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Ultra‑high throughput‑based 
screening for the discovery 
of antiplatelet drugs affecting 
receptor dependent calcium 
signaling dynamics
Delia I. Fernández 1,2, Sara Troitiño 2,8, Vladimír Sobota 3,4,8, Bibian M. E. Tullemans 1,5, 
Jinmi Zou 1,5, Helma van den Hurk 6, Ángel García 2, Saman Honarnejad 6, 
Marijke J. E. Kuijpers 1,7* & Johan W. M. Heemskerk 1,5*

Distinct platelet activation patterns are elicited by the tyrosine kinase‑linked collagen receptor 
glycoprotein VI (GPVI) and the G‑protein coupled protease‑activated receptors (PAR1/4) for thrombin. 
This is reflected in the different platelet  Ca2+ responses induced by the GPVI agonist collagen‑related 
peptide (CRP) and the PAR1/4 agonist thrombin. Using a 96 well‑plate assay with human Calcium‑6‑
loaded platelets and a panel of 22 pharmacological inhibitors, we assessed the cytosolic  Ca2+ signaling 
domains of these receptors and developed an automated  Ca2+ curve algorithm. The algorithm was 
used to evaluate an ultra‑high throughput (UHT) based screening of 16,635 chemically diverse small 
molecules with orally active physicochemical properties for effects on platelets stimulated with CRP 
or thrombin. Stringent agonist‑specific selection criteria resulted in the identification of 151 drug‑
like molecules, of which three hit compounds were further characterized. The dibenzyl formamide 
derivative ANO61 selectively modulated thrombin‑induced  Ca2+ responses, whereas the aromatic 
sulfonyl imidazole AF299 and the phenothiazine ethopropazine affected CRP‑induced responses. 
Platelet functional assays confirmed selectivity of these hits. Ethopropazine retained its inhibitory 
potential in the presence of plasma, and suppressed collagen‑dependent thrombus buildup at arterial 
shear rate. In conclusion, targeting of platelet  Ca2+ signaling dynamics in a screening campaign has the 
potential of identifying novel platelet‑inhibiting molecules.
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PRP  Platelet-rich plasma
TRAP6  Thrombin receptor-activating peptide 6

Antiplatelet medication forms the cornerstone in the secondary prevention of arterial cardiovascular diseases, 
but comes at the expense of non-negligible risks of  bleeding1,2. Commonly used cyclooxygenase inhibitors 
(aspirin) and ADP receptor  (P2Y12) inhibitors also have inadequate effects due to drug resistance or genetic 
 polymorphisms3–7. The current pharmaceutical research & development interest focuses on developing antago-
nists for other target molecules, including the glycoprotein VI (GPVI) receptor for collagen and the protease-
activated receptors 1 and 4 (PAR1, PAR4) for  thrombin2,8–11.

Promising GPVI-directed inhibitors have been investigated in clinical trials, such as the recombinant GPVI-Fc 
construct  Revacept12,13, and the humanized anti-GPVI antibody fragment Glenzocimab (ACT017)14–16. Regarding 
thrombin receptors, both an approved PAR1 antagonist  vorapaxar17 and two PAR4 blockers (BMS-986120 and 
BMS-986141), profiled ex vivo18,19, show a promising antithrombotic potential. Accordingly, blocking platelet 
activation via the collagen and thrombin receptors is of pathophysiological importance for the secondary preven-
tion of atherothrombosis, myocardial infarction and  stroke1,2. However, a systematic search for compounds that 
can selectively interfere with GPVI- or PAR-induced platelet activation processes has not yet been carried out.

The ITAM-linked receptor GPVI and the G-protein coupled receptors PAR1/4 congregate in platelet 
responses, but differ in signaling by activating phospholipase C isoforms PLCγ2 and PLCβ,  respectively20,21. 
Activation of both PLC forms leads to a rise in cytosolic  [Ca2+]i, where GPVI/PLCγ2 stimulation results in a more 
sustained  [Ca2+]i signal than PAR/PLCβ  stimulation22. Elevated  [Ca2+]i is known as a key second messenger in 
platelet activation, acting as an integration hub to other responses such as integrin activation, granule release, 
platelet aggregate formation and procoagulant  activity10. Recently, we have developed a method to systemati-
cally compare agonist-induced  [Ca2+]i traces in 96-, 384- and 1,536-well plate  formats22. This method allows for 
a large-scale ultra-high throughput (UHT) based screening of small molecule libraries, and holds the potential 
to identify novel platelet-inhibiting hit compounds with drug-like properties, i.e. with the physicochemical 
characteristics of an orally active  drug23.

In the present study, we performed such a screening assay, based on the kinetics of platelet  [Ca2+]i rises to 
obtain small molecule compounds with selectivity towards the GPVI- or PAR-induced activation. For the screen-
ing, we used cross-linked collagen-related peptide (CRP) as a GPVI-selective agonist, and thrombin as a com-
bined PAR1/4 agonist. Using a panel of established platelet inhibitors interfering with specific signaling domains, 
we developed a  Ca2+ profiling algorithm to predict the modes of action per inhibitor. This algorithm was then 
applied to select hit molecules from a 16,635 small molecule screening performed in 1,536-well plates. Stringent 
agonist-specific selection criteria resulted in the identification of 151 drug-like molecules, of which three hit 
compounds were further characterized. We thus performed a proof-of-principle UHT-based screening campaign 
that targets the platelet  Ca2+ signaling dynamics with the potential of identifying novel antiplatelet molecules.

Results
Dissecting GPVI‑ and PAR‑induced signaling domains based on pharmacological inhibition of 
platelet  Ca2+ responses
Platelet stimulation via the ITAM-linked receptor GPVI (via PLCγ2) and the G-protein coupled receptors PAR1/4 
(via PLCβ) is known to give more prolonged or to shorter increases in  [Ca2+]i,  respectively20,21. The signaling 
pathways that contribute to these distinct response profiles are still partly unclear. To dissect this, we composed 
a panel of 22 pharmacological inhibitors with established mode of action towards specific signaling pathways 
in platelets (Table S1). The inhibitors were added to Calcium-6 loaded platelets at a dose range from 1, 3.5 to 
10 μM, after which the cells were stimulated with a maximal concentration of CRP (10 µg/mL) or thrombin 
(4 nM). Fluorescence traces were collected in a 96-well plate setting, as  described22. All  Ca2+ response curves 
were then analyzed using a new automated algorithm, distinguishing seven curve parameters P1-7 (Fig. 1a for 
96-well plate, Fig. S1a for 1,536-well plate). The combination of parameters discriminated between the more 
prolonged CRP-induced  Ca2+ response and the transiently peaking thrombin-induced response. A correlation 
matrix comparing  [Ca2+]i curves with all inhibitors indicated for CRP a high correlation between all parameters 
(except for baseline), in agreement with a strong and maintained signal (Fig. S1b). The correlation matrix for 
thrombin showed lower correlation for parameters of the curve slopes (P3, P5-6).

Heatmapping of the effects of each inhibitor on the  [Ca2+]i curve parameters revealed patterns that were 
dependent on the type of drug and dose (Fig. 1b-c). For platelet stimulation with CRP, major and significant 
inhibitory effects were observed with the Syk kinase inhibitor PRT060318, the Src-family kinase inhibitor PP2, 
and the phosphoinositide 3-kinase (PI3K) inhibitors PIK75 and TGX221 (Fig. 1b). A small reduction, usually 
at the highest dose of 10 μM, was seen for the inositol trisphosphate receptor antagonist 2-ABP, the cyclooxy-
genase blocker indomethacin, the PI3K inhibitor LY294002, and the mitogen-activated protein kinase inhibitor 
PD98059. On the other hand, general inhibition of protein kinase C (PKC) isoforms (Ro-318220) or of only 
the isoform PKCθ resulted in a potentiated  Ca2+ signal. The used PKCβ inhibitor also caused a stronger  Ca2+ 
signal, likely because this compound also blocks other protein kinase C  isoforms24. The  Ca2+-ATPase inhibitor 
thapsigargin induced a  [Ca2+]i rise by itself, and enlarged the CRP-induced response.

