
Subscriber access provided by ORTA DOGU TEKNIK UNIVERSITESI KUTUPHANESI

Journal of Agricultural and Food Chemistry is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Deconvoluting the dual antiplatelet activity of a plant extract
Vassiliki G. Kontogianni, Maria E. Tsoumani, Tahsin F Kellici, Thomas Mavromoustakos,

Ioannis P. Gerothanassis, Alexandros D. Tselepis, and Andreas G. Tzakos
J. Agric. Food Chem., Just Accepted Manuscript • DOI: 10.1021/acs.jafc.6b00544 • Publication Date (Web): 10 May 2016

Downloaded from http://pubs.acs.org on May 12, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



1 
 

Deconvoluting the dual antiplatelet activity of a 

plant extract 

 

Vassiliki G. Kontogianni
1#
, Maria E. Tsoumani

2#
, Tahsin F. Kellici

1,3
, Thomas 

Mavromoustakos
3
, Ioannis P. Gerothanassis

1
, Alexandros D. Tselepis

2
, Andreas G. 

Tzakos
1,* 

 

1Laboratory of Organic Chemistry, Department of Chemistry, 45110 Ioannina, Greece 

2Atherothrombosis Research Centre / Laboratory of Biochemistry, Department of 

Chemistry, 45110 Ioannina, Greece 

3Laboratory of Organic Chemistry, Department of Chemistry, National and Kapodistrian 

University of Athens, Athens 

 

# Equal contribution 

*Corresponding author: Tel: +302651008387, e-mail: agtzakos@gmail.com 

 

 

 

Page 1 of 40

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



2 
 

Abstract: A thorough evaluation of the antiplatelet activity profile of hexane olive leaf 1 

extract in human platelets indicated a potent activity accomplished through a two axis 2 

inhibition of platelets activation triggered both by ADP and thrombin. To delineate the 3 

extract components responsible for this dual activity an NMR based method was 4 

established to determine and quantify the triterpenoid content leading to the 5 

characterization of uvaol, erythrodiol and oleanolic acid. The antiplatelet profile of the 6 

total extract and of the 3 determined triterpenoids was evaluated against in vitro platelet 7 

aggregation induced by several platelet agonists as also on PAC-1 binding and P-selectin 8 

membrane expression both in healthy volunteers as well in platelets from patients with an 9 

acute coronary syndrome receiving dual antiplatelet therapy with aspirin and ticagrelor. 10 

The extract was identified to inhibit ADP-induced platelet activation due to its erythrodiol 11 

content and TRAP-induced platelet activation due to the activity of uvaol and oleanolic 12 

acid. 13 

 14 

Keywords: Antiplatelet activity, Cardiovascular disease, Human platelets, Olive leaf 15 

extract, Triterpenes 16 

 17 

  18 
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Introduction 19 

 20 

The incidence and prevalence of cardiovascular diseases (CVD) have significantly 21 

increased in recent years and are driven by genetic and environmental factors 22 

(dyslipidemia, hypertension, smoking, diabetes, and obesity)1. Platelet aggregation is the 23 

primary event in arterial thrombosis at sites of vascular injury. Furthermore, platelets may 24 

set an important role in atherogenesis via the secretion or membrane expression of various 25 

mediators. Among them, platelet-derived P-selectin may contribute to atherosclerotic 26 

lesion development and arterial thrombogenesis through several mechanisms, such as the 27 

formation of large stable platelet-leukocyte aggregates 2. 28 

Antiplatelet therapy has been utilized to prevent and treat CVD 3. However, current 29 

antiplatelet therapy is linked with increased bleeding complications, and some antiplatelet 30 

drugs (aspirin and clopidogrel) suffer from limited efficacy in some patients due to drug 31 

resistance4. Thus, there is an immense need for refinement of current antiplatelet treatment 32 

and establishment of novel antiplatelet agents with increased efficacy and safety profile. A 33 

triple antiplatelet therapy with clopidogrel, aspirin and vorapaxar has been recently 34 

established in the secondary prevention of an atherothrombotic event in patients with an 35 

acute myocardial infarction and in those with peripheral artery disease 5. Through this 36 

treatment platelet activation pathways mediated via the cyclooxygenase-1 (COX-1), 37 

P2Y12and protease-activated receptor-1(PAR1) receptors are inhibited. However, due to 38 

the combinatorial use of three different drugs side effects, particularly bleeding, could 39 

emerge. Plants have traditionally served as a rich reservoir of bioactive compounds 6-13. A 40 

plant extract supplement containing components that bear multifunctional activity and 41 
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target multiple receptors mediating platelet activation could be a powerful alternative. 42 

Indeed, numerous natural products (alkaloids, polyphenols, fatty acids, and terpenoids, 43 

among others) have been marked with an inhibitory activity on platelet’s function14. 44 

Interestingly, some natural compounds from fruit, vegetables and beverages, consumed 45 

regularly in the diet may have protective effects in primary and secondary prevention of 46 

CVD15-17. Natural products that may affect the development of CVD could be compounds 47 

derived from olive tree (Olea europaea L.)18.  48 

Olive tree leaves have been widely used in traditional remedies in European and 49 

