and cyclic adenosine monophosphate signaling. In other cell types, Zn2+

modulates cyclic adenosine monophosphate concentrations by changing AC and/or

phosphodiesterase activity.

Objectives: To investigate if Zn2+ can modulate platelet PGI2 signaling.

Methods: Platelet aggregation, spreading, and western blotting assays with Zn2+

chelators and cyclic nucleotide elevating agents were performed in washed platelets

and platelet-rich plasma conditions. In vitro thrombus formation with various Zn2+

chelators and PGI2 was assessed in whole blood.

Results: Incubation of whole blood or washed platelets with Zn2+ chelators caused

either embolization of preformed thrombi or reversal of platelet spreading, respec-

tively. To understand this effect, we analyzed resting platelets and identified that

incubation with Zn2+ chelators elevated pVASPser157, a marker of PGI2 signaling. In

agreement that Zn2+ affects PGI2 signaling, addition of the AC inhibitor SQ22536

blocked Zn2+ chelation–induced platelet spreading reversal, while addition of Zn2+

blocked PGI2-mediated platelet reversal. Moreover, Zn2+ specifically blocked

forskolin-mediated AC reversal of platelet spreading. Finally, PGI2 inhibition of

platelet aggregation and in vitro thrombus formation was potentiated in the presence

of low doses of Zn2+ chelators, increasing its effectiveness in inducing platelet

inhibition.
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Conclusion: Zn2+ chelation potentiates platelet PGI2 signaling, elevating PGI2’s ability

to prevent effective platelet activation, aggregation, and thrombus formation.

K E YWORD S

adenylyl cyclase, bleeding, prostacyclin, zinc (Zn2+)
Essentials

• Zinc (Zn2+) deficiency causes a bleeding diathesis, and the

mechanisms behind this remain unclear.

• Zn2+ inhibits cyclic adenosine monophosphate (cAMP)

signaling, a key platelet inhibitory signaling cascade, in

other cell types.

• We found that cationic Zn2+ can inhibit platelet prosta-

glandin I2 (PGI2)-cAMP-protein kinase A signaling.

• Zn2+ chelation potentiates PGI2 activity, underpinning

why Zn2+ deficiency can induce bleeding.
1 | INTRODUCTION

Approximately 17.3% of the global population has inadequate Zn2+

intake either through a lack of dietary Zn2+ or impaired absorption [1].

Zn2+ is an essential bioactive trace element, which acts as a cofactor

that catalyzes the reactions of approximately 10% of all enzymes in

the human body [2]. As such, Zn2+ deficiency causes multiple physi-

ologic effects, including stunted growth, hypogonadism, impaired

wound healing, immune dysfunction, and bleeding [3–5]. The role of

Zn2+ in hemostasis is thought to be, in part, due to its function in

platelet activation [6].

Platelets are small (2-3 μm), anucleate blood cells with an average

lifespan of 8 to 10 days in humans [7–9]. They are an essential

component of hemostasis as they prevent blood loss at the site of

injury by forming a platelet plug. Upon vascular insult, platelets are

activated by exposed extracellular matrix proteins, such as collagen,

von Willebrand factor, and soluble agonists such as thrombin. These

compounds bind to specific receptors on the platelet outer membrane,

which activates multiple intracellular signaling cascades, causing

secretion of platelet alpha and dense granules. Granule secretion re-

leases an abundance of platelet agonists such as adenosine diphos-

phate (ADP), serotonin, thrombospondin-1, and ions such as Mg2+,

Ca2+, and, importantly, Zn2+ [10–12]. These agonistic molecules then

either bind to platelet surface receptors or re-enter the platelet

cytosol to proliferate platelet activation and promote thrombus

formation.

Zn2+, a metal ion stored and secreted by platelets, has been

demonstrated to be a powerful platelet agonist (at concentrations of

0.3-1 mM) [13]. Moreover, Zn2+ stimulation has been demonstrated to

create a flux in reactive oxygen species in platelets [14], while recent

studies have shown that exogenous Zn2+ can enter platelets and

function as an intracellular second messenger [15]. Conversely, rats

fed a low-Zn2+ diet had decreased reactivity to ADP and impaired

Ca2+ mobilization from the smooth endoplasmic reticulum and

extracellular sources [16], while removal of Zn2+ from human platelets

with the Zn2+ chelator N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenedi-

amine (TPEN) inhibited thrombin-induced platelet activation, platelet

aggregation, and platelet spreading [15]. However, as the plasma

concentration of Zn2+ is only estimated to be between 10 and 20 μM,

importantly, it has been shown that small increases in plasma Zn2+

concentration have been observed to potentiate platelet aggregation

[17,18].

In other cell types, Zn2+ plays an additional key role in the control

of cyclic adenosine monophosphate (cAMP) signaling [19,20]. In
platelets, cAMP is elevated by compounds, such as prostaglandin I2

(PGI2), that increase adenylyl cyclase (AC) activity. This elevation of

cAMP induces protein kinase A (PKA) activity. This, alongside nitric

oxide signaling, works to globally inhibit platelet function [21] through

phosphorylation of multiple proteins [22], including the commonly

used marker VASPser157. Phosphorylation of vasodilator-stimulated

phosphoprotein (VASP) by PKA has been shown to reduce platelet

activity through inhibition of VASP-mediated actin nucleation and

consequent stress fiber formation [23] as well as reduction in integrin

αIIbβ3 activity [24]. Crucially, platelet inhibition is overwhelmed at the

site of vascular injury via ADP-mediated AC inhibition and activation

of phosphodiesterase (PDE) [25,26].