Regarding the thrombin-induced  Ca2+ response (Fig. 1c), most of the inhibitors had smaller effects than 
seen with CRP. Consistent inhibition was present upon  InsP3 receptor inhibition, PKC stimulation with phorbol 
ester PMA, or with the PKCδ inhibitor rottlerin. Other PKC-inhibiting compounds (Ro-318220, GF109203X, 
PKCβ inhibitor) increased one or more parameters of the thrombin-induced  Ca2+ signal. Inhibitors targeting 
phosphodiesterases, tyrosine phosphatases SHP1 or SHP2, or diacylglycerol kinase did not or hardly cause 
alterations in the  Ca2+ responses.
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To translate these results to established signaling pathways, we performed a Reactome pathway analysis with 
as input the proteins targeted by those inhibitors showing a significant inhibiting or potentiating effects of the 

Figure 1.  Cytosolic  Ca2+ trace profiling and signaling domains of CRP- and thrombin-induced platelet 
activation. Calcium-6 loaded platelets (200 ×  109/L) were stimulated with CRP (10 µg/mL) or thrombin 
(4 nM) in 96-well plates. Platelets were preincubated with vehicle (DMSO) or one of the 22 indicated signaling 
inhibitors (Suppl. Table 1) at 1, 3.5 or 10 µM. (a,b) Representative fluorescence rises of Calcium-6 loaded 
platelets induced by CRP or thrombin, recorded by FlexStation 3. Color index: red line = interpolation of 
slope 1; red dot = peak level; green line = maximal cytosolic  Ca2+ increase relative to the basal level; blue 
line = interpolation of slope 2; grey line = interpolation of slope 3. (c-d) Heatmap representation of log2 inhibitor 
effects on  Ca2+ curve parameters (P1, baseline; P2, maximal  Ca2+ increase; P3, slope 1; P4, peak  Ca2+ rise; P6, 
slope 3, P7, area under the curve) for CRP (c) and thrombin (d). * Denotes inclusion in Reactome analysis, 
based on parameters with P < 0.05 (one-way ANOVA or Kruskal Wallis test). Data are from means of n = 3–4 
platelet donors.
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platelet  Ca2+ signals. For CRP, the analysis resulted in 49 over-represented pathways surpassing the set thresh-
olds (n ≥ 4 entities, false discovery rate FDR < 1%) (Table S2). For thrombin, this resulted in 46 over-represented 
pathways based on the same thresholds. Reactome results per receptor type showed multiple overrepresented 
pathways, such as hemostasis; signal transduction; signaling by GPCR and downstream; activation, signaling 
and aggregation of platelets; effects of  PIP2 hydrolysis and  InsP3 signaling; and signaling by receptor tyrosine 
kinases. Overrepresented pathways for only CRP were PECAM1 interactions, interleukin signaling activation of 
B cell receptors, and PI3K/AKT signaling. Present in only the thrombin list was, e.g., signaling by Rho and other 
GTPases. Taken together, this analysis pointed to a partly different contribution of platelet signaling pathways 
in the integrative  Ca2+ responses induced by GPVI or PAR1/4 stimulation.

Ultra‑high throughput based small molecule screening for potential hit compound 
identification
Recently, we described a miniaturized, UHT assay to measure  [Ca2+]i rises in platelets induced by CRP or throm-
bin in 1536-well plate  format22. This miniaturized assay, using 4 μL Calcium-6-loaded platelets, was used for a 
large screening test to find novel compounds with selectivity towards the platelet ITAM-linked receptor GPVI 
(CRP, 10 μg/mL) or the GPCR PAR1/4 (thrombin, 4 nM) in the presence of 1 mM  CaCl2. For either agonist, we 
tested a total of 16,635 small organic molecules in duplicate well plates (Datafile S1). The molecules were com-
posed of the Prestwick chemical library of 1,280 off-patent, FDA-approved  compounds25,26; and a diversity-based 
library consisting of 15,355 small molecule compounds (SMC). The SMC set contained compounds with all drug-
like properties in terms of solubility, hydrogen bonds, topological polar surface, and non-hydrogen/non-carbon 
atoms (Fig. S2a). All compounds were tested in 1,536-well plates at a final concentration of 10 µM (Fig. 2a).

The obtained duplicate (~ 90%) fluorescent  [Ca2+]i traces per agonist and compound were automatically 
analyzed using the seven-parameter curve profiling algorithm (Datafile S1). In order to check for consistency, 
correlation analysis was performed of the complete dataset for the P1-7 parameter values per agonist (Fig. S1c). 
Matrix heatmapping for CRP responses showed positive correlations between all parameters, except for a negative 
correlation with the baseline (P1, due to baseline compound effects) and a lower correlation for the late slope (low 
P6). Heatmapping for thrombin also showed high positive correlations for the non-baseline parameters P2-7.

Using a custom-made algorithm written in Matlab, we compared the multiparameter curve characteristics 
P1-7 to select for hit compounds (Fig. 2b), first by filtering per agonist for consistent duplicates and then for 
Z-scores >|4| (Fig. S3). This stringent filtering for reproducibility and effect size resulted in the selection of 
so-called ‘active’ compounds. The number of active compounds with CRP (n = 333) or thrombin (n = 330) was 
subsequently confined to compounds that affected the  Ca2+ responses with only one agonist. This resulted in 
310 compounds for CRP and 209 compounds for thrombin. After removing compounds that increased rather 
than decreased the  [Ca2+]i rises, we obtained 108 and 43 inhibitors (Fig. S2b-c) of CRP- and thrombin-induced 
 Ca2+ responses, respectively (Fig. 2b). The curves were then visually inspected for abnormalities, i.e. for incorrect 
agonist injection or compound interference with the fluorescent signal. For CRP (thrombin), this led to rejecting 
17 (8) compounds due to incorrect agonist injection and to 55 (22) fluorescence-interfering compounds. Further-
more, we filtered for in silico estimation of compounds with toxicity or unfavorable pharmacokinetics according 
to ADMET criteria (absorption, distribution, metabolism, excretion and toxicity)27. For the CRP (thrombin) set, 
23 (4) compounds showed ADME-Tox characteristics, and these were hence rejected.

As a result, we obtained 13 inhibitors for CRP and 9 inhibitors for thrombin, including 5 compounds from 
the Prestwick set (Fig. S4), which after decoding appeared to be commercially available. Three of the Prestwick 
compounds were not further investigated due to known antiplatelet  effects28, i.e. the cyclooxygenase inhibitors 
ketoprofen and valdecoxib (effect with CRP), and a derivative of the  P2Y12-inhibiting clopidogrel (effect with 
thrombin). Other Prestwick compounds with unfavorable side  effects28 were the anthelmintics nitazoxanide 
(CRP) and triclabendazole (thrombin), and the anesthetics bupivacaine, hydroxyzine and oxethazaine (throm-
bin). As hits for further studies, we selected the phenothiazine derivatives ethopropazine (PRES000840, used 
for Parkinson treatment) and ethaverine (PRES000830) as inhibitors of CRP-induced platelet activation. In 
addition, from the SMC library, 8 and 4 compounds were purchased targeting the CRP and thrombin responses, 
respectively (Fig. S5).

Further validation of active and hit compounds
Testing of the 10 compounds for CRP and the 4 compounds for thrombin (standard dose of 10 µM) on platelet 
 Ca2+ responses in a 96-well plate assay confirmed > 25% inhibitory effects for 5 and 2 compounds, respectively 
(Fig. S5a,b). As a next step, we determined the dose–response relationship by re-testing the remaining 7 com-
pounds at the higher dose of 30 μM (Fig. S5c–d). This finally resulted in three hit compounds with requested 
inhibitory properties, namely ANO61 (SPCA054640_01, thrombin), AF299 (SPCA056289_01, CRP) and etho-
propazine (profenamine, CAS 522–00-9, CRP), all with reactive N electrons and an aromatic chemical structure.

The dibenzyl formamide derivative ANO61 showed dose-dependent inhibitory effects on  [Ca2+]i curves 
induced by 4 nM thrombin with an  IC50 of 47.7 µM (Fig. 3a–c). This effect was enlarged at a lower thrombin 
dose of 2 nM (Fig. S6a) and persisted in the presence of extracellular EGTA, thus indicating suppression inde-
pendently of extracellular  Ca2+ entry (Fig. 3d). As expected, ANO601 did not show inhibition with CRP as 
agonist (Fig. 3e). Furthermore, ANO61 appeared to be non-toxic for platelets at 100 μM (Fig. S6d). When testing 
ANO61 (30–49 μM) on the functions of washed platelets, we observed a significant reduction of the collagen-
induced (Fig. 3f) and thrombin-induced (Fig. 3g) platelet aggregation. We also monitored platelet aggregation 
in the presence of plasma—i.e. a condition which often requires higher concentrations for effective response 
 suppression29,30. With plasma present, ANO61 at the highest dose of 48 μM did no longer affect the aggregation 
responses by collagen (GPVI agonist) or TRAP6 (PAR1 agonist) (Fig. 3h).
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The aromatic sulfonyl imidazole AF299 suppressed the platelet  Ca2+ response induced by 10 μg/mL CRP at 
an  IC50 of 48.6 μM (Fig. 4a–c). AF299 was similarly effective at a lower dose of 5 μg/mL CRP (Fig. S6b), without 
causing platelet toxicity (Fig. S6e). The AF299-induced inhibition of the  Ca2+ signal with CRP remained in the 
presence of EGTA, most selective at the lower concentration (Fig. 4d), whereas no effect was seen upon throm-
bin stimulation (Fig. 4e). Platelet aggregation measurement at concentrations ≥ 30 µM showed a significant 
reduction upon stimulation with collagen, but not with thrombin (Fig. 4f,g). However, in platelet-rich plasma, 
pre-incubation of 30–49 μM AF299 no longer inhibited aggregation induced by collagen or TRAP6 (Fig. 4h).