Mediterranean countries. They have been utilized in the human diet as herbal tea, an 50 

extract, and powder, and they are consisted of numerous bioactive compounds that may 51 

confer a diverse activity profile such as antihypertensive, antioxidant, anti-inflammatory, 52 

antiatherogenic, hypoglycemic and hypocholesterolemic19. It was demonstrated olive leave 53 

polyphenols were able to activate in vitro platelets in healthy males possibly via their H2O2 54 

scavenging properties. Inhibition of platelet activation has been also linked to a synergistic 55 

effect of numerous polyphenols, in contrast to oleuropein alone (the most abundant 56 

ingredient)20. This finding was in agreement with previous work where 2-(3,4-57 

dihydroxyphenyl)-ethanol (DHPE) components of the phenolic fraction of olive oil can 58 

inhibit platelet function and eicosanoid formation in vitro21. Moreover, it was reported that 59 

platelet-activating factor (PAF) antagonists in olive oil exert significant antiatherosclerotic 60 

activity in rabbits22. Polyphenols have been the major compounds of olive tree products 61 

explored for their antiplatelet activity. 62 

Olea europaea leaf extracts contain, oleuropein as the main constituent, tetracyclic and 63 

pentacyclic triterpenes, such as erythrodiol, uvaol, and oleanolic acid, sterols. During the 64 
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industrial process of extraction, cooling of the hexane solution induce the precipitation of a 65 

solid containing triterpenes, fatty acids, flavonoids, saponins, etc. Triterpenes represented 66 

58.1% of the crude extract (the above precipitate), in which erythrodiol, uvaol and 67 

oleanolic acid accounted for 27.3, 18.3 and 12.4%, respectively23. 68 

The current aim was to exploit the triterpenoid profile of an olive leaf hexane extract rich 69 

in triterpenoids and free in polyphenols as also to evaluate the antiplatelet profile and the 70 

antiplatelet activity of the extract and its major determined triterpenoids. To complement 71 

and delineate our experimental findings on a dual antiplatelet activity of the extract an in 72 

silico study was employed. For the rapid identification and quantification of triterpenoids 73 

in crude olive leaf extract, without any former separation step, a strategy based on 1H-13C 74 

heteronuclear single-quantum coherence (HSQC) and 1H-13C heteronuclear multiple-bond 75 

correlation (HMBC) NMR experiments was employed.  76 

 77 

Materials and methods 78 

Solvents and Standards. Oleanolic acid (97%) and uvaol (95%) were purchased from 79 

Sigma-Aldrich (Steinheim, Germany) and erythrodiol (>97%) was from Fluka (Steinheim, 80 

Germany). Pyridine-d5 was from Aldrich (Steinheim, Germany), 3-trimethlsilyl-3, 3, 2, 2-81 

tetradeuteriopropionic acid sodium salt (d4-TMSP) was obtained from Cambridge Isotope 82 

Laboratories Inc. (Cambridge, MA). Hexane and methanol were purchased from Scharlau 83 

(Barcelona, Spain) ethyl acetate was from Lab-Scan (Dublin, Ireland). Hydroxypropyl-γ-84 

cyclodextrin (HP-γ-CD) was obtained from Aldrich (Steinheim, Germany). HPLC grade 85 

acetonitrile was from Scharlau (Barcelona, Spain) and water from ACROS ORGANICS. 86 

Potassium dihydrogen phosphate (Pro Analysis) was from Merck (Darmstadt, Germany) 87 
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and ortho-phosphoric acid 85% was from Riedel-de Haen (Seelze, Germany).Adenosine 88 

diphosphate (ADP) was obtained from Chrono-Log Corp (Havertown, PA, USA). 89 

Arachidonic acid (AA) was from Sigma Aldrich, St Louis, MO USA and Thrombin 90 

Receptor Activator Peptide-14 (TRAP) was from Bachem, Bubendorf, Switzerland. 91 

Fluorescently-labeled monoclonal antibodies, PAC-1-FITC, anti-CD62P-PE and anti-92 

CD61-PerCP were purchased from Beckton Dickinson (San Jose, CA, USA). 93 

Plant Material. Olive leaves were collected from olive trees grown in Northern Greece, as 94 

also a sample was obtained from the biological cultivator Maria Komini. Reference 95 

specimens are retained in the herbarium of the University of Ioannina with voucher 96 

accession number UOI051108. 97 

Extract preparation. The plant material was dried with liquid nitrogen and pulverized 98 

into a fine powder. 20.2 g plant was used in the extraction procedure. The leaves were 99 

subsequently extracted with hexane (extraction volume 200 ml), and ethyl acetate 100 

(extraction volume 200 ml), in a Soxhlet apparatus for ~6 h. The two extracts (hexane and 101 

ethyl acetate) were concentrated in a rotary evaporator and kept into sealed flasks.  102 

Instrumentation 103 

NMR experiments. NMR experiments were recorded on a Bruker AV-500 spectrometer. 104 

Spectra were obtained from the hexane olive leaf extract dissolved in pyridine-d5(20 mg of 105 

dry material in 0.5 mL of solution in pyridine-d5). The procedure followed was our 106 

method24, and described in detail in Supporting information (Section S1). All 107 

measurements were conducted in triplicate (on three different extracts of the same 108 

sample). 109 
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HPLC experiments. Instrumentation and methods are described in Supporting 110 

information (Section S2). For the analysis of triterpenoids the olive leaf extract was 111 

dissolved in methanol (1 mg/mL). The characterization of triterpenoids was based on 112 

retention time, UV spectra and spiking. All measurements were performed in triplicate (on 113 

three different extracts of the same sample). 114 

Principal Components Analysis. Eleven representative antiplatelet drugs (ticlopidine, 115 

clopidogrel, prasugrel, ticagrelor, cangrelor, eptifibatide, dipyridamole, cilostazol, 116 

vorapaxar, atopaxar, triflusal and acetyl salicylic acid) were selected for the PCA analysis. 117 