The role of Zn2+ in PGI2 signaling is currently poorly unexplored in

platelet biology. Katsel et al. [27] cloned platelet AC III into HEK293

cells and demonstrated that incubation with Zn2+ could inhibit the

enzyme in a dose-dependent manner, reducing cAMP production. This

concurs with a study by Klein et al. [20], who demonstrated that in-

cubation with low micromolar doses of Zn2+ could inhibit cAMP pro-

duction in neuroblastoma cells. However, no further work has been

conducted to our knowledge in this area. Therefore, we aimed to

investigate the role Zn2+ plays in platelet PKA signaling and to identify

if Zn2+ plays a key potential role in the regulation of platelet inhibition.

Here, our findings demonstrate that Zn2+ can directly regulate PGI2

platelet inhibition, most likely through regulation of AC activity. Zn2+

chelation, therefore, leads to stimulation of basal AC activity, which can

also in turn potentiate PGI2 inhibition of platelet activation. This may

explain why Zn2+-deficient patients have a bleeding diathesis.
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2 | METHODS

2.1 | Materials

PGI2 and prostaglandin E2 (PGE2) were purchased from Cayman

Chemical. Collagen Reagens HORM Suspension was purchased from

Takeda, and fibrinogen was purchased from Enzyme Research. TPEN,

SQ22536, and milrinone were purchased obtained from Tocris. 2-((2-

(2-(2-aminoethoxy)ethoxy)ethyl)amino)-N-(quinolin-8-yl)acetamide

(AQA-NOON) and 2-((2-(2-fluoroethoxy)ethyl)amino)-N-(quinolin-8-

yl)acetamide (AQA-F) were synthesized according to methods

described below. ProLong Diamond Antifade Mountant and para-

formaldehyde (PFA) were purchased from ThermoFisher Scientific.

pVASPser157 and pPKA substrate (RRXS*/T*) (100G7E) antibodies

were obtained from Cell Signalling Technology. 3,3’-dihexylox-

acarbocyanine iodide, fluorescein isothiocyanate-phalloidin, and D-

Phe-Pro-Arg-chloromethylketone were purchased from Enzo Life

Sciences. Vena8 Endothelial+ Microfluidic Biochip was purchased

from Celix. Fluorescent secondary anti-mouse 800 and anti-rabbit 680

antibodies were purchased from LI-COR Biotechnology. Forskolin was

obtained from Sigma-Aldrich. All other chemicals were obtained from

Sigma Ltd unless otherwise stated.
2.2 | Platelet preparation

For platelet-rich plasma (PRP), whole blood was collected into triso-

dium citrate (0.109 M) using a 1:10 dilution and then centrifuged at

700 rpm for 10 minutes. Plasma was removed, and the blood was

respun at 900 rpm for 10 minutes. The plasma was removed again and

added to the previous PRP. For washed platelets, whole blood was

collected into acid citrate dextrose (113.8 mM D-glucose anhydrase,

29.9 mM trisodium citrate, 72.6 mM sodium chloride, and 2.9 mM

citric acid [pH: 6.4]) and platelets were isolated as previously

described [28] without supplementation with apyrase, indomethacin,

or ethylene glycol tetraacetic acid (EGTA).
2.3 | Platelet spreading

Fibrinogen (100 μg/mL)-coated coverslips were prepared as per a

study by Yusuf et al. [29]. Washed platelets (2 × 107/mL) were pre-

treated with Tyrode, SQ22536 (100 μM), zinc sulfate (ZnSO4; Zn
2+,

100 μM), TPEN (30 μM), AQA-F (100 μM), or AQA-NOON (1 mM) and

then spread for 25 minutes. Platelets were then washed and post-

treated with Tyrode, TPEN (30 μM), AQA-F (100 μM), AQA-NOON (1

mM), SQ22536 (100 μM), 1,2-Bis(2-aminophenoxy)ethane-N,N,N′ ,N′-
tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM [30 μM]),

PGI2 (10 nM), PGE2 (100 nM), milrinone (10 μM), or forskolin (10 μM)

for 20 minutes. After treatment, platelets were fixed in 4% PFA for 10

minutes before permeabilization in 0.1% Triton X-100 for 5 minutes

and mounting with ProLong Diamond Antifade Mountant. Slides were
stained with fluorescein isothiocyanate-phalloidin for 30 minutes at

room temperature, washed in phosphate-buffered saline, and imaged

on a Zeiss Axio Imager fluorescence microscope with a ×63 oil im-

mersion objective (1.4 NA) using Zen Pro software (Zeiss). Five images

were taken per condition. Platelet adhesion, platelet surface area, and

number of platelets with actin nodules or stress fibers were analyzed

using ImageJ (National Institutes of Health). Platelets were identified

as containing nodules if they had at least 2 nodules present. If it was

not possible to identify any actin structures within the platelets, these

were classed as unclassifiable.
2.4 | Platelet aggregation

For studies with Zn2+ chelators, washed platelets (2.5 × 108/mL) or

PRP were stirred at 1200 rpm at 37 ◦C and incubated for up to 18

minutes with AQA-NOON (100 μM-1 mM), TPEN (3-50 μM), or AQA-

F (10-100 μM). Dependents on the experiment samples were then

treated with Tyrode, ZnSO4 (Zn2+, 50 μM), PGE2 (10 nM), or PGI2 (5

nM) for 2 minutes before stimulation with collagen (10 μg/mL), ZnSO4

(Zn2+, 300 μM), or thrombin (0.1 U/mL) for up to 5 minutes.