The phenothiazine ethopropazine, re-assayed in 96-well plates, showed a dose-dependent inhibition of the 
maximal  Ca2+ signal induced by 10 μg/mL CRP with an  IC50 of 31.7 μM (Fig. 5a–c). The inhibition persisted at 
the lower dose of 5 μg/mL CRP (Fig. S6c) and in the presence of EGTA (Fig. 5d). No toxicity on platelets was 
observed (Fig. S6f). As required, ethopropazine did not affect the  Ca2+ signal of thrombin-stimulated plate-
lets (Fig. 5e). Importantly, at concentrations of 10–32 μM ethopropazine significantly and dose-dependently 
suppressed the collagen- and CRP-induced platelet aggregation responses (Fig. 5f,g), but it failed to affect the 
thrombin-induced aggregation (Fig. 5h). When testing in platelet-rich plasma, 32 μM ethopropazine again mark-
edly suppressed the aggregation with only collagen, but not with TRAP6 (Fig. 5i). Together, these observations 
are consistent with a selective, physiologically relevant suppressive effect of ethopropazine on GPVI-induced 
platelet activation processes.

Validating effects of ethopropazine on platelet responses
The results so far prompted us to assess the effects of ethopropazine on platelet aggregation under conditions of 
shear-dependent thrombus formation in whole blood. For this purpose, we used a previously validated micro-
fluidic system with coated microspots of vascular-type collagens I and III, over which a recalcified blood sample 

Figure 2.  Screening of small molecules for effect on platelet  Ca2+ rises and hit selection workflow. (a) Schematic 
representation of screening workflow, and (b), hit selection workflow via filtering for Z-scores, agonist-specific 
effect, non-toxicity, and repeated dose–response  [Ca2+]i measurements.
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was perfused at defined arterial wall-shear rate of 1000  s−1 31. We found that the addition of 32 μM ethopropazine 
resulted in a substantial reduction in the formation of platelet thrombi on both collagen surfaces (Fig. 6a). Uni-
variate scaling of the eight quantified thrombus parameters indicated that ethopropazine significantly reduced 
parameters of thrombus size, contraction and structure, specifically on collagen I (Fig. 6b,c, full data in Fig. S7). 
This result extended and agreed with the observed effect on platelet aggregation measurements.

To explore the mechanism of action of ethopropazine, we compared its effect on CRP-induced  [Ca2+]i curve 
parameters with the earlier observed effects of 22 signaling pathway inhibitors (see Fig. 1). Using K-means clus-
tering and principal component analysis, we found several similarities in  Ca2+ response modulation (Fig. S8a). 
The obtained matrix of Euclidean distances using reference compounds and ethopropazine indicated similarity 

Figure 3.  ANO61 reduced thrombin-induced platelet  Ca2+ rises. (a) Chemical structure of ANO61. (b–e) 
Calcium-6 loaded platelets (200 μL, 200 ×  109/L) in 96-well plates were stimulated with thrombin (4 nM) or 
CRP (10 µg/mL) after 10 min preincubation with vehicle medium or indicated concentrations of ANO61. 
Fluorescence changes from wells were recorded using a FlexStation 3 machine. (b) Representative thrombin-
induced  [Ca2+]i response curves in the presence of 1 mM  CaCl2. (c) Dose–response effects on the maximal  Ca2+ 
responses (parameter P2), normalized to the control condition. (d) Effect of ANO61 on thrombin-induced 
 Ca2+ responses in the presence of 0.1 mM EGTA, blocking extracellular  Ca2+ entry. (e) Selectivity was studied 
using CRP-induced  Ca2+ responses after ANO61 incubation. (f,g) Effect of ANO61 on platelet aggregation in 
washed platelets (250 ×  109/L) in response to collagen (1 µg/ml, f) or thrombin (1 nM, g). Pretreatment was for 
10 min with vehicle medium or ANO61 (10, 30, 48 µM). Shown are representative light transmission traces 
and histograms of maximal aggregation. (h) PRP (250 ×  109/L) preincubated with ANO61 (30–48 µM) was 
stimulated with 15 µM TRAP6 or 1 µg/mL collagen, and platelet aggregation was measured. Shown are maximal 
aggregation values. Data are presented as mean ± SD (n = 3–4 donors); ****P < 0.0001, one-way ANOVA with 
Tukey post-hoc test.
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with the inhibition of PI3K, inositol trisphosphate receptors, MAP kinases, protein kinase A and phosphodies-
terases (Fig. S8b).

To take this further, we assessed the  Ca2+ response effects of ethopropazine in combination with indomethacin 
and apyrase (blocking secondary mediator pathways), which revealed additional inhibition by ethopropazine 
(Fig. S9a). Co-treatment of the platelets with modulators of cAMP (i.e. phosphodiesterase inhibitor IBMX and 
adenylyl cyclase inhibitor SQ22536) also retained the effect of ethopropazine (Fig. S9b). Furthermore, in com-
bination with inhibitors of PI3Kα (PIK75) and β (TGX221), ethopropazine was no longer effective (Fig. S8c). In 
order to check for signaling events immediately downstream of GPVI, we examined the CRP-induced protein 
tyrosine phosphorylation pattern with 4G10 antibody, and also checked for the phosphorylation of PLCγ2 at 
 Y259 and Syk at  Y525/526 32,33. Ethopropazine treatment (10–32 μM) did not appear to influence these CRP-induced 

Figure 4.  AF299 reduced CRP-induced platelet  Ca2+ rises and collagen-induced platelet aggregation. (a) 
Chemical structure of AF299. (b–e) Calcium-6 loaded platelets in 96-well plates were stimulated with 
CRP (10 µg/mL) or thrombin (4 nM), as for Fig. 3. Preincubation was with vehicle medium or indicated 
concentrations of AF299. Fluorescence changes from wells were recorded using a FlexStation 3 machine. 
(b) Representative CRP-induced  [Ca2+]i response curves in the presence of 1 mM  CaCl2. (c) Dose–response 
effects on the maximal  Ca2+ responses (parameter P2), normalized to the control condition (DMSO). (d) 
Effect of AF299 on CRP-induced  Ca2+ responses in the presence of 0.1 mM EGTA, blocking extracellular  Ca2+ 
entry. (e) Selectivity of AF299 was studied for not affecting the  Ca2+ responses induced by the other agonist 
(thrombin). (f,g) Effect of AF299 on platelet aggregation in washed platelets in response to collagen (1 µg/mL, 
f) or thrombin (1 nM, g). Pretreatment was for 10 min with vehicle medium or AF299 (10, 30, 49 µM). Shown 
are representative light transmission traces and histograms of maximal aggregation. (h) PRP preincubated 
with AF299 (30–49 µM) was stimulated with 1 µg/mL collagen or 15 µM TRAP6, and platelet aggregation was 
measured. Data are presented as mean ± SD (n = 3–4 donors); *P < 0.05, **P < 0.01, ***P < 0.001 ****P < 0.0001, 
one-way ANOVA with Tukey post-hoc test.



8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6229  | https://doi.org/10.1038/s41598-024-56799-4

www.nature.com/scientificreports/

Figure 5.  Suppressive effect of ethopropazine on platelet functions. (a) Chemical structure of ethopropazine. (b–e) Calcium-6 loaded 
platelets in 96-well plates were stimulated with or CRP (10 µg/mL) or thrombin (4 nM), as for Fig. 3. Preincubation with vehicle or 
indicated concentrations (1, 3.5, 10, 30, 100 µM) of ethopropazine (Ethop). Fluorescence changes from wells were recorded using a 
FlexStation 3 machine. (b) Representative CRP-induced  [Ca2+]i response curves in the presence of 1 mM  CaCl2. (c) Dose–response 
effects on the maximal  Ca2+ responses (parameter P2), normalized to the control condition. (d) Effect of ethopropazine on CRP-
induced  Ca2+ responses in the presence of 0.1 mM EGTA, blocking extracellular  Ca2+ entry. (e) Selectivity was studied using thrombin-
induced  Ca2+ responses after ethopropazine incubation. (f–h) Effect of ethopropazine on platelet aggregation in washed platelets in 
response to collagen (1 µg/mL, f), CRP (10 µg/mL, g), or thrombin (4 nM, h). Pretreatment was for 10 min with vehicle medium or 
ethopropazine (10 and 32 µM). Representative light transmission traces and histograms of maximal aggregation are shown. (i) Platelet 
aggregation of PRP preincubated with ethopropazine (10–32 µM) and stimulated with 1 µg/mL collagen, or 15 µM TRAP6. Shown are 
maximal changes in light transmission. Data are presented as mean ± SD (n = 3–5 donors); *P < 0.05, **P < 0.01, ****P < 0.0001, one-way 
ANOVA with Tukey pot-hoc test.
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phosphorylation events (Fig. S8d), thus excluding a direct effect on the Src-Syk-PLCγ2 pathway. Taken together, 
these data suggest that ethopropazine likely interferes with the PI3K route of the GPVI-induced signaling down-
stream of PLCγ2. This is in agreement with a demonstrated role of PI3Kα, β and δ isoforms in platelet  Ca2+ 
responses and thrombus formation, such as reported  before29,34.