The 3D structures of all the drugs and the three natural products (erythrodiol, uvaol and 118 

oleanolic acid) were minimized using LigPrep 3.4 25and the OPLS2005 force field 26 and 119 

they were optimized using a PM3 semiempirical quantum calculation. The topological and 120 

physicochemical descriptors were calculated using Canvas 1.5, while descriptors that 121 

predict the absorption, distribution, metabolism and excretion of the compounds were 122 

calculated using QikProp 4.4 27. Eight properties were selected for this analysis: polar 123 

surface area (PSA), hydrogen bond acceptors (HBA), hydrogen bond donors (HBD), 124 

molecular weight (MW), predicted octanol/water partition coefficient (logP0/w), 125 

conformation-independent predicted aqueous solubility (logS), and the total solvent 126 

accessible surface are divided in its hydrophobic (FOSA) and hydrophilic (FISA) 127 

components. The Principal Components Analysis was performed using the 128 

cheminformatics package Canvas 2.4 28, 29. 129 

Structure alignment. In order to find potential common features of the antithrombotic 130 

drugs with the natural products all the compounds were aligned using Phase 4.330. 131 

Conformations for each molecule were generated using ConfGen and by applying the 132 
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thorough setting 31. Phase 4.3 first creates pharmacophoric sites from active compounds. A 133 

common pharmacophore is created, grouping similar pharmacophore hypotheses 134 

according to the distance between the pharmacophore features. At least 4 pharmacophore 135 

features were selected as required match with the active compounds. The created 136 

hypotheses are scored and ranked while the quality for each hypothesis is assessed using a 137 

survival score. 138 

Induced Fit Docking. The crystal structure of PAR1 (PDB ID code: 3VW732) was 139 

prepared using the standard options of the Protein Preparation Wizard 33 (Schrödinger 140 

Suite 2015.2). The ligands were built in Maestro 10.2 34 and were then ionized and 141 

minimized using the LigPrep 3.4 software 25 and the OPLS3 force field 35. The receptor 142 

grid was selected with centroid the vorapaxar (the cocrystallized ligand). The ligands were 143 

initially docked using Glide 6.7. The receptor van der Waals scaling was set to 0.8. 144 

Residues within 5 Å of the ligand pose were refined using Prime 4.0 36. The ligands were 145 

redocked using the Glide XP algorithm 37. 146 

Prime-MMGBSA: The MM-GBSA method was used to predict the binding energies of 147 

erythrodiol, uvaol and olenaolic acid in the PAR-1 crystal structure (PDB ID 3VW7). The 148 

resulting poses from the IFD calculations were used as input structures in the Prime 149 

software 38. The binding energy of the complex is then calculated using the equation (1).  150 

∆Gbinding = Ecomplex − (Ereceptor + Eligand)    (1) 151 

 152 

Ecomplex is the energy of the minimized structure of the complex, Ereceptor is the energy of 153 

the minimized structure of the receptor and Eligand is the energy of the minimized structure 154 
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of the ligand. For the calculations the VSGB 2.0 solvation method39 was used, with the 155 

OPLS3 force field 40. 156 

Biological assays.The antiplatelet activity of the total olive leaf extract as well as its main 157 

triterpenoids (erythrodiol, uvaol and oleanolic acid), dissolved in DMSO, was studied in 158 

platelet-rich plasma (PRP) by using platelet aggregometry and flow cytometry techniques. 159 

The final DMSO concentration in each assay was <0.5% (v/v). 160 

Platelet aggregation in PRP of healthy volunteers. Platelet aggregation studies in PRP 161 

prepared from peripheral venous blood of apparently healthy volunteers were performed as 162 

we previously described41. Briefly, the platelet count of PRP was adjusted to a final 163 

platelet concentration of 2.5 x 108/mL with homologous platelet-poor plasma (PPP). The 164 

PRP was then preincubated with total leaf extract as well as with each of the above 165 

triterpenoids for 1 min before the initiation of aggregation. Platelet aggregation in the 166 

presence of ADP (10 µM), AA (500 µM) and TRAP (10 µM) was determined in aliquots 167 

of 0.5mL PRP, in a ChronologLumi-Aggregometer (Model 700 4-Channel) at 37oC, with 168 

continuous stirring at 1,200 rpm. 4min after the addition of each agonist, the maximal 169 

aggregation was achieved and it was determined and expressed as a percentage of 100% 170 

light transmission calibrated for each specimen (maximal percentage of aggregation). Τhe 171 

inhibitory efficacy was expressed as IC50 values (concentration that induces 50% 172 

inhibition of platelet aggregation). All aggregation studies were conducted within 3 h after 173 

blood was withdrawn. 174 

Membrane expression of the integrin receptor αIIbβ3 and P-selectin. The degree of 175 

platelet inhibition by the above compounds was also explored by flow cytometry through 176 

determination of the membrane expression of the integrin receptor αIIbβ3 (PAC-1 binding) 177 
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and P-selectin with saturating concentrations of PAC-1-FITC and CD62P-PE, 178 

respectively. Briefly, platelets in PRP prepared from peripheral venous blood of apparently 179 

healthy volunteers were incubated in the presence or in the absence of the compounds. 180 