For Zn2+ aggregation experiments, washed platelets (2.5 × 108/

mL) were incubated under stirring conditions for 2 minutes prior to

stimulation with Tyrode or ZnSO4 (Zn2+, 10 μM-1 mM).

For all experiments, platelet aggregation was monitored for up to

5 minutes using a CHRONOLOG Model 490 aggregometer using

AGGRO/LINK Opti8 software (Chronolog).
2.5 | In vitro thrombus formation under flow

Microfluidic biochips were coated with collagen (25-100 μg/mL)

overnight and then blocked with denatured bovine serum albumin (5

mg/mL) for 15 minutes. Whole blood was treated with D-Phe-Pro-

Arg-chloromethylketone (20 μM) and stained with 3,3’-dihexylox-

acarbocyanine iodide (10 μM) prior to flow for all experiments. For

thrombus formation experiments, chelators (AQA-NOON [300 μM],

AQA-F [10 μM], or TPEN [3 μM]) were incubated with whole blood for

20 minutes, followed by addition of PGI2 (300 pM) for 2 minutes.

Whole blood was then flowed over collagen (25 μg/mL) at 1000 s-1 for

2 minutes, washed with phosphate-buffered saline, and fixed with 4%

PFA. For thrombus stability experiments, whole blood was flowed

over collagen (100 μg/mL) at 1000 s-1 for 4 minutes, followed by

postflow with Tyrode supplemented with or without chelators (AQA-

NOON [1 mM], AQA-F [100 μM], or TPEN [30 μM]) for 10 minutes.

After treatment, thrombi were fixed with 4% PFA. For all experiments,

thrombi were imaged using a Apotome.2 confocal unit on Zeiss Axio

Observer with a ×63 oil immersion objective (1.4 NA) and Zen Pro

software. Five images were taken per condition. Total thrombus sur-

face area coverage was analyzed using ImageJ. Thrombus height was

analyzed using ZEN 3.5 (Blue edition, Zeiss).
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2.6 | Immunoblotting

Washed platelets (4 × 108/mL) were treated with AQA-NOON (1

mM), AQA-F (100 μM), TPEN (30 μM), or Tyrode for 20, 30, and 40

minutes before lysis with Laemmli buffer. PGI2 (5 nM) was incubated

with washed platelets, and samples were taken at 2, 10, and 20 mi-

nutes and lysed with Laemmli buffer. Samples were fractionated by

sodium dodecyl sulfate-polyacrylamide gel electrophoresis before

transfer to nitrocellulose; western blotted with specific primary anti-

bodies for pVASPser157, GAPDH, or pPKA substrate; and visualized

using Licor Odyssey CLx (LI-COR Laboratories). Densitometry was

measured via Image Studio (version 5.2, LI-COR Laboratories). Fold

change (pVASPser157/GAPDH) was normalized to the control.
2.7 | AQA-NOON synthesis

All chemicals were purchased from Sigma-Aldrich and used without

purification. 2-chloro-N-(quinoline-8-yl)acetamide was prepared ac-

cording to previously published methods [30].

To the prepared 2-chloro-N-(quinolin-8-yl)acetamide (4.85 g, 22

mmol, 1 eq), 2,2’-(ethylenedioxy)bis(ethylamine) (17 mL, 17.26 g, 116

mmol, 5.3 eq), potassium iodide (258 mg, 1.55 mmol, 0.07 eq), and

N,N-diisopropylethylamine (13.6 mL, 10.09 g, 78 mmol, 3.5 eq) were

added. The solution was heated to 90 ◦C overnight.

After cooling to room temperature, the solution was poured into

water (200 mL) and extracted with dichloromethane (3 × 200 mL). The

combined organic layers were dried with magnesium sulfate, filtered,

and concentrated to afford a dark-red oil (5.58 g, 16.7 mmol, 76%).
2.8 | AQA-NOON characterization data

To characterize the dark-red oil produced at the end of synthesis,

Nuclear Magnetic Resonance (NMR) measurements were performed

on a Bruker Avance III HD NanoBay 400 MHz NMR spectrometer.

Chemical shifts (δ) were reported in parts per million referenced to

the residual solvent peak. Multiplicities of observed peaks are denoted

by s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), m

(multiplet), and br (broad). Coupling constants of signals are reported

as J values with the unit of Hertz. See NMR characterization data

below.
1H NMR [CDCl3, 400 MHz, 298 K], δ: 11.36 (br s, 1 H), 8.85 (dd, 1

H, 3JHH = 4.2 Hz, 4JHH = 1.7 Hz), 8.81 (dd, 1 H, 3JHH = 7.1 Hz, 4JHH = 1.9

Hz), 8.15 (dd, 1 H, 3JHH = 8.3 Hz, 4JHH = 1.7 Hz), 7.54 (dd, 1 H, 3JHH =

8.3, 7.1 Hz), 7.51 (dd, 1 H, 3JHH = 8.3 Hz, 4JHH = 1.9 Hz), 7.45 (dd, 1 H,
3JHH = 8.3, 4.2 Hz), 3.73 (t, 2 H, 3JHH = 5.1 Hz), 3.68-3.61 (m, 4 H), 3.57

(s, 2 H), 3.52 (t, 2 H, 3JHH = 5.2), 2.94 (t, 2H, 3JHH = 5.1), 2.87 (t, 2 H,
3JHH = 5.2 Hz).