Discussion
In this report, we used a novel algorithm for profiling the  [Ca2+]i curves of Calcium-6-loaded platelets stimu-
lated by the GPVI agonist CRP or with PAR1/4 agonist thrombin to aid in the analysis of systematic screening 
for novel platelet-inhibiting compounds. After UHT-based screening of 16,635 small molecules (with drug-
like physicochemical characteristics) for effects on agonist-induced  [Ca2+]i curve parameters, we obtained 151 
agonist-specific drug-like molecules after applying stringent selection criteria. Further compound prioritization 

Figure 6.  Ethopropazine inhibits collagen-induced whole-blood thrombus formation under flow. (a–c) Effect 
of ethopropazine on platelet thrombus formation under flow. Blood samples were preincubated with vehicle 
or ethopropazine (32 µM). After recalcification, the samples were perfused for 3.5 min at a wall-shear rate of 
1000  s−1 over microspots of collagen I (100 µg/mL, M1), collagen III (100 µg/mL, M2), and collagen I (30 µg/
mL, M3). (a) Representative brightfield microscopic images from indicated microspot surfaces, used for analysis 
of thrombus parameters P1-P5. Scale bars = 20 µm. (b) Heatmap of scaled parameters per microspot surface, 
indicating ethopropazine effects with statistics. Mean values of quantified 8 parameters were univariate scaled 
(0–10) across M1-M3. Parameters are defined as: P1, thrombus morphological score P2, platelet surface area 
coverage (SAC%); P3, thrombus contraction score; P4, thrombus multilayer score, and P5, platelet multilayer 
coverage (SAC%); P6, phosphatidylserine exposure (SAC%); P7, P-selectin expression (SAC%); and P8, integrin 
αIIbβ3 activation (SAC%). (c) Subtraction heatmap representing scaled ethopropazine effects. Color code 
represents decrease (green) or increase (red) in comparison to control blood flow runs. Data are means (n = 3–5 
donors). *P < 0.05, **P < 0.01, ***P < 0.001, vs. vehicle, paired Student t-test, see Datafile S1. For individual 
parameter values, see Figure S7.
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and confirmation measurements ultimately resulted in three hits, i.e. two compounds affecting  Ca2+ rises as 
well as platelet aggregation induced by CRP (AF299 and ethopropazine), and one compound interfering with 
platelet activation by thrombin (ANO61). Given their half-maximal effective concentrations of > 10 μM, it will be 
important to subject the three differently structured small organic molecules to programs finding analogs with 
a higher affinity structure, while retaining the drug-like  properties27. This is especially relevant for AF299 and 
ANO61, both of which lost their inhibitory efficacy in the presence of plasma, most likely by binding to plasma 
components. In contrast, ethopropazine at  10−5 M concentrations was still capable of reducing collagen-induced 
platelet aggregation in PRP and suppressing thrombus build-up in whole blood under flow.

Other laboratories have used well-plate assays aiming to find platelet-inhibitory molecules, based on light 
absorption, luminescence or fluorescence measurements, but so far only using 96 or 384 well-plate  formats35,36. 
Those efforts have led to the finding of indole, diaminobenzene and imidazothiadiazole derivatives targeting the 
thrombin receptors PAR1 or  PAR437–40. Regarding GPVI, the current literature is restricted to an in silico screen-
ing of small molecules interfering with the ligand-binding  domain41. To our knowledge, UHT-based screening 
methods in platelets have not yet been performed targeting the platelet  Ca2+ signaling dynamics in the search 
for new agonist-selective signaling blockers.

Examination of the effects of 22 pharmacological agents interfering with platelet  Ca2+ signaling, illustrated 
the major differences in the signaling domains downstream of GPVI- (CRP-induced) or PAR1/4 (thrombin-
induced)20,21. These differences were supported by Reactome pathway analysis, the results of which can serve 
as a valuable starting point for further screening studies. For instance, it has been shown that cytokine and 
secondary mediator signaling, pathways overrepresented after GPVI activation, are carried out by platelets, thus 
reflecting a role of GPVI in inflammation and immune  response11,42. On the other hand, the thrombin-induced 
signaling domain included a higher contribution of Rho GTPases, which in platelets are known to associate 
with the  cytoskeleton43,44. Furthermore, the partially non-overlapping signaling domains from the Reactome 
pathway analysis can help to explain why PAR4 and GPVI seem to contribute more to arterial thrombosis than 
to  hemostasis2,45. This hypothesis is supported by mouse knockout studies, indicating a thrombosis-stimulating 
role of these platelet receptors with limited effects on tail bleeding  times46.

The workflow in the present study for initial compound prioritization, i.e. to limit the number of compounds 
for further testing in secondary assays, was based on stringent filtering criteria. This can be seen as a limitation 
because of the risk of filtering out false-negative compounds for instance due to rare robot-dependent injection 
leakages in some wells. Selection of non-fluorescence-interfering compounds for the diversity-based compound 
library may have also resulted in lower drop-off of compounds. The chosen ‘reproducibility’ difference index 
threshold of 30% can also be considered as stringent. Further, we discarded several compounds with unfavorable 
ADME-Tox characteristics, which after chemical modification could still give suitable anti-platelet agents. How-
ever, within the frame of the study, this selection was needed for obtaining a manageable number of compounds 
for follow-up experiments. With current improvements of computational methods to better identify potential 
clinical drugs, it is expected that future screening assays can be based on improved filtering techniques.

The identified compound ethopropazine from the so-called Prestwick chemical library of FDA-approved 
drugs. This library has more often been used to find novel functions of existing drugs and/or repurpose them, 
for instance in screening efforts for antibiotics or anti-viral  compounds25,26,47. Ethopropazine was earlier com-
mercialized for the treatment of Parkinson’s disease, based on its interaction with benzodiazepine receptors 
and butyryl cholinesterase in  plasma48,49. Early literature also indicated that ethopropazine targets the M1/2 
acetylcholine receptors and ionotropic glutamate receptors (Fig. S10a)50,51. These receptors are expressed in 
platelets at very low levels or not at  all52. Thus, our finding points to a novel off-target effect of ethopropazine to 
affect platelet functions.

In 1980, it was reported that trifluoperazine, a related phenothiazine compound, inhibits platelet aggrega-
tion as a calmodulin  antagonist53,54. Later it was suggested that phenothiazine analogs in platelets block  Ca2+ 
uptake and cannot be selective inhibitors of  calmodulin55. These early findings, which took place before the 
identification of platelet receptors and signaling pathways, are compatible with the present platelet inhibitory 
profile of ethopropazine, which now appears to be receptor and pathway-specific. Importantly, we also find that 
ethopropazine markedly reduces collagen-induced thrombus growth upon blood perfusion at high shear rate, 
i.e. an ex vivo method known to mimic in vivo arterial thrombosis mice  models46.

Regarding the action mechanism of ethopropazine, the systematic comparison made with 22 known platelet 
inhibitors illustrated the broad signaling domain of pathways contributing to the CRP-induced  Ca2+ response. 
Guided by the Reactome pathway analysis, we checked ethopropazine effects on platelet cAMP level,  Ca2+ entry, 
secondary mediator release and protein tyrosine phosphorylation. This indicated that the most likely target of 
ethopropazine in GVPI-stimulated platelets is on the level of PI3K, such as reported before for inhibition of the 
isoforms PI3Kα56, PI3Kβ29 or PI3Kδ34.

For the compounds ANO61 and AF299, we observed low effectivity—likely due to high plasma binding—
upon agonist-induced PRP aggregation. Plasma protein binding are known to affect the bioavailability and 
distribution of bioactive compounds, which effect partly determines their  pharmacokinetics57. For instance, 
clinically used tyrosine kinase inhibitors are known to bind to plasma factors, which reduces the drug efficiency 
and limits diffusion through the cell  membrane58,59. This may also be the case for AF299 and ANO61. In this 
respect, structure–activity studies and medicinal chemistry programs are essential for further compound devel-
opment to improve specificity and reduce the risk of failure in clinical  trials60.

Agents effectively preventing arterial thrombosis are still the subject of intense research. Biological screening 
approaches aim to produce a reasonable number of high-quality hits that can result in promising lead compounds 
and finally drug candidates. Here, we show the potential of the UHT-based measuring intracellular  Ca2+ levels 
to discover antiplatelet hits. The present method is promising for future small-scale and large-scale screening 
purposes targeting platelet activation.
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Methods
Additional methods are provided in the Supplement.

Blood collection
Blood was obtained by venipuncture from healthy volunteers, who had not received anti-platelet medication 
for at least two weeks and provided full informed consent according to the declaration of Helsinki. The study 
was approved by the Medical Ethics Committee of Maastricht University Medical  Centre+ (NL31480.068.10). 
Blood was collected into 3.2% trisodium citrate after discarding the first 3 ml of blood (Vacuette tubes, Greiner 
Bio-One, Alphen a/d Rijn, The Netherlands).

For the small molecule screening, two bags of 330 mL platelet concentrates were obtained from Stichting 
Sanquin (Amsterdam, The Netherlands; permission NVT0505.01). These concentrates were pooled from five 
healthy donors with identical ABO and Rh(D) compatible blood types (11 ×  109 platelets/mL PAS-E plasma). 
The platelet batches were available after safety screening, at two days after blood drawing. Platelets were isolated 
immediately after receival and checked for full responsiveness to CRP and thrombin. Platelet count and hema-
tological parameters were measured with an XN-9000 analyzer (Sysmex, Kobe, Japan).