Activation with agonists was performed for 5 min at 37oC without stirring. Platelets were 181 

incubated with CD62P-PE and PAC-1-FITC for 20 min in the dark; diluted (1:5, v/v) with 182 

10mM PBS, pH 7.4 and analyzed immediately by flow cytometry (FACsCalibur, Becton-183 

Dickinson, San Jose, CA, USA). Platelets were gated according to staining for the platelet 184 

specific antigen, CD61-PerCP. The gated events were further analyzed in histograms using 185 

the mean fluorescence intensity (MFI). Flow cytometry results are presented as the MFI of 186 

the activated sample minus the MFI of the unactivated sample, as we have previously 187 

described42.  188 

Platelet aggregation in PRP of patients receiving dual antiplatelet therapy.In some 189 

experiments (n=5) we prepared PRP from blood of patients with an acute coronary 190 

syndrome (ACS) receiving dual antiplatelet therapy with the COX-1 inhibitor aspirin 191 

(100mg/day) and ticagrelor (an antagonist of the ADP receptor P2Y12) (90 mg x 2/day). 192 

The antiplatelet effect of the total olive leaf extract as well as erythrodiol, uvaol and 193 

oleanolic acid was studied as above. 194 

The Ethics Committee of the University Hospital of Ioannina approved the study and all 195 

participants signed an informed consent form. 196 

Statistical analysis.Results are expressed as mean ± SD. Mean values were compared by 197 

Student’s t-test with significance defined at a value of P<0.05. 198 

 199 

Results and discussion 200 
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 201 

Establishment of an NMR method for the rapid identification and quantitative 202 

analysis of triterpenoids in the crude olive leaf extract, without any previous 203 

separation step 204 

The hexane extract obtained from olive leaves has been ascribed to contain wax, fatty 205 

acids, triterpenes, saponins e.t.c according to literature, with triterpenes representing a 206 

significant proportion of the crude extract 23. In order to exploit the effects of an hexane 207 

olive leaf extract on platelet aggregation, it was of importance to determine and quantify 208 

the triterpenoids composition on the extract. Based on our former work for the quantitative 209 

estimation of triterpenoids24, we applied and expanded this methodology to the 210 

characterization of oleanolic acid, erythrodiol and uvaol in the hexane olive leaf extract. 211 

Due to the weak chromophores of these analytes and the concurrent low UV absorption, 212 

their resolution by LC is rather difficult. We therefore, employed a strategy based on 2D 213 

1H–13C HSQC (1H–13C Heteronuclear Single-Quantum Coherence) and 1H–13C HMBC 214 

(1H–13C Heteronuclear Multiple-Bond Correlation) NMR experiments. We first recorded 215 

1H-13C HSQC and 1H-13C HMBC spectra of a mixture of oleanolic acid, erythrodiol and 216 

uvaol to explore whether their unambiguous identification in the 2D map is feasible.  217 

As illustrated in Figure S1A, the majority of the one-bond proton and carbon nuclei 218 

interactions of erythrodiol, oleanolic acid and uvaol are overlapped. However, significant 219 

differences exists in a number of cross peaks for each compound given in Table S1. The 220 

long range connectivities which are of diagnostic importance for each compound are given 221 

in Table S1. These distinct “columns” of cross peaks can allow the identification of 222 
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oleanolic acid, erythrodiol and uvaol. 1H-13C HSQC and 1H-13C HMBC spectra of the 223 

hexane olive leaf extract are illustrated in Figure 1A and 1B, respectively.  224 

The diagnostic “columns” of cross peaks for oleanolic acid, erythrodiol and uvaol in the 225 

HMBC map and the cross peaks in the HSQC map can be easily identified, allowing the 226 

unequivocal assignment of the resonances of these triterpenoids. Thus, the combination of 227 

the data extracted through 1H-13C HSQC and 1H-13C HMBC spectral assignment can be 228 

used as a sufficient novel analytical tool for the identification of erythrodiol, uvaol and 229 

oleanolic acid. The 1H and 13C NMR signals used for quantification and identification of 230 

the three molecules (the selected cross peaks plotted as a function of concentration) are 231 

reported in Table S1. The peak intensities were estimated as the mean value of the absolute 232 

intensities of the cross peaks of C28 to H28a,b and C12 to H12 of erythrodiol and uvaol 233 

and C12–H12 and C18–H18 for oleanolic acid. Linear responses were observed over the 234 

range of 4.5 – 13.6 mM for erythrodiol and uvaol. From 2D 1H-13C data acquisitions of 14 235 

min could be obtained quantitative results. The concentration limit was found to be 3 mM. 236 