13C NMR [CDCl3, 100 MHz, 298 K], δ: 170.84, 148.62, 139.17,

136.36, 134.49, 128.23, 127.48, 121.83, 121.65, 116.74, 73.80, 70.83,

70.55, 70.41, 53.77, 49.53, 41.82.
2.9 | Metal binding titrations

Metal chloride in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

solution (10 mM; pH, 7.4) was added to a solution of AQA-NOON

(100 μM) in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (10

mM; pH, 7.4). Spectra were recorded on a Perkin-Elmer Lambda 365

spectrofluorometer. Data were analyzed using GraphPad Prism 9.0.0

(GraphPad) and fitted using a 1-phase association.
2.10 | AQA-F synthesis

For AQA-F synthesis, refer to the study by Price et al. [30].
2.11 | TPEN and AQA-F metal binding affinity

For metal binding affinity calculation methods for AQA-F, refer to the

study by Price et al. [30], and for TPEN, refer to the study by Shu-

maker et al. [31].
2.12 | Donor recruitment

Written informed consent was acquired for donation of blood. Blood

was obtained from healthy drug-free volunteers in accordance with

relevant health and safety guidelines under ethical permission granted

by the Hull York Medical School Ethics Committee for “The study of

platelet activation, signalling and metabolism” and the National Health

Service (NHS) Research Ethics Committee (REC) study “Investigation

of blood cells for research into cardiovascular disease” (21/SC/0215).
2.13 | Statistical analysis

Data are presented as mean ± SEM. Data were arcsine transformed as

appropriate prior to statistical analysis to transform percentage data

to numerical data to meet the requirements for performing paired t-

test or 1-way analysis of variance. Statistical analysis was performed

using either paired t-test or repeated-measure 1-way analysis of

variance. In case normality was not met, significance was calculated

using the nonparametric Kruskal-Wallis test (GraphPad Prism 8.0.1

software). Significance is defined as p <.05.
3 | RESULTS

3.1 | Zn2þ is required to maintain platelet spreading

and thrombus stability

Zn2+ is a direct platelet agonist, stimulating platelet aggregation in a

dose-dependent manner (Supplementary Figure S1), while Zn2+ che-

lation inhibits platelet aggregation [13]. To further understand the role



F I GUR E 1 Zinc is required for maintenance of platelet activity and thrombus formation. For spreading, platelets (2 × 107/mL) were spread

on fibrinogen (100 μg/mL) for 25 minutes. They were then washed with phosphate-buffered saline and treated with Tyrode (vehicle), N,N,N’,N’-

tetrakis(2-pyridylmethyl)ethylenediamine (TPEN; 30 μM), or 2-((2-(2-(2-aminoethoxy)ethoxy)ethyl)amino)-N-(quinolin-8-yl)acetamide (AQA-

NOON; 1 mM) for 20 minutes. For in vitro thrombus formation, preformed thrombi were treated with Tyrode (vehicle), AQA-NOON (1 mM),

2-((2-(2-fluoroethoxy)ethyl)amino)-N-(quinolin-8-yl)acetamide (AQA-F; 100 μM), or TPEN (30 μM) for 10 minutes. (A) Representative images.

Scale bar is 5 μm. (B) Average surface area of spread platelets. (C) Percentage of platelets with actin nodules. (D) Percentage of platelets with

stress fibers. (E) Representative images of in vitro thrombus formation. (F) Total surface area covered by thrombi (μm2). (G) Thrombus height

(μm). Spreading data: n = 4 (TPEN) and n = 3 (AQA-NOON). In vitro thrombus formation data: n = 9 (TPEN) and n = 10 (AQA-NOON, AQA-F).

Data are presented as mean ± SEM. *p < .05, **p < .01, and ***p < .001. AF, AQA-F; AN, AQA-NOON; T, N,N,N’,N’-tetrakis(2-pyridylmethyl)

ethylenediamine; V, vehicle.
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F I GUR E 2 Zinc chelation–induced reversal of platelet spreading is blocked with the addition of the adenylyl cyclase inhibitor SQ22536.

Platelets (2 × 107/mL) were treated with Tyrode (vehicle) or SQ22536 (100 μM) for 20 minutes, followed by spreading on 100 μg/mL

fibrinogen for 25 minutes. They were then washed with phosphate-buffered saline and treated with Tyrode (vehicle), 2-((2-(2-(2-aminoethoxy)

ethoxy)ethyl)amino)-N-(quinolin-8-yl)acetamide (AQA-NOON; 1 mM), or prostaglandin I2 (10 nM). (A) Representative images. Scale bar is 5 μm.

(B) Average surface area of spread platelets. (C) Percentage of platelets with actin nodules. (D) Percentage of platelets with stress fibers. Data

are presented as mean ± SEM of n = 7. *p < .05 and **p < .01. AN, AQA-NOON; P, prostaglandin I2; SQ, SQ22536; V, vehicle.

2550 - COUPLAND ET AL.
of Zn2+ in platelets, we assessed the effects of the Zn2+-chelating

agents TPEN, AQA-F, and a novel derivative of AQA-F, AQA-NOON

on platelet function. All these agents have higher affinities for Zn2+

than for Ca2+ (Supplementary Figure S2A–D) [30,31]. While TPEN has

been used previously in platelet studies, neither AQA-F nor AQA-

NOON has been tested in platelets. However, AQA-F has been

demonstrated to chelate Zn2+ in cancer cells, suggesting that AQA

derivatives have the ability to cross the cell membrane [30]. There-

fore, we assessed platelet aggregation stimulated with Zn2+, thrombin,

or collagen in the absence and presence of AQA-F, AQA-NOON, and

TPEN each. All 3 chelating agents inhibited Zn2+-induced platelet

aggregation as expected (Supplementary Figures S2E–F). TPEN,
AQA-F, and AQA-NOON also inhibited thrombin- and collagen-

