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Abstract

:

Plant phytoprostanes (PhytoPs) are lipid oxidative stress mediators that share structural similarities with mammal prostaglandins (PGs). They have been demonstrated to modulate inflammatory processes mediated by prostaglandins. The present study aims to test the effects of the most abundant oxylipin from Gracilaria longissima, ent-9-D1t-Phytoprostane (9-D1t-PhytoP), on platelet activation and vascular cells as well as clarify possible interactions with platelets and the endothelial EP3 receptor Platelet and monocyte activation was assessed by flow cytometry in the presence of purified 9-D1t-PhytoP. Cell migration was studied using the human Ea.hy926 cell line by performing a scratch wound healing assay. The RNA expression of inflammatory markers was evaluated by RT-PCR under inflammatory conditions. Blind docking consensus was applied to the study of the interactions of selected ligands against the EP3 receptor protein. The 9D1t-PhytoP exerts several pharmacological effects; these include prothrombotic and wound-healing properties. In endothelial cells, 9D1t-PhytP mimics the migration stimulus of PGE2. Computational analysis revealed that 9D1t-PhytP forms a stable complex with the hydrophobic pocket of the EP3 receptor by interaction with the same residues as misoprostol and prostaglandin E2 (PGE2), thus supporting its potential as an EP3 agonist. The potential to form procoagulant platelets and the higher endothelial migration rate of the 9-D1t-PhytoP, together with its capability to interact with PGE2 main target receptor in platelets suggest herein that this oxylipin could be a strong candidate for pharmaceutical research from a multitarget perspective.
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1. Introduction


The discovery of plant oxylipins in the 1990s marked a breakthrough in oxidized free fatty acids. These molecules, similar to human prostaglandins (PGs, mammal oxylipins) [1], are generated through the oxidation of polyunsaturated fatty acids such as α-linolenic acid, without the participation of the enzyme cyclooxygenase (COX), as occurs in humans [2,3,4]. Oxidative stress in plants can lead to the dysregulation of lipid metabolism and the release of multiple lipid mediators, such as phytoprostanes (PhytoPs, plant isoprostanes) and phytofurans (PhytoFs), participating in the redox balance in different crops [2,5,6,7]. Recently, PhytoPs have been extensively characterized in a wide diversity of plant-based foods, including nuts, hazelnuts, almonds, vegetable oils, cereals, olives, wine, peas, rice, several tropical fruits, cocoa, macroalgae, chocolate, pistachios, dates, and especially in legumes, at different concentrations [8,9,10]. Moreover, oxylipins extracted from the red macroalgae Gracilaria longissima have been shown to modulate pro-inflammatory responses associated with endothelial dysfunction [11]. In another recent paper, distinct purified oxylipins were able to prevent the up-regulation of PGs metabolites induced by lipopolysaccharide in THP1 cells, protecting against inflammatory disorders [12]. Therefore, oxylipins have a myriad of functions that are still being elucidated.



In humans, prostanoids are bioactive ligands characteristic of distinct cell types (endothelium, platelets, smooth muscle, neurons, among others) and physiological states. Originating from arachidonic acid (AA) and PG endoperoxides, the most relevant prostanoids for platelet and vascular function are thromboxane A2 (TxA2), prostaglandin D2 (PGD2), prostaglandin E2 (PGE2), and prostacyclin (PGI2). These prostanoids exhibit subtle differences in their chemical structure and can bind a wide diversity of prostanoid receptors on the surface of platelets, herein sustaining homeostasis and playing an important role in pathogenic mechanisms, including the inflammatory response, platelet aggregation, and vascular tone regulation [13]. More recently, PGE2 has been found to present four EP receptor subtypes (EP1, EP2, EP3, and EP4) that trigger G-protein-coupled signaling pathways [14]. Among them, EP3 and EP4 receptors are much more prominent in human platelets and endothelium and appear to be valuable drug targets [15,16]. Consistent with these findings, a recent study showed PGE2 can bind either a pro-thrombotic (EP3) or anti-thrombotic (EP4) receptor on the surface of platelets [17].



Additionally, PhytoPs are geometric isomers of human PGs, more concretely of PGE2, where the PhytoPs side chains display a cys configuration, compared to the trans of PGs [1]. That is why, biologically, PhytoPs could potentially exert their effect through the activation of prostanoid receptors and further intracellular signaling. However, evidence supporting a role for PhytoPs in the regulation of platelets and prostanoids sensitive cells is lacking. Furthermore, to identify the underlying mechanism regulated by a PhytoP of interest, its corresponding receptor must be elucidated. It is then understandable why the in vitro and in silico characterization of these purified compounds individually could improve our understanding of their biological implications in health and disease. The present study aims to test the effects of ent-9-D1t on platelet activation markers and human vascular cells, as well as to clarify with docking simulations possible interactions with the EP3 receptor.