The contents of oleanolic acid, erythrodiol and uvaol in the hexane olive leaf extract as 237 

determined from 2D NMR measurements were found 56.6±2.5, 67.6±5.2 and 37.8±4.1 mg 238 

g-1, respectively.  239 

To make a comparison of our NMR data, detailed HPLC measurements were also carried 240 

out. For the HPLC analysis of erythrodiol and uvaol the inclusion of derivatized 241 

cyclodextrins (DM-β-CD, HP-γ-CD) to the acetonitrile-phosphate buffer mobile phase was 242 

utilized to enhance the resolution 43. The use of cyclodextrins for the simultaneous 243 

determination of erythrodiol and uvaol is reported for the first time herein. Using a flow 244 

rate 1.0 mL min-1, the retention times for oleanolic acid, uvaol and erythrodiol were 27.0, 245 
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46.0 and 48.7 min, respectively, as shown in Figure 2A. The respective HPLC 246 

concentration levels for oleanolic acid, erythrodiol and uvaol in the hexane olive leaf 247 

extract that were found to be 58.4 ± 1.8, 58.5 ±5.8 and 40.9 ± 3.7 mg g-1 are in good 248 

agreement with the 2D NMR measurements. 249 

Effect of total leaf extract and its main triterpenoids on platelet aggregation in 250 

healthy volunteers 251 

Three platelet activation pathways are considered particularly important in the 252 

development of atherothrombosis and are triggered by ADP via the P2Y12 receptor, 253 

thrombin via the PAR1 and COX-1 mediated thromboxane A2 (TxA2) synthesis and 254 

subsequent platelet activation via the TxA2 receptor. 255 

As shown in Table 1, the total leaf extract is potent in inhibiting platelet aggregation 256 

induced by ADP or TRAP. This effect was dose-dependent and the IC50 values were 512 257 

µg/ml for ADP and 320 µg/ml for TRAP. By contrast, no inhibitory effect was observed 258 

when AA was used as an agonist. Typical aggregation curves illustrating the dose-259 

dependent inhibitory effect of total leaf extract in TRAP-induced platelet aggregation are 260 

presented in Figure 2B. 261 

The effect of the three different terpenoids on platelet aggregation induced by the above 262 

agonists resulted in different inhibitory profile (Table 1). Specifically, erythrodiol inhibited 263 

ADP-induced platelet aggregation in a dose-dependent manner with an IC50 value of 205 264 

µΜ. The maximum inhibition of 42 ± 3% was observed at the concentration of 410 µΜ 265 

(Table 1). By contrast, erythrodiol did not affect TRAP- and AA-induced platelet 266 

aggregation. Uvaol exhibited a great, dose-dependent inhibitory effect on TRAP-induced 267 

platelet aggregationwith an IC50 value of 100µΜ. The maximum inhibition of 98.5±1.5% 268 
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was evident at the concentration of 300 µΜ (Table 1). Uvaol exhibited a low inhibitory 269 

effect when AA was used as an agonist (32.0 ± 8.0%), whereas no inhibition was observed 270 

when we activated platelets with ADP. Finally, oleanolic acid significantly inhibited 271 

platelet aggregation induced by TRAP in a dose-dependent manner with an IC50 value of 272 

140 µΜ. The maximum inhibition of 56.7±3.9% was observed at the concentration of 210 273 

µΜ (Table 1). Oleanolic acid did not affect platelet aggregation induced by ADP and AA. 274 

Previous studies have provided contradictory results concerning the effect of oleanolic 275 

acid on aggregation of platelets prepared from various animal species. Some studies had 276 

shown enhancement of ADP-induced platelet aggregation 44, 45 whereas other studies 277 

showed an inhibitory effect46. To the best of our knowledge, this is the first study 278 

performed in human platelets showing inhibitory effect of the oleanolic acid. The above 279 

differences could be possibly attributed to structural differences of platelet’s receptors 280 

among the various species.  281 

Effect of total extract of olive leaves and its main triterpenoids on αIIbβ3and P-selectin 282 

membrane expression 283 

The above results prompted us to further explore not only platelet aggregation but also 284 

platelet secretion. Platelet secretion of bioactive mediators during exocytosis delivers 285 

many proteins into the circulation while this process also changes the composition of the 286 

platelet membrane, resulting in surface expression of P-selectin and an enhancement in the 287 

number of integrin-receptor αIIbβ3molecules 47. The exposure of P-selectin is crucial for 288 

recruitment of leukocytes to sites of vascular injury and the formation of leukocyte-platelet 289 

aggregates, while it is also important for platelet interaction with the endothelium as well 290 

as with progenitor endothelial cells 36. The integrin-receptor αIIbβ3 in its activation state 291 
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mediates platelet aggregation by binding fibrinogen 48. It is also important for further 292 

platelet activation through an outside-in signaling pathway 49. Here, we measured the 293 

possible inhibitory effect of a hexane olive leaves extract and its compounds on the P-294 

selectin and αIIbβ3expression (PAC-1 binding) induced by various platelet agonists. 295 

Total olive leaf extract showed great inhibitory effect in PAC-1 binding when we activated 296 

platelets with ADP and TRAP (67.5 ± 8% and 65.5 ± 5 %, respectively). On the other 297 

hand, total olive leaf extract inhibited P-selectin expression when platelets were activated 298 

with TRAP (49.6 ± 8%) whereas it showed no significant inhibitory effect when platelets 299 

were activated with ADP (12.0 ± 6 %) (Table 1). 300 

Εrythrodiol, uvaol and oleanolic acid differentially affected platelet activation induced by 301 

ADP and TRAP (Table 1). Erythrodiol at a concentration of 410 µΜ inhibited PAC-1 302 

binding (22± 8%) and P-selectin expression (31± 5%) only when ADP was used as the 303 

agonist. Uvaol at a concentration of 300 µΜ significantly inhibited PAC-1 binding and P-304 

selectin expression induced only by TRAP (85.5±5.2% and 54.8±3.1%, respectively). 305 