induced platelet aggregation in washed platelets and PRP in a dose-

dependent manner (Supplementary Figures S3 and S4). Aggregation

was significantly inhibited by 1 mM AQA-NOON and 100 μM AQA-F,

while TPEN showed a significant effect at 30 μM. When the chelators

were incubated for 20 minutes as opposed to 2 minutes prior to

thrombin stimulation, there appeared to be an increase in inhibition of

aggregation (Supplementary Figure S3). Due to this observation, we

chose 20-minute treatment with the chelators as a starting time point

for further experiments in the study. In addition and in agreement

with a study by Ahmed et al. [15], treatment with either TPEN or

AQA-NOON for 20 minutes prior to spreading on fibrinogen



F I G U R E 3 Addition of zinc significantly inhibits prostaglandin I2–induced reversal of platelet spreading. Platelets (2 × 107/mL) were treated with Tyrode (vehicle) or zinc sulfate (100 μM)

immediately prior to spreading on fibrinogen (100 μg/mL) for 25 minutes. They were then washed with phosphate-buffered saline and treated with either Tyrode (vehicle) or prostaglandin I2

(PGI2; 10 nM) for 20 minutes. (A) Representative images. Scale bar is 5 μm. (B) Surface area of spread platelets. (C) Percentage of platelets with actin nodules. (D) Percentage of platelets with

stress fibers. Data are presented as mean ± SEM of n = 5. *p < .05, **p < .01, and ***p < .001. F, fibrinogen; P, prostaglandin I2; V, vehicle; Zn
2+, zinc sulfate.
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significantly reduced platelet surface area and platelet stress fiber

formation (Supplementary Figure S5).

Although it is important that Zn2+ causes platelet activation, it is

also important to understand if Zn2+ is required to maintain and

sustain platelet activation. To assess this, we allowed platelets to

spread on fibrinogen for 25 minutes before the addition of Zn2+

chelators for 20 minutes. Analysis of these data showed that there

was no effect on platelet adhesion (Supplementary Figure S6A).

However, there was a significant reduction of 13.99 ± 0.80 and 7.09 ±

1.44 μm2 in surface area in the presence of AQA-NOON (1 mM) and

TPEN (30 μM) respectively, in comparison with those in their

respective controls (Figure 1A, B). Furthermore, analysis of the

platelet actin structures showed a significant increase in actin nodule

formation in response to both Zn2+ chelators (Figure 1A, C). Treat-

ment with AQA-NOON also led to a significant reduction in the per-

centage of platelets with stress fibers (Figure 1A, D). The reduction in

platelets with stress fibers and platelet surface area in the presence of

Zn2+ chelators was like that identified with PGI2 (10 nM) treatment

[29]. In addition, posttreatment with BAPTA-AM had little effect on

platelet adhesion or surface area, indicating that TPEN, AQA-F, and

AQA-NOON were not mediating their effect through affecting cal-

cium signaling (Supplementary Figure S7).

To further investigate the requirement for Zn2+ in maintaining

platelet activity, we investigated if Zn2+ chelation would reverse

thrombus formation. Therefore, we allowed thrombi to form on

collagen before postperfusion with AQA-F, AQA-NOON, or TPEN.

This demonstrated that postperfusion of these chelators caused sig-

nificant reductions in thrombus surface area coverage and thrombus

height (Figure 1E–G).

In summary, these data establish that Zn2+ is not only capable of

causing platelet activation but also required to sustain activation,

thereby maintaining thrombus formation and stability under high

shear.
3.2 | Zn2þ regulates the PGI2/cAMP/PKA pathway

to maintain platelet activation

As we had demonstrated that Zn2+ chelation could both prevent and

reverse platelet activation, we then investigated the mechanism by

which this occurred. Consequently, we asked if the inhibitory effect of

Zn2+ chelation was due to increased PGI2 signaling. Therefore, we

added the AC inhibitor SQ22536 (100 μM) to platelets prior to

spreading on fibrinogen, followed by postspreading treatment with

Zn2+ chelators. Interestingly, the reversal of platelet surface area and

actin nodule formation induced by AQA-NOON, TPEN, or PGI2 was

significantly blocked by the addition of SQ22536, showing that this

reversal was dependent on cAMP production. No effect on platelet

adhesion was identified after any of the treatments or combination of

treatments (Figure 2; Supplementary Figures S8 and S9).

Next, we performed spreading experiments to show that addition

of Zn2+ could prevent the action of PGI2 signaling on platelets. Here,

platelets were spread in the presence or absence of Zn2+ (100 μM) for
25 minutes before the addition of PGI2 (10 nM) for 20 minutes.

Analysis of these data showed that there was no effect on platelet

adhesion (Supplementary Figure S10). Importantly, the addition of

PGI2 did not cause reversal in the presence of additional Zn2+,

whereas platelets that spread in the absence of Zn2+ and stimulated

with PGI2 significantly reduced their surface area and showed mod-

ulation of their actin structures, with a significant reduction in stress

fibers and increase in actin nodules (Figure 3A–D). To confirm this

effect in suspension, we performed aggregations to demonstrate that

Zn2+ could prevent PGI2-induced inhibition of platelet aggregation

stimulated by thrombin. Here, we incubated platelets with Zn2+ (50

μM) for 13 minutes prior to the addition of PGI2 (1 nM) for 2 minutes,

followed by stimulation with thrombin (0.01 U/mL), and monitored

aggregation. The data demonstrated that as expected, Zn2+ addition

could significantly potentiate thrombin-induced platelet aggregation,

whereas PGI2 significantly inhibited platelet aggregation. However, in

the presence of Zn2+, PGI2 had little effect, with aggregation being the

same as thrombin alone (Supplementary Figure S11A, B).