2. Results


2.1. Individual PhytoPs and PhytoFs Composition in Gracilaria Longissima Extract


The analysis of the individual and total oxylipins was performed by UHPLC-ESI-QqQ-MS/MS. The most abundant species of oxylipin in the extract was the compound 9-D1t-PhytoP (FP-2), being 29-fold higher than the second most abundant PhytoPs and PhytoFs (Table 1).




2.2. PhytoPs Extract Stimulates Platelet Activation and Aggregation


We first tested the effects of a 9-D1t-PhytoP-rich extract on platelet activation markers in whole blood. The preincubation with the extract alone was only able to upregulate glycoprotein IV (CD36), an atherosclerotic stress marker (p = 0.0009) (Figure 1B). However, the extract did not impair the CD62P and CD36 expression induced by ADP and AA (both p < 0.001) (Figure 1A,B). A good correlation was observed between CD62P and CD36 mean fluorescence intensity (MFI) for all the conditions. Finally, platelet aggregation (decrease in CD61 MFI) was induced by ADP in whole blood (p < 0.05), but also pretreated with extract/ADP and extract/AA, showing a synergistic effect with AA (all p < 0.05, Figure 1C). Arachidonic acid alone was not able to stimulate platelet aggregation in a significant way (Figure 1C). These results indicate that Gracilaria sp. Extract alone induces platelet activation, but it was not sufficient for an aggregation response.




2.3. 9-D1t-PhytoP Affects Platelet Aggregation through EP Receptors


We then tested the hypothesis that 9-D1t-PhytoP treatment modulates platelet activation induced by ADP. Citrated whole blood (n = 5 blood donors) was treated with 20 and 100 nM purified 9-D1t-PhytoP for 10 min before ADP stimulation. In Figure 2A,B, the ability of 100 nM 9-D1t-PhytoP to increase P-selectin and CD36 expression on single platelets was significant (both p < 0.001). Treatment with 20 nM of 9-D1t-PhytoP alone did not trigger platelet aggregation (p = 0.723) but a higher concentration (100 nM) did (p < 0.001, Figure 2C). 9-D1t-PhytoP was also able to enhance the extent of ADP-induced platelet aggregation (p < 0.001), which was consistent with previous data with Gracilaria longissima extract rich in 9-D1t-PhytoP.



As platelets express mainly two receptors for prostanoids (EP3 and EP4 receptors), the effects of 100 nM 9-D1t-PhytoP on platelet activation in whole blood, induced by ADP as an agonist, were determined in the presence of selective EP3 and EP4 receptor ligands (Figure S1). At this high ADP concentration (20 µM), we did not observe any effect of 40 nM PGE2 preincubation on platelet aggregation (CD61) or CD62P expression (Figure S1A–C), even in the presence of 100 nM 9-D1t-PhytoP, although CD36 expression tended to increase (p = 0.056, Figure S1B). The combination of ligands and 100 nM 9-D1t-PhytoP slightly displayed a synergistic effect in the presence of 200 nM Sulprostone for CD36 (p = 0.051). Nonetheless, the stimulation with ADP did not seem adequate for the 9-D1t-PhytoP characterization. Therefore, the same experiment was performed without ADP as an agonist.



In the absence of an ADP agonist (Figure 3), the distinct modulators alone were unable to significantly stimulate platelet activation and aggregation (all p > 0.05). Only ONO AE3-208 (EP4 antagonist) displayed a prothrombotic profile (Figure 3A,B) (p = 0.0007 for CD62P), in a similar pattern as 9-D1t-PhytoP (p = 0.018). Moreover, platelet aggregation (CD61 decrease) induced by 9-D1t-PhytoP (CD61, p = 0.0146), was blocked by the EP3 ligands, PGE2 (agonist, p = 0.048) and L798-106 (antagonist, p = 0.015), denoting thus a possible competition for the same receptor, but not by Sulprostone (p = 0.83). No changes appeared in these platelet markers when 9-D1t-PhytoP and EP4 modulators were incubated together, compared to 9-D1t-PhytoP alone (all p > 0.05).



Next, we examined the effects of 9-D1t-PhytoP on platelet activation markers by blocking the EP3/EP4 receptors first. Accordingly, we found a reduction in activation/aggregation in the presence of EP3 ligands, denoting thus the contribution of 9-D1t-PhytoP to the aggregation via the EP3 receptor (Figure 4, all p > 0.05), whereas in the presence of Cay10598, treatment with 100 nM 9-D1t-PhytoP stimulated activation and aggregation (CD62P p < 0.001 and CD61 p = 0.358, respectively).