Similarly, oleanolic acid at a concentration of 210 µΜ significantly inhibited PAC-1 306 

binding and P-selectin expression induced by TRAP (92.0±3% and 75.8±3.4%, 307 

respectively. 308 

Overall, the above results demonstrate that the total extract of olive leaves inhibit platelet 309 

activation induced by ADP and TRAP. Interestingly, its main triterpenoids differentially 310 

affect platelet activation, since erythrodiol inhibits only ADP-induced platelet aggregation 311 

and secretion (through the P2Y12 receptor) whereas uvaol and oleanolic acid primarily 312 

inhibit platelet aggregation and secretion induced by TRAP, an agonist of the PAR1 which 313 

is the main thrombin receptor on platelets 50.  314 
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Effect of total extract of olive leaves and its main triterpenoids on platelets from 315 

patients with an acute coronary syndrome receiving dual antiplatelet therapy 316 

The above results suggest that eryhthrodiol, uvaol and oleanolic acid differentially affect 317 

platelet activation induced by ADP, AA and TRAP. In order to further establish the 318 

differential effect of the main triterpenoids of total olive leaf extract, we further exploited 319 

the effect of these compounds on platelet aggregation in PRP prepared from blood of 320 

patients with an ACS receiving dual antiplatelet therapy with aspirin and ticagrelor. 321 

Through this treatment, two key-pathways (COX-1 andtheP2Y12 receptor of ADP) of 322 

platelet activation are blocked. However, platelets can still be activated by thrombin via 323 

the PAR1. As shown in Figure 3, platelet aggregation to ADP was low due to the 324 

inhibitoty effect of ticagrelor, whereas an adequate platelet response to TRAP was 325 

observed. It should be stated that the platelet response to AA was very low due to aspirin 326 

thus the residual platelet aggregation did not allow us to study the effect of our compounds 327 

on AA-induced platelet aggregation. By contrast, the residual aggregatory response to 328 

ADP was adequate to permit us to perform our experiments. The total olive leaf extract 329 

inhibited both TRAP- and ADP-induced platelet aggregation by 33±2% and 40±3%, 330 

respectively (Figure 3). Importantly, triterpenoids differentially affected the platelet 331 

aggregation to TRAP and ADP (Figure 3). Specifically, erythrodiol further reduced but not 332 

completely abolished residual platelet aggregation induced by ADP in the presence of 333 

ticagrelor whereas it did not affect TRAP-induced platelet aggregation (Figure 3). Uvaol 334 

and oleanolic acid had no inhibitory effect when platelets were activated with ADP, 335 

whereas both compounds inhibited platelet aggregatory response to TRAP by 35.7±4.2% 336 

and 33.3±2.8%, respectively (Figure 3).These data further support the results observed in 337 
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platelets from healthy volunteers showing the erythrodiol’s specificity towards the P2Y12 338 

ADP receptor and that of uvaol and oleanolic acid towards PAR1 receptor. 339 

There are few reports in the literature concerning the effect of several members of the 340 

triterpenoid family (especially lupane-type triterpenoids, like oleanolic acid) on platelet 341 

activation. Regarding the three triterpenoids identified and quantified in the hexane olive 342 

leaf extract (oleanolic acid, erythrodiol and uvaol), to the best of our knowledge, this is the 343 

first time that the antiplatelet activity of erythrodiol and uvaol is studied.  344 

PCA analysis of terpenoids and antiplatelet drugs 345 

We have first asked the question if the representative drugs, covering various mechanisms 346 

of exerting antithrombotic activity, share physicochemical similarities. Predictably, the 347 

PCA highlights that the three natural compounds are clustered very closely in the same 348 

region of the plot. Furthermore in the same region, very close to the three compounds, are 349 

the two drugs vorapaxar and atopaxar (Figure 4.A).  350 

Maps of the physicochemical space sampled by the three natural products and approved 351 

antiplatelet drugs, belonging to different families, were created from physicochemical 352 

property spaces and visualized by principal component analysis (PCA). In this analysis 11 353 

approved antiplatelet drugs were used that act via inhibiting the P2Y12 receptor of ADP, 354 

phosphodiesterase, COX-1, PAR1, and integrin receptor αIIbβ3. The property space was 355 

built upon the utilization of 8 calculated structural and physicochemical parameters (polar 356 

surface area (PSA), hydrogen bond donors, hydrogen bond acceptors, molecular weight, 357 

predicted octanol/water partition coefficient, conformation-independent predicted aqueous 358 

solubility and the total solvent accessible surface area). PCA was used to replot the data in 359 

a 2-dimensional format (Figure 4A), where the two unitless, orthogonal axes represent 360 
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linear combinations of the original 8 parameters. Interestingly, uvaol, oleanolic acid and 361 

erythrodiol cluster in one region of the plot that overlaps to the property space sampled by 362 

the PAR1 inhibitors vorapaxar and atopaxar (Figure 4A). This result conforms nicely, for 363 

uvaol and oleanolic acid, with the experimental results pinpointing that these compounds 364 

exert their antiplatelet activity through PAR1. 365 

Pharmacophore alignment of terpenoids and PAR1 inhibitors 366 

The determined similarity, through physico-chemical descriptor metrics, of uvaol and 367 

oleanolic acid with vorapaxar and atopaxar, motivated us to explore the existence of 368 

probable common pharmacophores in the 3D space. Τhe chemical property space was 369 

further investigated by creating common pharmacophore hypotheses. This pharmacophore 370 

analysis marked the 3D orientation of chemotypes necessary to binding to PAR1 receptor 371 

and to express their inhibitory profile activity in platelet aggregation. The best scoring 372 

pharmacophore showed that the natural compounds, vorapaxar and atopaxar share four 373 

common features: three hydrophobic interactions and one hydrogen bond acceptor (Figure 374 