These data, combined with SQ22536 inhibiting the effect of Zn2+

chelation on reversing platelet activation, suggest that Zn2+ can

regulate platelet PGI2 signaling.
3.3 | Zn2þ chelation elevates PGI2 signaling in

platelets

Although we had shown that Zn2+ could modulate PGI2 signaling in

activated platelets, we wished to see how basal platelets responded to

the removal of Zn2+. Therefore, we incubated basal washed platelets

in the presence and absence of AQA-F (100 μM), AQA-NOON (1 mM),

and TPEN (30 μM) for up to 40 minutes before lysis to analyze platelet

pVASPser157 and total pPKA signaling. Platelets stimulated with PGI2

(5 nM) were used as a positive control. Analysis of these data indi-

cated that platelets, in the presence of AQA-F, AQA-NOON, and

TPEN, induced significant elevation of pVASPser157 levels at 20, 30,

and 40 minutes and total pPKA at 40 minutes (Figure 4A–C;

Supplementary Figure S12). In contrast, PGI2 induces a stronger

pVASPser157 response, but this response is reduced over time, and by

20 minutes after stimulation, has significantly reduced (Figure 4D).

Overall, these data together demonstrate that Zn2+ can inhibit

PGI2 signaling, while Zn2+ chelation elevates PGI2 signaling, leading to

elevated and sustained levels of platelet inhibition.
3.4 | Zn2þ controls PGI2 signaling through

modulation of AC

Although it is clear that Zn2+ can modify PGI2 signaling, it is necessary

to understand how this occurs. There are 2 key enzymes in PGI2

signaling whose modulation has been shown previously to affect

platelet inhibition, AC, and PDE [26,32]. Therefore, to understand the

mechanism, we initially spread platelets on fibrinogen in the presence

and absence of Zn2+. The platelets were then treated with either



F I GUR E 4 Zinc chelation significantly elevates resting VASPser157 phosphorylation. Washed platelets (4 × 108/mL) were incubated with 2-

((2-(2-(2-aminoethoxy)ethoxy)ethyl)amino)-N-(quinolin-8-yl)acetamide (AQA-NOON; 1 mM), N,N,N’,N’-tetrakis(2-pyridylmethyl)

ethylenediamine (TPEN; 30 μM), or 2-((2-(2-fluoroethoxy)ethyl)amino)-N-(quinolin-8-yl)acetamide (AQA-F; 100 μM), and samples were taken

at 20, 30, and 40 minutes and lysed with Laemmli buffer. Prostaglandin I2 (PGI2; 5 nM) was incubated with washed platelets, and samples were

taken at 2, 10, and 20 minutes and lysed with Laemmli buffer. Phosphorylation of VASPser157 and GAPDH was then analyzed using

immunoblotting. (A–D) Densitometric analysis of pVASPser157 bands after treatment with AQA-NOON (n = 8), AQA-F (n = 9), TPEN (n = 9),

and/or PGI2 (n = 7). E. Representative Western blots for pVASPser157 20, 30, and 40 minutes after chelator treatment. Data are presented as

mean ± SEM. *p < .05 and **p < .01. AF, AQA-F; AN, AQA-NOON; P, prostaglandin I2; PGI2, prostaglandin I2; T, N,N,N’,N’-tetrakis

(2-pyridylmethyl)ethylenediamine; TPEN, N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine.
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forskolin (10 μM) to activate AC or milrinone (10 μM) to inhibit

phosphodiesterase 3 (PDE3). Analysis of these data showed that there

was no effect on platelet adhesion (Supplementary Figure S13). While

in the absence of Zn2+, treatment with milrinone caused significant

reversal of platelet spreading and stress fiber formation as expected,

in the presence of Zn2+, milrinone no longer reversed platelet acti-

vation (Figure 5). This indicated that AC was not functional. Inter-

estingly, even the presence of the AC activator forskolin in the

presence of Zn2+ had little effect on platelet activation, while in

absence of Zn2+, it caused reduction in platelet surface area and

reversal of platelet stress fibers. Therefore, these data suggest that

addition of Zn2+ blocks the constitutive activity of AC rather than

increasing PDE3 activity to abrogate cAMP signaling.

To further confirm that Zn2+ modulates AC activity and does not

target PGI2 signaling, we investigated whether Zn2+ could regulate

the inhibitory effects of PGE2, which are known to be driven by AC
[33]. To do this, platelets were spread in the presence or absence of

Zn2+ (100 μM) for 25 minutes before the addition of PGE2 (100 nM)

for 20 minutes. Analysis of these data showed that there was no

effect on platelet adhesion. Importantly, the addition of PGE2 did not

cause reversal in the presence of additional Zn2+, whereas platelets

that spread in the absence of Zn2+ and stimulated with PGE2

significantly reduced their surface area and showed modulation of

their actin structures, with a significant reduction in stress fibers and

increase in actin nodules (Supplementary Figure S14). In agreement,

PGE2 (100 nM) significantly inhibited aggregation to thrombin (0.01

U/mL), which was abrogated in the presence of Zn2+ (50 μM).

Interestingly, we found that low-dose PGE2 (10 nM) did not poten-

tiate platelet aggregation, in contrast to previous studies (data not

shown) [34].

Overall, these data show that Zn2+ likely acts to directly inhibit

platelet AC rather than increase PDE3 activity.