Small‑molecule screening libraries
Compound libraries were screened at Pivot Park Screening Centre (PPSC, Oss, The Netherlands). Tested libraries 
were the Prestwick Chemical Library (1,280 compounds)47, divided over one 1,536-well plate, and a diversity-
based SMC (Small Molecule Compound) library containing 15,355 small molecules, designed by Pivot Park 
Screening Centre, which were divided across other 1536-well plates. The SMC library was based on 15 molecular 
scaffolds, all obeying the Lipinski rule of five for orally active drugs, i.e. no more than 5 hydrogen bond donors 
(the total number of nitrogen–hydrogen and oxygen-hydrogen bonds); no more than 10 hydrogen bond accep-
tors (all nitrogen or oxygen atoms); a molecular mass > 500 Da; and a calculated octanol–water partition coef-
ficient <  523,61, in majority also passing the Ghose  filter62. Physicochemical characteristics of compounds in the 
SMC library are provided in Fig. S2 and detailed in Datafile S1. All compounds were dissolved into DMSO and 
maintained at room temperature during the screening procedure. The compounds dissolved in DMSO were 
transferred to the 1536-well plates using an Echo acoustic dispenser (200 nL/well), and then diluted with Hepes 
buffer pH 7.45 (30 µL).

Platelet isolation
Platelet-rich plasma (PRP) and washed platelets were isolated from citrate-anticoagulated human blood, basi-
cally as  described29. In brief, PRP was prepared from citrated blood by centrifugation at 260 g for 15 min. For 
PRP measurements, the platelet count was adjusted to 250 ×  109/L using autologous platelet-free plasma. Washed 
platelets were prepared from PRP, supplemented with 1:10 acidic citrate dextrose (ACD; 80 mM trisodium 
citrate, 52 mM citric acid, and 180 mM glucose), by centrifugation at 2230 g for 2 min. The pelleted platelets 
were resuspended in Hepes buffer pH 6.6 (10 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM  MgCl2, 5.5 mM 
glucose and 0.1% bovine serum albumin), and after supplementation with 1:15 ACD and 0.1 U/mL apyrase, the 
centrifugation step was repeated. Washed platelets were resuspended in Hepes buffer pH 7.45 (10 mM Hepes, 
126 mM NaCl, 2.7 mM KCl, 2 mM  MgCl2, 5.5 mM glucose and 0.1% bovine serum albumin) at desired count.

Small‑molecule UHT‑based screening of platelet  Ca2+ responses in 1,536‑well plate
For screening purposes, washed platelets (400 ×  109/L) were loaded with Calcium-6, as described  previously22. 
Calcium-6 loaded platelets resuspended at 400 ×  109/L into Hepes buffer pH 7.45 plus 1 mM  CaCl2 were distrib-
uted as 4 μL volumes over a 1536-well plate using a Certus dispenser device (Guger, AG, Gwatt, Switzerland). 
For the screening, a total of 16,635 small molecules were transferred to 13 source 1536-well-plates, according 
to a predefined layout using an Echo acoustic dispenser (200 nL/well). The molecules were then diluted with 
Hepes buffer pH 7.45 (30 µL). Per 1536-well plate, 192 wells were for agonist controls (vehicle), and 64 wells 
were for buffer controls (resting), the remaining 1280 wells were used for compounds. Compound plates were 
used four times, i.e. for duplicate screening with either agonist, unless indicated otherwise. Screening of subsets 
of compounds was done in one day using the same platelet pool.

The Calcium-6 loaded platelets divided over wells were pre-incubated (5 min) by automated pipetting with 
individual compounds (2 µL, 10 µM, f.c.) or vehicle solution. The pipetting, fluorescence measurements and 
agonist additions were performed at 37 °C with an automated FLIPR-Tetra machine (Molecular Devices, San 
Jose, CA, USA). All platelet, compound and agonist plates were placed inside the FLIPR robot. As agonists, 
CRP (2 µL, 10 µg/mL, f.c.) or thrombin (2 µL, 4 nM, f.c.) were used, which were dissolved into Hepes buffer 
pH 7.45. Calcium-6 fluorescence changes were measured with CRP for 10 min, and with thrombin for 5 min. 
The measurements were performed in the presence of 1 mM  CaCl2 using the FLIPR-Tetra machine and taking 
into account the length of the  Ca2+  signal22. Calcium-6 fluorescence was measured in all wells simultaneously at 
excitation and emission wavelengths of 485 nm and 525 nm, respectively.

Of note, the UHT-based screening assay in 1,536-well plate format was performed by robot injection of 2 µL 
of agonist or vehicle solution into 6 µL of dye-loaded platelets plus compound per well. Injection occurred by 
temporarily inserting a polypropylene tip (one per well) into the cell suspension, controlled by the FLIPR-Tetra 
machine. The injection speed was optimized to achieve optimal mixing, but the injection of a relatively large 
volume of agonist solution as well as light pathway interference of the tip resulted in a drop in fluorescence.
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Cytosolic  Ca2+ responses of Calcium‑6 loaded platelets in 96‑well plate
Washed human platelets (400 ×  109/L) were loaded with Calcium-6 solution (1:1 vol./vol) for 2 h at room tempera-
ture. After the washing step, the Calcium-6 loaded platelets (200 ×  109/L) were preincubated with known inhibi-
tors or selected screening compounds for 10 min at room temperature. The platelets in Hepes buffer pH 7.45 with 
1 mM  CaCl2 or 0.1 mM EGTA were distributed over a 96-well plate (200 μL). Changes in Calcium-6 fluorescence 
were measured, upon stimulation with CRP (5–10 µg/mL, f.c.) or thrombin (2–4 nM, f.c.) by automated pipetting 
in a FlexStation 3 machine (Molecular Devices, San Jose, CA, USA). Calcium-6 fluorescence was continuously 
measured per row, at excitation and emission wavelengths of 485 nm and 525 nm, respectively. Duplicate wells 
were used per condition. Mean values of effects of inhibitors were log2 transformed for heatmap visualization.

Automated  Ca2+ curve analysis and filtering of screening assay
The Calcium-6 fluorescence curves were analyzed per well (96- or 1536-well plates) using a custom-made algo-
rithm written in Matlab (MathWorks, Natick, MA, USA). Seven curve characteristics were defined per trace 
(P1-7). The characteristics were converted into the following parameters: P1, baseline level before agonist; P2, 
maximal  Ca2+ increase; P3, slope 1; P4, peak fluorescence after agonist addition; P5-P6, slopes 2 and 3; P7, area 
under the curve (AUC), the latter one indicating a cumulative agonist effect. The slopes 1–3 represent the rates 
of fluorescence signal changes by agonist addition per curve section. Slope 1 refers to the initial signal increase. 
Slopes 2 and 3 to a subsequent decrease and a secondary increase after the peak level, respectively. Slope 2 was 
equaled 0 if absent. Slope 3 was calculated from t = 650 s for CRP datasets, and from t = 500 s for thrombin data-
sets. The Matlab script for obtaining all curve parameters is accessible via https:// github. com/ sobot av/ CaCur 
veAna lysis (see also the Supplemental Information).

Due to residual increases in fluorescence baseline before agonist addition (caused by dye leakage), for response 
calculations, P1 immediately before agonist addition was taken was basal  F0 fluorescence, both in 96-well and 
1,536-well plate formats. Subsequent platelet response expression as F –  F0 appeared to be a more robust man-
ner than using ratio values of F/F0. Parameter values were normalized to the control conditions per well plate, 
and then Z-score was calculated per parameter and plate, as the number of standard deviations above or below 
the  mean63.

The small molecule screening was performed in duplicate plates (A and B), the results of which were used 
for calculation of the difference index (DI), as a factor determining the variability between duplicate conditions 
across two well plates. This parameter was calculated as the ratio between the maximal signal difference and 
the two signal values: DI = (abs (A–B))/(max AB–min AB). Herein, max AB–min AB indicates the difference of 
both fluorescence values. In other words, the relative difference in signal was calculated from the absolute dif-
ference between two signals divided by the total range (maximum–minimum) of values of both signals. The DI 
is defined as the  95th percentile of the calculated relative difference. Based on sensitivity analysis, a DI threshold 
of 30% was chosen as optimal, meaning that 95% of the relative difference between signals did not exceed 30%. 
Originally screened were 16,635 compounds with either agonist, CRP or thrombin. Applying the difference 
index (DI) to correct for high variability between duplicates, led to 11,883 and 12,952 compounds for CRP 
and thrombin, respectively, for subsequent analysis. Selected curves were normalized to the means of control 
agonist wells (set at 100%) per plate. For compound wells, Z-scores were calculated per parameter P1-7 and per 
plate. Compounds with a Z-score >| 4 | were considered to be active and was used to filter compounds with an 
assumed relevant effect.

Median values before and after the addition of drug were used to identify compounds with a signal- or 
platelet-interfering effect (i.e., autofluorescence, fluorescence quenching, or dye leakage). Fluorescence curves 
were inspected for the correct addition of agonist. An ADME-Tox filtering tool available at https:// fafdr ugs4. 
rpbs. univ- paris- dider ot. fr was used to remove compounds with assumed detrimental metabolic or toxicity char-
acteristics, based on in silico predictions. For the re-screening, selected compounds were exposed to Calcium-6 
loaded platelets at 10 µM in 96-well plates using a FlexStation 3 robot. Compound inhibition of > 25% was taken 
as a filter for continued experimenting at further stages. Dose–response data were fitted by least squares regres-
sion analysis, which provided  IC50 values.