4B). All hydrophobic interactions are positioned across the pentacyclic ring system of the 375 

natural products. The hydrogen bond acceptor is positioned in the hydroxyl group while in 376 

vorapaxar and atopaxar these interactions are positioned in the long hydrophobic spacer. 377 

The fact that uvaol, oleanolic acid and erythrodiol share very similar chemical features is 378 

reflected on the PCA and pharmacophore analysis where a clear discrimination could not 379 

be achieved. 380 

Induced Fit Docking of terpenoids and PAR1 inhibitors in the PAR1 binding site 381 

PCA and pharmacophore alignment correctly predicted the antiplatelet activity of the 3 382 

triterpenoids. However, the different antiplatelet profile of uvaol and oleanolic acid with 383 
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respect to erythrodiol, which inhibits platelet aggregation induced by ADP but not TRAP, 384 

was not evident through this analysis. This was due to the high similarity of 385 

physicochemical features shared by the three natural products and the drugs vorapaxar and 386 

atopaxar. To rationalize the differential activity profile of uvaol and oleanolic acid, which 387 

we found to act via the PAR1 receptor, with respect to erythrodiol we took advantage of 388 

the recently determined X-ray structure of vorapaxar bound to the PAR1 receptor 32. 389 

Through docking calculations of the three triterpenoids to PAR1 we found that oleanolic 390 

acid and uvaol share similar docking positions with vorapaxar in contrast to erythrodiol 391 

suggesting a possible hypothesis for the different recorded activity.  392 

The critical interactions of vorapaxar involve hydrogen bonds with Leu258, Ala349, 393 

Tyr337, π-π interactions with Tyr183 and hydrophobic interactions with Leu262, Leu237, 394 

Leu263, Phe271, Ala348, Ala352 and Tyr187 (Figure 5D). The docking positions and key 395 

amino acids in the cases of oleanolic acid and uvaol are very similar. Both compounds 396 

develop hydrogen bonds with Gly233, Leu237 and Tyr337. Other contacts shared by the 397 

two compounds are the hydrophobic contacts with residues Leu333, Tyr353, Val257, 398 

Phe271, Pro236, Tyr187 (Figure 5A,B). On the other part, the most favored docking pose 399 

of erythrodiol shows hydrogen bonds with Ser344, Tyr350 and Tyr183 (Figure 5C). These 400 

differences suggest that, although uvaol and erythrodiol are very similar, their structural 401 

differences could induce different favorable poses and could rationalize their different 402 

action on the PAR1 receptor. Furthermore calculations using Prime-MMGBSA showed 403 

that uvaol and oleanolic acid have similar binding energies (-37.5 and -40.52 kcal/mol 404 

correspondingly) (Table 2). The most contributing energetic factors for the two molecules 405 

are the lipophilic and Van der Waals (vdW) interactions. The binding energy of the 406 
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complex oleanolic:PAR1 is more favored than that of the complex uvaol:PAR1 partially 407 

due to adaptation of more negative values of lipophilic and vdW interactions. Erythrodiol, 408 

does not have a favoured binding energy (-24.04 kcal/mol) in respect to uvaol and 409 

oleanolic acid partially due to adopting less negative values of lipophilic and vdW 410 

interactions. 411 

Constructively, in this work a thorough evaluation of the antiplatelet activity profile of a 412 

hexane olive leaf extract in human platelets indicated a potent activity accomplished 413 

through a two axis inhibition of platelets activation triggered both by ADP and thrombin 414 

(TRAP). To delineate the extract components responsible for this dual activity an NMR 415 

based method was established to determine and quantify the triterpenoid content, in the 416 

crude olive leaf extract, without any previous separation step. The impingement of the 417 

three triterpenoids on the three different platelet activation pathways was scrutinized both 418 

on platelets from healthy volunteers as well in platelets from patients with an acute 419 

coronary syndrome receiving dual antiplatelet therapy. The antiplatelet activity of the 420 

extract was not only assigned to the 3 triterpenoids but the dual activity was also 421 

deconvoluted to the individual phytochemical components. Specifically, we found that 422 

uvaol and oleanolicacid were mainly responsible for the inhibition of the TRAP-induced 423 

platelet activation whereas erythrodiol was responsible for the inhibition of the ADP-424 

induced platelet activation. This mapped compound dual activity in a single extract is of 425 

importance, since on the basis of a plethora of large-scale clinical trials, the recent 426 

guidelines of European Society of Cardiology and the American Heart Association, 427 

recommend that ACS patients should be treated with dual antiplatelet therapy including 428 

aspirin and an ADP-receptor antagonist (ticagrelor, prasugrel or clopidogrel) 51, 52. 429 
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Furthermore, recently FDA approved the use of the specific PAR1 antagonist vorapaxar on 430 

top of dual antiplatelet therapy with aspirin and clopidogrel in the secondary prevention of 431 

an atherothrombotic event in patients with an acute myocardial infarction and in those with 432 

peripheral artery disease 53. On the basis of our results, the total leaf extract in combination 433 

only with aspirin could mimic the antiplatelet effects of the triple antiplatelet therapy 434 