F I GUR E 5 Addition of zinc significantly inhibits milrinone- and forskolin-induced reversal of platelet spreading. Platelets (2 × 107/mL) were

treated with Tyrode (vehicle) or zinc sulfate (100 μM) immediately prior to spreading on 100 μg/mL fibrinogen for 25 minutes. They were then

washed with phosphate-buffered saline and treated with either Tyrode (vehicle), milrinone (10 μM), or forskolin (10 μM) for 20 minutes. (A)

Representative images. Scale bar is 5 μm. (B) Surface area of spread platelets. (C) Percentage of platelets with actin nodules. (D) Percentage of

platelets with stress fibers. Data are presented as mean ± SEM of n = 5 (forskolin) and n = 8 (milrinone). *p < .05 and **p < .01. F, forskolin; M,

milrinone; V, vehicle; Z, zinc sulfate; Zn2+, zinc sulfate; ZnSO , zinc sulfate.
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3.5 | Zn2þ chelation potentiates PGI2 signaling in

both washed platelets and whole blood

As we had shown that Zn2+ can inhibit PGI2 signaling via regulation of

AC, while the Zn2+ chelators AQA-F, AQA-NOON, and TPEN could all

induce elevation of pVASPser157 and total pPKA substrate levels, we

next investigated if this would mean that Zn2+ chelation would

potentiate PGI2 signaling in platelets. Therefore, we incubated plate-

lets with AQA-F (10 μM), AQA-NOON (1 mM), or TPEN (3 μM) for 18

minutes before the addition of PGI2 (5 nM) for 2 minutes, followed by

stimulation with thrombin (0.1 U/mL), and monitored platelet

4

aggregation. The data clearly showed that PGI2 or Zn2+ chelators

separately did not significantly affect platelet aggregation. However,

in combination, they inhibited platelet aggregation fully (Figure 6A–B;

Supplementary Figure S15).

To confirm our results in whole blood, we performed in vitro flow

to monitor thrombus formation in the presence and absence of both

Zn2+ chelators and PGI2. The doses of Zn2+ chelators or PGI2 (300

pM) had little effect by themselves. However, incubation with AQA-

NOON (0.3 mM), AQA-F (10 μM), or TPEN (3 μM) for 18 minutes

followed by PGI2 (300 pM) treatment for 2 minutes strongly inhibited

thrombus surface area coverage, demonstrating the potentiation of



F I GUR E 6 Zinc chelation synergizes with prostaglandin I2 (PGI2) to significantly inhibit platelet aggregation and thrombus formation. For

aggregations, washed platelets (2.5 × 108/mL) were treated with either 2-((2-(2-(2-aminoethoxy)ethoxy)ethyl)amino)-N-(quinolin-8-yl)

acetamide (AQA-NOON; 1 mM, n = 5) Tyrode (vehicle) for 18 minutes, followed by treatment with PGI2 (5 nM) or Tyrode for 2 minutes. The

platelets were then stimulated with thrombin (0.1 U/mL). For in vitro thrombus formation, whole blood was treated with AQA-NOON (300 μM)

or Tyrode (vehicle) for 18 minutes, followed by treatment with PGI2 (300 pM) for 2 minutes. Whole blood was then flowed over collagen (25

μg/mL)-coated biochips for 2 minutes. (A) Representative traces of the aggregations. (B) Percentage aggregation at 5 minutes after stimulation

with thrombin (0.1 U/mL) following treatment with AQA-NOON or AQA-NOON + PGI2. (C) Representative images. Scale bar is 20 μm. (D)

Analysis of the total surface area of the image covered by thrombi. (E) Analysis of thrombus height. Data are presented as mean ± SEM. For

in vitro thrombus formation, n = 10 for AQA-NOON. Data are presented as mean ± SEM. *p < .05, **p < .01, and ***p < .001. AN, AQA-NOON;

P, prostaglandin I2; PGI2, prostaglandin I2; V, vehicle.
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inhibitory signaling on thrombus formation (Figure 6C–E;

Supplementary Figure S16). This clearly indicated that Zn2+ chelation,

therefore, induced potentiation of the effect of PGI2.
4 | DISCUSSION

Although easily treatable with supplementation and not common in

the Western world, Zn2+ deficiency is still highly prevalent worldwide

[1]. Consequently, the bleeding diathesis that results from Zn2+ defi-

ciency is still relevant, including in clinically relevant populations in the

Western world, such as patients with cancer [35]. Thus, it is still

important that the mechanisms behind this diathesis are elucidated.

Here, we present the first evidence that Zn2+ can act as a

powerful regulator of platelet inhibitory signaling. Our data demon-

strated that Zn2+ is essential for thrombus stability and the mainte-

nance of platelet activation; Zn2+ chelation can reverse platelet
activity via modulation of AC and, in suspension, can lead to a sus-

tained increase in platelet VASPser157 and PKA substrate phosphory-

lation; fluctuations in platelet Zn2+ can modulate platelet PGI2

signaling by inhibiting the activity of AC; and functionally, Zn2+ che-

lation can synergize with PGI2 to inhibit platelet activity and thrombus

formation in vitro. Our data, therefore, build on the proposed role of

Zn2+ as a second messenger to potentiate platelet activation [10,15].

Here our work agrees with past studies that showed that Zn2+ is

essential for platelet function, demonstrating that Zn2+ removal prior

to platelet stimulation results in impaired platelet activation

[13,15,16,36]. It must be noted, however, that there needs to be a

relevant timeframe to induce full Zn2+ chelation. Although all the

chelators used had the ability to cross the cell membrane, they

required up to 20 minutes to induce their full effect. Importantly, here,

we also demonstrated that Zn2+ is required to maintain platelet

activation as when it is removed after activation, platelets reduce their

level of activity. As a consequence of this, thrombus formation is
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reversed when Zn2+ is chelated. Therefore, physiologically, Zn2+ is

required not only to help but also maintain platelet activation. One

caveat is that we cannot be sure that all Zn2+ has been chelated within

the platelet as the level of Zn2+ is dependent on the individual. This

may, in part, help explain why some donors were highly responsive

while others were less responsive to the presence of Zn2+ chelators.