Light transmission aggregometry
Isolated platelets in Hepes buffer pH 7.45 or in PRP (250 ×  109/L) were pre-incubated with indicated compound 
or vehicle for 5 min at room temperature and 5 min at 37 ºC. Platelet aggregation was then recorded under stir-
ring (1200 rpm) using a Chronolog optical aggregometer (Havertown, PA, USA) at 37 °C30. Aggregation was 
induced by collagen type I (1 µg/mL), CRP (10 µg/mL), thrombin (1 or 4 nM), or TRAP6 (15 µM), as indicated 
in the figure legends. Curves of light transmission changes were analyzed for maximum aggregation of 8 min 
after the addition of the agonist.

Microfluidic whole blood thrombus formation
Whole blood thrombus formation was measured as a multiparameter assay using parallel-plate microfluidic 
chambers, as described  before31. Rectangular glass coverslips were coated with three microspots (0.5 µL per spot). 
The adjacent microspots consisted of: (i) 100 µg/mL collagen type I (microspot M1), (ii) 30 µg/mL collagen type 
I (M2), and (iii) 100 µg/mL collagen III (M3). Per flow run, 500 µL of citrated blood was anticoagulated with 
PPACK (40 µM) and recalcified directly before perfusion. The most active microspot (collagen I) was mounted 
at the downstream side of the flow  chamber31. Blood flow was for 3.5 min at a wall-shear rate of 1000  s−1. The 
formed thrombi were post-perfused with rinse buffer (10 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM  MgCl2, 
2 mM  CaCl2, 5.5 mM glucose, 0.1% bovine serum albumin, and 1 U/mL heparin, pH 7.45), to which were added 
three fluorescent labels (FITC-labeled anti-fibrinogen mAb 10 μg/mL, AF568 annexin A5 5 μg/mL, and AF647 

https://github.com/sobotav/CaCurveAnalysis
https://github.com/sobotav/CaCurveAnalysis
https://fafdrugs4.rpbs.univ-paris-diderot.fr
https://fafdrugs4.rpbs.univ-paris-diderot.fr


13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6229  | https://doi.org/10.1038/s41598-024-56799-4

www.nature.com/scientificreports/

anti-CD62P mAb 8 μg/mL). Unbound label was removed by 2 min perfusion with rinse buffer. Brightfield images 
(during staining) and fluorescence images (after rinse) were taken under flow with an EVOS-FL microscope 
(Life Technologies, Bleiswijk, The Netherlands), equipped with Cy5, RFP and GFP LEDs, an Olympus UPLSAP 
60 × oil-immersion objective, and a 1360 × 1,024 pixel CCD  camera64. Per condition, flow runs were performed 
at least in duplicate. Semi-automated scripts were used for image analyses, as described in the Supplement.

Reactome pathway analysis
A panel of 22 reference compounds inhibiting platelet functions (see Table S1) were linked to their target proteins 
using UniProtKD assignments. Target proteins for inhibitors that significantly affected agonist-induced  [Ca2+]i 
traces for at least 3 parameters (one-way ANOVA corrected for multiple comparisons by a Holm-Sidak test) were 
uploaded into Reactome to find the corresponding pathways. The listed protein identifiers (as gene symbols) 
were screened for pathways with n ≥ 4 entities and false discovery rates (FDR) of < 1%. Primary Reactome data 
are provided in Datafile S1.

Data and statistical analyses
The data are shown as means ± standard deviation (SD). Graphpad Prism 9 software (version 9.4.1, La Jolla, CA, 
USA) was used for statistical analysis. Normality was evaluated using the Shapiro–Wilk test, which determined 
the choice of parametric or nonparametric testing. Statistical significance was set at p < 0.05. The package R ver-
sion 3.2.5 (www.r- proje ct. org) was used for correlation analyses, computation of k-means clustering, decision 
on number of clusters, Euclidean distance matrix, and to generate heatmaps.

Data availability
The data that support the findings of this study are included in this article and its supplementary information files. 
The Matlab algorithm has been deposited on GitHub (https:// github. com/ sobot av/ CaCur veAna lysis). Indirect 
data are available from the corresponding author upon reasonable request.

Received: 10 January 2024; Accepted: 11 March 2024

References
 1. Koupenova, M., Kehrel, B. E., Corkrey, H. A. & Freedman, J. E. Thrombosis and platelets: An update. Eur. Heart J. 38, 785–791. 

https:// doi. org/ 10. 1093/ eurhe artj/ ehw550 (2017).
 2. Van der Meijden, P. E. & Heemskerk, J. W. Platelet biology and functions: new concepts and clinical perspectives. Nat. Rev. Cardiol. 

16, 166–179. https:// doi. org/ 10. 1038/ s41569- 018- 0110-0 (2019).
 3. O’Donnell, C. J. et al. Genetic and environmental contributions to platelet aggregation: The Framingham heart study. Circulation 

103, 3051–3056. https:// doi. org/ 10. 1161/ 01. cir. 103. 25. 3051 (2001).
 4. Maree, A. O. et al. Cyclooxygenase-1 haplotype modulates platelet response to aspirin. J. Thromb. Haemost. 3, 2340–2345. https:// 

doi. org/ 10. 1111/j. 1538- 7836. 2005. 01555.x (2005).
 5. Lepantalo, A. et al. Polymorphisms of COX-1 and GPVI associate with the antiplatelet effect of aspirin in coronary artery disease 

patients. Thromb. Haemost. 95, 253–259. https:// doi. org/ 10. 1160/ TH05- 07- 0516 (2006).
 6. Feher, G. et al. The genetics of antiplatelet drug resistance. Clin. Genet. 75, 1–18. https:// doi. org/ 10. 1111/j. 1399- 0004. 2008. 01105.x 

(2009).
 7. Varenhorst, C. et al. Genetic variation of CYP2C19 affects both pharmacokinetic and pharmacodynamic responses to clopidogrel 

but not prasugrel in aspirin-treated patients with coronary artery disease. Eur. Heart J. 30, 1744–1752. https:// doi. org/ 10. 1093/ 
eurhe artj/ ehp157 (2009).

 8. Vu, T. K., Hung, D. T., Wheaton, V. I. & Coughlin, S. R. Molecular cloning of a functional thrombin receptor reveals a novel pro-
teolytic mechanism of receptor activation. Cell 64, 1057–1068. https:// doi. org/ 10. 1016/ 0092- 8674(91) 90261-v (1991).

 9. Hamilton, J. R. Protease-activated receptors as targets for antiplatelet therapy. Blood Rev. 23, 61–65. https:// doi. org/ 10. 1016/j. blre. 
2008. 06. 002 (2009).

 10. Versteeg, H. H., Heemskerk, J. W., Levi, M. & Reitsma, P. H. New fundamentals in hemostasis. Physiol. Rev. 93, 327–358. https:// 
doi. org/ 10. 1152/ physr ev. 00016. 2011 (2013).

 11. Rayes, J., Watson, S. P. & Nieswandt, B. Functional significance of the platelet immune receptors GPVI and CLEC-2. J. Clin. Invest. 
129, 12–23. https:// doi. org/ 10. 1172/ JCI12 2955 (2019).

 12. Groschel, K. et al. Revacept, an inhibitor of platelet adhesion in symptomatic carotid artery stenosis: design and rationale of a 
randomized phase II clinical trial. TH Open 4, e393–e399. https:// doi. org/ 10. 1055/s- 0040- 17210 78 (2020).

 13. Mayer, K. et al. Efficacy and safety of Revacept, a novel lesion-directed competitive antagonist to platelet glycoprotein VI, in patients 
undergoing elective percutaneous coronary intervention for stable ischemic heart disease: the randomized, double-blind, placebo-
controlled ISAR-PLASTER phase 2 trial. JAMA Cardiol. 6, 753–761. https:// doi. org/ 10. 1001/ jamac ardio. 2021. 0475 (2021).

 14. Lebozec, K., Jandrot-Perrus, M., Avenard, G., Favre-Bulle, O. & Billiald, P. Design, development and characterization of ACT017, 
a humanized Fab that blocks platelet’s glycoprotein VI function without causing bleeding risks. MAbs 9, 945–958. https:// doi. org/ 
10. 1080/ 19420 862. 2017. 13365 92 (2017).

 15. Voors-Pette, C. et al. Safety and tolerability, pharmacokinetics, and pharmacodynamics of ACT017, an antiplatelet GPVI (glyco-
protein VI) Fab. Arterioscler. Thromb. Vasc. Biol. 39, 956–964. https:// doi. org/ 10. 1161/ ATVBA HA. 118. 312314 (2019).

 16. Wichaiyo, S., Parichatikanond, W. & Rattanavipanon, W. Glenzocimab: a GPVI (glycoprotein VI)-targeted potential antiplatelet 
agent for the treatment of acute ischemic stroke. Stroke 53, 3506–3513. https:// doi. org/ 10. 1161/ STROK EAHA. 122. 039790 (2022).

 17. Poole, R. M. & Elkinson, S. Vorapaxar: first global approval. Drugs 74, 1153–1163. https:// doi. org/ 10. 1007/ s40265- 014- 0252-2 
(2014).

 18. Wilson, S. J. et al. PAR4 (protease-activated receptor 4) antagonism with BMS-986120 inhibits human ex vivo thrombus formation. 
Arterioscler. Thromb. Vasc. Biol. 38, 448–456. https:// doi. org/ 10. 1161/ ATVBA HA. 117. 310104 (2018).