(aspirin, ADP antagonist and PAR1 antagonist). Thus, a supplement containing our extract 435 

along with aspirin could be useful in the secondary prevention of an atherothrombotic 436 

event of patients with an acute myocardial infarction or with peripheral artery disease. The 437 

clinical use of this extract could be advantageous over the triple antiplatelet therapy used 438 

in the TRA 2P-TIMI 50 (Thrombin-Receptor Antagonist in Secondary Prevention of 439 

Atherothrombotic Ischemic Events) trial demonstrating an increased hemorrhagic 440 

complication especially for moderate or severe bleeding, including intracranial 441 

hemorrhage but not fatal bleeding. A total leaf extract which has the advantage of 442 

inhibiting PAR1 receptor in a milder way, could improve the safety profile. However, 443 

further studies should be performed to support the above suggestion. 444 
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FIGURE CAPTIONS 

Figure 1. (A) 500 MHz 1H-13C HSQC spectrum of the hexane olive leaf extract (40 mg/ 

ml) (ns= 2, experimental time: 14 min); (B) the corresponding 1H-13C HMBC spectrum 

(ns= 64, mixing time 50 ms, experimental time: 4 h & 16 min). 

Figure 2. (A)HPLC/DAD chromatogram (210 nm) of the hexane olive leaf extract; the 

peaks of oleanolic acid (OA), uvaol(U) and erythrodiol (E) are indicated; (B) Dose-

response curves for total leaf extract demonstrating the inhibition of platelet aggregation 

induced by TRAP. 

Figure 3. Effect of hexane olive leaf extract and its triterpenoids, erythrodiol, uvaol, 

oleanolic acid on platelet aggregation at patients with ACS treated with aspirin and 

ticagrelor. 

*p<0.05 in comparison with ADP-induced aggregation in aspirin and ticagrelor, #p<0.05 

in comparison with TRAP-induced aggregation in aspirin and ticagrelor. 

Figure 4. (A) Principal components analysis of 11 antithrombotic drugs and the three 

natural products. The three compounds and atopaxar with vorapaxar (red dots) cluster very 

closely in the same region (blue). (B) Pharmacophore alignments of: 1. atopaxar (red) with 

oleanolic acid (gray), 2. atopaxar (red) with uvaol (gray), 3. vorapaxar (blue) with 

oleanolic acid (gray) and 4. vorapaxar (blue) with uvaol (gray). The three green spheres 

(H5, H12, H16) represent the common hydrophobic features while the red one represents 

the H-bond acceptor. (C) Chemical structures of the drugs used in the PCA and their 

mechanism of action. 
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Figure 5.Predicted binding poses with best Induced Fit Score of A) oleanolic acid, B) 

uvaol, C) erythrodiol and D) the crystal structure of vorapaxar in PAR1.  
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Table 1. Effect of the Hexane Extract of Olive Leaves and its Main Triterpenoids 

(Erythrodiol,Uvaol, Oleanolic Acid) on Platelet Activation Induced by ADP and TRAP in 

PRP of Healthy Volunteers. 

  Inhibition , % 

  Platelet aggregation PAC-1 binding P-selectin expression 

Natural 
product 

Concentration ADP TRAP ADP TRAP ADP TRAP 

Total leaf 
extract 

640 µg/ml 32.0 ± 3.0 40.0 ±7.5 67.5±8.0 65.5±5.0 12.0 ± 6.0 49.6±8.0 

Erythrodiol 410 µΜ 42.0 ± 3.0 9.0±2.0 22.0±8.0 8.0±3.0 31.0 ±5.0 9.5±6.4 

Uvaol 300 µΜ 3.0±2.0 98.5 ± 1.5 5.5±6.5 85.5±5.2 8.5±4.0 54.8±3.1 

Oleanolic 
acid 

210 µΜ 3.0±2.5 56.7 ± 3.9 6.0±4.0 92.0 ± 3.0 9.5±4.5 75.8 ±3.4 

Table shows the concentration of each natural product that induces the maximum 
inhibitory effect in each platelet parameters studied.  

Values represent the mean ± SD from at least three experiments. 

ADP: Adenosine diphosphate, PRP: Platelet-rich plasma, TRAP: Thrombin Receptor 
Activator Peptide.   
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Table 2: Prime MM-GBSA Energies for Erythrodiol, Uvaol and Oleanolic Acid Docked 

in the PAR1 Crystal Structure 3VW7. 

 ∆GBinding 
(kcal/mol) 

Coulomba Covalentb Hbondc Lipod Solv_GBe vdWf 

Erythrodiol -24.04 -0.93 0.63 -0.36 -13.67 5.95 -16.01 

Uvaol -37.50 -8.13 -2.69 -0.58 -14.02 9.71 -21.78 

Oleanolic Acid -40.52 -0.27 -4.31 -0.08 -16.89 4.94 -23.91 

aCoulomb: Coulomb energy; bCovalent: Covalent binding energy; cvdW: Van der Waals 
energy; dLipo: Lipophilic energy; eSolv_GB: Generalized Born electrostatic solvation 
energy; fHbond: Hydrogen-bonding energy 
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