As part of this, the effect of Zn2+ chelation on integrin activation is

unclear. The data suggest that platelet adhesion was unaffected in the

presence of the Zn2+ chelators, but potentially, Zn2+, which was not

chelated, may have been high enough to reduce the effects on integrin

activation. Therefore, the role of Zn2+ in platelet integrin function is

an area for future research.

Due to the significant inhibitory effect of Zn2+ chelation, we

asked if Zn2+ could modulate PGI2-cAMP-PKA signaling. Platelet PGI2

signaling is essential for preventing aberrant platelet activation [21].

PGI2 activates AC, elevating cAMP concentration, which in turn ac-

tivates PKA and causes “global” inhibition of platelet activation

[37,38]. Interestingly, previous data have shown that Zn2+ could

directly alter AC activity in other cell types [20,27]. Our data

demonstrated that Zn2+ chelation increases basal platelet

pVASPser157 and total pPKA phosphorylation, indicating a possible

increase in platelet AC activity or cAMP production. This is important

as AC is constitutively active in platelets, and Zn2+ is, therefore,

potentially critical in controlling its activity and the basal level of in-

hibition experienced by platelets.

To elucidate the mechanism via which Zn2+ regulates the PGI2

pathway, we spread platelets with Zn2+ and attempted to reverse

platelet activation with the direct AC agonist forskolin and the PDE3a

inhibitor milrinone. Interestingly, Zn2+ inhibited the effect of both

forskolin and milrinone, suggesting that Zn2+ directly regulates AC

and is not required for driving PDE3a activity. In agreement, we

investigated the effect of PGE2, which has been shown to target

prostaglandin E receptor 3 (EP3) receptors, which are linked to AC

[33]. Zn2+ also prevented the inhibition of platelet activation by PGE2,

indicating that both PGE2 and PGI2, which work in similar manners to

inhibit platelet, are affected by the level of Zn2+. Therefore, we

demonstrated the first evidence that AC is directly regulated by Zn2+

in platelets.

Moreover, we also showed that Zn2+ chelation affected PGI2

signaling by elevating its effectiveness. Our aggregation and flow data

both showed clearly that Zn2+ chelation dramatically increased the

ability of PGI2 to inhibit platelet function. Critically, in our flow ex-

periments, we used 300pM PGI2, a dose thought to be close to the

physiologic level of PGI2 to prevent thrombus formation in the pres-

ence of Zn2+ chelators [39]. This suggests that physiologically, even a

small decrease in platelet and/or plasma Zn2+ can lead to potentiation

of PGI2 signaling with the potential to cause subsequent disruption of

hemostasis, leading to a bleeding phenotype.

Importantly, it was recently demonstrated by Sobczak et al. [40]

that nonesterified fatty acids present in patients with type 2 diabetes

can displace Zn2+ from its primary plasma transporter human serum

albumin. This displacement led to increased plasma Zn2+, resulting in
increased platelet aggregation, fibrin clot density, and fibrin fiber

thickness. In addition, it was demonstrated by Kahal et al. [41] that

patients with type 2 diabetes have decreased PGI2 sensitivity after 24

hours of hypoglycemia. This change in PGI2 sensitivity, alongside the

elevation in Zn2+ levels, could be explained by our data. Our data

would provide a novel mechanism explaining the reduced PGI2

sensitivity in patients with type 2 diabetes after hypoglycemia and a

possible mechanism contributing to the prothrombotic nature of type

2 diabetes platelets. Although our study used Zn2+ at 50 to 100 μM to

regulate platelet cAMP signaling, future work could focus on the ef-

fects of small increases in Zn2+ at more physiologic levels. For

example, the effect on platelet PGI2 activity if plasma Zn2+ is raised by

a small amount from its physiologic 10 to 20 μM [17].

In conclusion, our data present the first evidence that Zn2+ can

modulate platelet activity by regulation of AC and subsequently

altered platelet prostaglandin signaling. Our data suggest that when

Zn2+ is secreted from granules during platelet activation, labile Zn2+

re-entering the platelets could increase platelet activity by inhibiting

AC activity and downregulating PGI2 signaling. This then potentiates

responses from platelet agonists, drives fibrin formation, and ulti-

mately proliferates thrombus formation. This could partially explain

the data of Watson et al. [13] that low levels of Zn2+ can potentiate

responses to thrombin, collagen, and adrenaline. However, in a state

of Zn2+ deficiency, be it chelator induced or dietarily induced, Zn2+ is

not present in high enough concentrations to prevent AC activity, and

therefore, PGI2 signaling is abnormally increased, leading to reduced

platelet activity. This ability to regulate PGI2 signaling results in Zn2+

being essential for both initiation and maintenance of platelet acti-

vation, suggesting that Zn2+ chelation could be used as a potential

future antiplatelet therapy.

Overall, in a clinical context, our data demonstrate that Zn2+

chelation or deficiency could cause an elevation in PGI2 signaling,

leading to increased platelet inhibition and the inability to effectively

form a thrombus. Conversely, small increases in plasma Zn2+ in dis-

eases such as type 2 diabetes could dysregulate PGI2 activity, leading

to prothrombotic platelets contributing to the atherothrombosis

associated with these diseases.
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