 19. Meah, M. N. et al. Antithrombotic effects of combined PAR (protease-activated receptor)-4 antagonism and factor Xa inhibition. 
Arterioscler. Thromb. Vasc. Biol. 40, 2678–2685. https:// doi. org/ 10. 1161/ ATVBA HA. 120. 314960 (2020).

 20. Mammadova-Bach, E., Nagy, M., Heemskerk, J. W., Nieswandt, N. & Braun, A. Store-operated calcium entry in blood cells in 
thrombo-inflammation. Cell Calcium 77, 39–48. https:// doi. org/ 10. 1016/j. ceca. 2018. 11. 005 (2019).

 21. Fernandez, D. I., Kuijpers, M. J. & Heemskerk, J. W. Platelet calcium signaling by G-protein coupled and ITAM-linked receptors 
regulating anoctamin-6 and procoagulant activity. Platelets 32, 863–871. https:// doi. org/ 10. 1080/ 09537 104. 2020. 18591 03 (2021).

http://www.r-project.org
https://github.com/sobotav/CaCurveAnalysis
https://doi.org/10.1093/eurheartj/ehw550
https://doi.org/10.1038/s41569-018-0110-0
https://doi.org/10.1161/01.cir.103.25.3051
https://doi.org/10.1111/j.1538-7836.2005.01555.x
https://doi.org/10.1111/j.1538-7836.2005.01555.x
https://doi.org/10.1160/TH05-07-0516
https://doi.org/10.1111/j.1399-0004.2008.01105.x
https://doi.org/10.1093/eurheartj/ehp157
https://doi.org/10.1093/eurheartj/ehp157
https://doi.org/10.1016/0092-8674(91)90261-v
https://doi.org/10.1016/j.blre.2008.06.002
https://doi.org/10.1016/j.blre.2008.06.002
https://doi.org/10.1152/physrev.00016.2011
https://doi.org/10.1152/physrev.00016.2011
https://doi.org/10.1172/JCI122955
https://doi.org/10.1055/s-0040-1721078
https://doi.org/10.1001/jamacardio.2021.0475
https://doi.org/10.1080/19420862.2017.1336592
https://doi.org/10.1080/19420862.2017.1336592
https://doi.org/10.1161/ATVBAHA.118.312314
https://doi.org/10.1161/STROKEAHA.122.039790
https://doi.org/10.1007/s40265-014-0252-2
https://doi.org/10.1161/ATVBAHA.117.310104
https://doi.org/10.1161/ATVBAHA.120.314960
https://doi.org/10.1016/j.ceca.2018.11.005
https://doi.org/10.1080/09537104.2020.1859103


14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6229  | https://doi.org/10.1038/s41598-024-56799-4

www.nature.com/scientificreports/

 22. Fernandez, D. I. et al. Ultra-high-throughput  Ca2+ assay in platelets to distinguish ITAM-linked and G-protein-coupled receptor 
activation. Iscience 25, 103718. https:// doi. org/ 10. 1016/j. isci. 2021. 103718 (2022).

 23. Lipinski, C. A., Lombardo, F., Dominy, B. W. & Feenay, P. J. Experimental and computational approaches to estimate solubility and 
permeavility in drug discovery and development settings. Adv. Drug Deliv. Rev. 46, 3–26 (2001).

 24. Anastassiadis, T., Deacon, S. W., Devarajan, K., Ma, H. & Peterson, J. R. Comprehensive assay of kinase catalytic activity reveals 
features of kinase inhibitor selectivity. Nat. Biotechnol. 29, 1039–1045 (2011).

 25. Maier, L. et al. Extensive impact of non-antibiotic drugs on human gut bacteria. Nature 555, 623–628. https:// doi. org/ 10. 1038/ 
natur e25979 (2018).

 26. Touret, F. et al. In vitro screening of a FDA approved chemical library reveals potential inhibitors of SARS-CoV-2 replication. Sci. 
Rep. 10, 13093. https:// doi. org/ 10. 1038/ s41598- 020- 70143-6 (2020).

 27. Lagorce, D., Sperandio, O., Galons, H., Miteva, M. A. & Villoutreix, B. O. FAF-Drugs2: Free ADME/tox filtering tool to assist drug 
discovery and chemical biology projects. BMC Bioinform. 9, 396. https:// doi. org/ 10. 1186/ 1471- 2105-9- 396 (2008).

 28. https:// en. wikip edia. org/ wiki/. (2022).
 29. Gilio, K. et al. Non-redundant roles of phosphoinositide 3-kinase isoforms alpha and beta in glycoprotein VI-induced platelet 

signaling and thrombus formation. J. Biol. Chem. 284, 33750–33762. https:// doi. org/ 10. 1074/ jbc. M109. 048439 (2009).
 30. Gilio, K. et al. Functional divergence of platelet protein kinase C (PKC) isoforms in thrombus formation on collagen. J. Biol. Chem. 

285, 23410–23419. https:// doi. org/ 10. 1074/ jbc. M110. 136176 (2010).
 31. De Witt, S. M. et al. Identification of platelet function defects by multi-parameter assessment of thrombus formation. Nat. Com-

mun. 5, 4257. https:// doi. org/ 10. 1038/ ncomm s5257 (2014).
 32. Barrachina, M. N. et al. GPVI surface expression and signalling pathway activation are increased in platelets from obese patients: 

Elucidating potential anti-atherothrombotic targets in obesity. Atherosclerosis 281, 62–70. https:// doi. org/ 10. 1016/j. ather oscle rosis. 
2018. 12. 023 (2019).

 33. Cheung, H. Y. et al. Inhibition of Src but not Syk causes weak reversal of GPVI-mediated platelet aggregation measured by light 
transmission aggregometry. Platelets 33, 1293–1300. https:// doi. org/ 10. 1080/ 09537 104. 2022. 20692 35 (2022).

 34. Barrachina, M. N. et al. The PI3Kδ inhibitor idelalisib diminishes platelet function and shows antithrombotic potential. Int. J. Mol. 
Sci. https:// doi. org/ 10. 3390/ ijms2 20733 04 (2021).

 35. Bye, A. P., Unsworth, A. J. & Gibbins, J. M. Screening and high-throughput platelet assays. Methods Mol. Biol. 1812, 81–94 (2018).
 36. Martins Lima, A. et al. An optimized and validated 384-well plate assay to test platelet function in a high-throughput screening 

format. Platelets 30, 563–571. https:// doi. org/ 10. 1080/ 09537 104. 2018. 15141 06 (2019).
 37. Dockendorff, C. et al. Discovery of 1,3-diaminobenzenes as selective inhibitors of platelet activation at the PAR1 receptor. ACS 

Med. Chem. Lett. 3, 232–237. https:// doi. org/ 10. 1021/ ml200 2696 (2012).
 38. Young, S. E., Duvernay, M. T., Schulte, M. L., Lindsley, C. W. & Hamm, H. E. Synthesis of indole derived protease-activated receptor 

4 antagonists and characterization in human platelets. PLoS One 8, e65528. https:// doi. org/ 10. 1371/ journ al. pone. 00655 28 (2013).
 39. Wong, P. C. et al. Blockade of protease-activated receptor-4 (PAR4) provides robust antithrombotic activity with low bleeding. Sci. 

Transl. Med. https:// doi. org/ 10. 1126/ scitr anslm ed. aaf52 94 (2017).
 40. Priestley, E. S. et al. Discovery of two novel antiplatelet clinical candidates (BMS-986120 and BMS-986141) that antagonize 

protease-activated receptor 4. J. Med. Chem. 65, 8843–8854. https:// doi. org/ 10. 1021/ acs. jmedc hem. 2c003 59 (2022).
 41. Taylor, L. et al. Discovery of novel GPVI receptor antagonists by structure-based repurposing. PLoS One 9, e101209. https:// doi. 

org/ 10. 1371/ journ al. pone. 01012 09 (2014).
 42. Rondina, M. T. & Garraud, O. Emerging evidence for platelets as immune and inflammatory effector cells. Front. Immunol. 5, 653. 

https:// doi. org/ 10. 3389/ fimmu. 2014. 00653 (2014).
 43. Li, Z., Delaney, M. K., O’Brien, K. A. & Du, X. Signaling during platelet adhesion and activation. Arterioscler. Thromb. Vasc. Biol. 

30, 2341–2349. https:// doi. org/ 10. 1161/ ATVBA HA. 110. 207522 (2010).
 44. Aslan, J. E. & McCarty, O. J. Rho GTPases in platelet function. J. Thromb. Haemost. 11, 35–46. https:// doi. org/ 10. 1111/ jth. 12051 

(2013).
 45. Tscharre, M., Michelson, A. D. & Gremmel, T. Novel antiplatelet agents in cardiovascular disease. J. Cardiovasc. Pharmacol. Ther. 

25, 191–200. https:// doi. org/ 10. 1177/ 10742 48419 899314 (2020).
 46. Baaten, C. C. et al. A synthesis approach of mouse studies to identify genes and proteins in arterial thrombosis and bleeding. Blood 

132, e35–e46 (2018).
 47. Kanvatirth, P., Jeeves, R. E., Bacon, J., Besra, G. S. & Alderwick, L. J. Utilisation of the Prestwick chemical library to identify drugs 

that inhibit the growth of mycobacteria. PLoS One 14, e0213713. https:// doi. org/ 10. 1371/ journ al. pone. 02137 13 (2019).
 48. Moerlein, S. M. & Perlmutter, J. S. Binding of 5-(2’-[18F] fluoroethyl) flumazenil to central benzodiazepine receptors measured in 

living baboon by positron emission tomography. Eur. J. Pharmacol. 218, 109–115. https:// doi. org/ 10. 1016/ 0014- 2999(92) 90153-u 
(1992).

 49. Brocks, D. R. Anticholinergic drugs used in Parkinson’s disease: An overlooked class of drugs from a pharmacokinetic perspective. 
J. Pharm. Pharm Sci 2, 39–46 (1999).

 50. Burke, R. E. The relative selectivity of anticholinergic drugs for the M1 and M2 muscarinic receptor subtypes. Mov. Disord. 1, 
135–144. https:// doi. org/ 10. 1002/ mds. 87001 0208 (1986).

 51. Jevtovic-Todorovic, V., Meyenburg, A. P., Olney, J. W. & Wozniak, D. F. Anti-Parkinsonian agents procyclidine and ethopropazine 
alleviate thermal hyperalgesia in neuropathic rats. Neuropharmacol 44, 739–748. https:// doi. org/ 10. 1016/ s0028- 3908(03) 00069-8 
(2003).

 52. Huang, J. et al. Assessment of a complete and classified platelet proteome from genome-wide transcripts of human platelets and 
megakaryocytes covering platelet functions. Sci. Rep. 11, 12358 (2021).

 53. Kindness, G., Williamson, F. B. & Long, W. F. Inhibitory effect of trifluoperazine on aggregation of human platelets. Thromb. Res. 
17, 549–554. https:// doi. org/ 10. 1016/ 0049- 3848(80) 90092-4 (1980).

 54. White, G. C. & Raynor, S. T. The effects of trifluoperazine, an inhibitor of calmodulin, on platelet function. Thromb. Res. 18, 
279–284. https:// doi. org/ 10. 1016/ 0049- 3848(80) 90194-2 (1980).

 55. Enouf, J. & Levy-Toledano, S. Relationship between structure of phenothiazine analogues and their activity on platelet calcium 
fluxes. Br. J. Pharmacol. 81, 509–518. https:// doi. org/ 10. 1111/j. 1476- 5381. 1984. tb101 04.x (1984).

 56. Kim, S., Garcia, A., Jackson, S. P. & Kunapuli, S. P. Insulin-like growth factor-1 regulates platelet activation through PI3-K alpha 
isoform. Blood 110, 4206–4213. https:// doi. org/ 10. 1182/ blood- 2007- 03- 080804 (2007).

 57. Wanat, K. Biological barriers, and the influence of protein binding on the passage of drugs across them. Mol. Biol. Rep. 47, 
3221–3231. https:// doi. org/ 10. 1007/ s11033- 020- 05361-2 (2020).

 58. Roberts, J. A., Pea, F. & Lipman, J. The clinical relevance of plasma protein binding changes. Clin. Pharmacokinet. 52, 1–8. https:// 
doi. org/ 10. 1007/ s40262- 012- 0018-5 (2013).

 59. OBrien, Z. & FMoghaddam, M. A systematic analysis of physicochemical and ADME properties of all small molecule kinase 
inhibitors approved by US FDA from January 2001 to October 2015. Curr. Med. Chem. 24, 3159–3184 (2017).

 60. Malo, N., Hanley, J. A., Cerquozzi, S., Pelletier, J. & Nadon, R. Statistical practice in high-throughput screening data analysis. Nat. 
Biotechnol. 24, 167–175. https:// doi. org/ 10. 1038/ nbt11 86 (2006).

 61. Lipinsky, C. A. Lead- and drug-like compounds: The rule-of-five revolution. Drug. Discov. Today Technol. 1, 337–341 (2004).

https://doi.org/10.1016/j.isci.2021.103718
https://doi.org/10.1038/nature25979
https://doi.org/10.1038/nature25979
https://doi.org/10.1038/s41598-020-70143-6
https://doi.org/10.1186/1471-2105-9-396
https://en.wikipedia.org/wiki/
https://doi.org/10.1074/jbc.M109.048439
https://doi.org/10.1074/jbc.M110.136176
https://doi.org/10.1038/ncomms5257
https://doi.org/10.1016/j.atherosclerosis.2018.12.023
https://doi.org/10.1016/j.atherosclerosis.2018.12.023
https://doi.org/10.1080/09537104.2022.2069235
https://doi.org/10.3390/ijms22073304
https://doi.org/10.1080/09537104.2018.1514106
https://doi.org/10.1021/ml2002696
https://doi.org/10.1371/journal.pone.0065528
https://doi.org/10.1126/scitranslmed.aaf5294
https://doi.org/10.1021/acs.jmedchem.2c00359
https://doi.org/10.1371/journal.pone.0101209
https://doi.org/10.1371/journal.pone.0101209
https://doi.org/10.3389/fimmu.2014.00653
https://doi.org/10.1161/ATVBAHA.110.207522
https://doi.org/10.1111/jth.12051
https://doi.org/10.1177/1074248419899314
https://doi.org/10.1371/journal.pone.0213713
https://doi.org/10.1016/0014-2999(92)90153-u
https://doi.org/10.1002/mds.870010208
https://doi.org/10.1016/s0028-3908(03)00069-8
https://doi.org/10.1016/0049-3848(80)90092-4
https://doi.org/10.1016/0049-3848(80)90194-2
https://doi.org/10.1111/j.1476-5381.1984.tb10104.x
https://doi.org/10.1182/blood-2007-03-080804
https://doi.org/10.1007/s11033-020-05361-2
https://doi.org/10.1007/s40262-012-0018-5
https://doi.org/10.1007/s40262-012-0018-5
https://doi.org/10.1038/nbt1186


15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6229  | https://doi.org/10.1038/s41598-024-56799-4

www.nature.com/scientificreports/

 62. Ghose, A. K., Viswanadhan, V. N. & Wendoloski, J. J. A knowledge-based approach in designing combinatorial or medicinal 
chemistry libraries for durg discovery. 1. A quatilitative characterization of known drug databases. J. Combinat. Chem. 1, 55–68 
(1999).

 63. DeVore, G. R. Computing the Z score and centiles for cross-sectional analysis: A practical approach. J. Ultrasound Med. 36, 459–473. 
https:// doi. org/ 10. 7863/ ultra. 16. 03025 (2017).

 64. Van Geffen, J. P. et al. High-throughput elucidation of thrombus formation reveals sources of platelet function variability. Haema-
tologica 104, 1256–1267. https:// doi. org/ 10. 3324/ haema tol. 2018. 198853 (2019).

Acknowledgements
We are very thankful to Jan van Groningen for the technical assistance during the performance of the small 
molecule screening. DIF is supported by the European Union’s Horizon 2020 research and innovation program 
under the Marie Slodowska-Curie grant agreement number 76118 and is enrolled in a joint PhD program at the 
University of Maastricht (The Netherlands) and Santiago de Compostela (Spain). JZ is supported by the China 
Scholarship Council (201909370052). VS received financial support from the French government as part of the 
“Investments for the Future” program managed by the national Research Agency (ANR), grant reference ANR-
10-IAHU-04, and from the Fondation Lefoulon-Delalande.

Author contributions
Experimental design, H.v.d.H., D.I.F., M.J.E.K.; investigation D.I.F., B.M.E.T., J.Z.; formal analysis D.I.F, S.H., V.S.; 
visualization D.I.F., J.W.M.H.; supervision, A.G., M.J.E.K., J.W.M.H; resources and funding acquisition J.W.M.H., 
M.J.E.K., A.G.; writing D.I.F., J.W.M.H.; manuscript editing and correcting S.H., M.J.E.K. All authors have read 
and agreed to the published version of the manuscript.

Competing interests 
J.W.M. Heemskerk is a consultant at the Synapse Research Institute. H. van den Hurk and S. Honarnejad were 
employees of the Pivot Park Screening Centre at the time of the study. The other authors declare no relevant 
conflicts of interest.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 56799-4.

Correspondence and requests for materials should be addressed to M.J.E.K. or J.W.M.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.7863/ultra.16.03025
https://doi.org/10.3324/haematol.2018.198853
https://doi.org/10.1038/s41598-024-56799-4
https://doi.org/10.1038/s41598-024-56799-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ultra-high throughput-based screening for the discovery of antiplatelet drugs affecting receptor dependent calcium signaling dynamics
	Results
	Dissecting GPVI- and PAR-induced signaling domains based on pharmacological inhibition of platelet Ca2+ responses
	Ultra-high throughput based small molecule screening for potential hit compound identification
	Further validation of active and hit compounds
	Validating effects of ethopropazine on platelet responses

	Discussion
	Methods
	Blood collection
	Small-molecule screening libraries
	Platelet isolation
	Small-molecule UHT-based screening of platelet Ca2+ responses in 1,536-well plate
	Cytosolic Ca2+ responses of Calcium-6 loaded platelets in 96-well plate
	Automated Ca2+ curve analysis and filtering of screening assay
	Light transmission aggregometry
	Microfluidic whole blood thrombus formation
	Reactome pathway analysis
	Data and statistical analyses

	References
	Acknowledgements