2.4. 9-D1t-PhytoP Alone Does Not Increase Platelet Adhesion to Leukocytes


There is evidence that the overall effects of prostanoids on human platelet function are the consequence of a balance between stimulatory effects exerted at the EP3 receptor and inhibitory effects acting at the EP4 receptor. For that purpose, we tested the effects of ligands of these two receptors in combination with purified 9-D1t-PhytoP and examined the platelet adhesion to leukocytes by FCM (Figure S2, Q2: CD14+CD42b+).



As shown in Figure 5, treatment with the EP3 agonists (PGE2 and Sulprostone) increased platelet binding, similar to the EP4 antagonist (ONO AE3-208) (all p < 0.05). Treatment with 9-D1t-PhytoP alone, or in combination with 20 nM PGE2, did not trigger platelet adhesion to leukocytes (123.98% and 135.34%, respectively, p > 0.05), although a synergistic effect was found when fresh blood was treated with Sulprostone in addition to 9-D1t-PhytoP (204.18%, p < 0.01). Interestingly, the effect of the EP3 antagonist L798,106 was slightly counteracted by the addition of 9-D1t-PhytoP (93.19% vs. 121.30%), denoting a potential competition for the same EP receptor (p > 0.05).



To confirm that the effect of 9-D1t-PhytoP was mediated via EP3 receptor activation, fresh blood was also treated with the EP4 ligands (ONO AE3-208 and Cay10598) together with 100 nM 9-D1t-PhytoP. The presence of 9-D1t-PhytoP did not influence the inhibitory effect of the EP4 agonist Cay10598. Conversely, 9-D1t-PhytoP had no effect on the ONO AE3-208-induced platelet adhesion to leukocytes (Figure 5B), thus suggesting that the modulatory effect of 9-D1t-PhytoP was mediated predominantly by the EP3 receptor.




2.5. 9-D1t-PhytoP Does Not Compromise Endothelial Cell Viability


Before testing the capacity of purified 9-D1t-PhytoP to modulate gene expression and migration on endothelial cells, the cytotoxic effect on the line Ea.hy926, a well-established model of endothelial cell-based studies, was assessed. Treatment with 9-D1t-PhytoP was not found to affect the viability or proliferation up to 1 µg/mL for the first 48 h. However, at higher concentrations (1 µg/mL) for 6 days, the viability was significantly reduced (p < 0.05) (Figure S3).




2.6. 9-D1t-PhytoP Bioactivity over the Endothelium


2.6.1. 9-D1t-PhytoP Contributes to In Vitro Migration


PGE2 is known to stimulate migration and angiogenesis in endothelial cells. As shown in Figure 6, 300 nM 9-D1t-PhytoP significantly increased migration in a similar manner as PGE2 (p = 0.004, respectively).




2.6.2. 9-D1t-PhytoP Induces an Endothelial Dysfunctional Status


Gene expression of NOS3, COX-2 (PGST), ICAM-1, and IL-6 were measured after 9-D1t-PhytoP and TNF-α treatments (Figure S4). 9-D1t-PhytoP alone did not produce significant changes in NOS3, ICAM-1, nor PGST expression in endothelial cells. However, TNF-α treatment was able to decrease NOS3 expression (p = 0.012, and increase ICAM-1 (p = 0.0001), PGST (p = 0.0002), and IL-6 expression (p = 0.0262). Pretreatment with 300 nM 9-D1t-PhytoP and TNF-α showed a synergistic effect on NOS3 and ICAM-1 expression (p = 0.0087).





2.7. Computational Methods for Discovering the Biological Receptors of 9-D1t-PhytoP


2.7.1. 9-D1t-PhytoP Binds to the Hydrophobic Pocket of EP3


We then performed blind docking (BD) approaches with the EP3 receptor (PDBs: 6M9T). Our model system compared the clusters of their well-characterized agonists (misoprostol and PGE2) and antagonists (L-798,106). Figure 7C shows the potential binding of 9-D1t-PhytoP to the hydrophobic pocket of EP3, in a similar way to Misoprostol (synthetic prostanoid, EP3 agonist) (energy binding e-11, Figure S5).




2.7.2. 9-D1t-PhytoP Shares Hydrophobic Interactions with EP3 Agonists


In order to give more information about the molecular recognition of 9-D1t-PhytoP to EP3, 100 ns MD simulations were rendered, and the binding of the PhytoP to the hydrophobic cavity remains stable with the top averaging interactions shown in Figure 8. PGE2, Misoprostol, and 9-D1t-PhytoP share hydrophobic interactions with Arg333, Tyr114, and Thr206, whereas the EP3 antagonist, L-798,106, does not (Figure 8 and Figure S6). On the contrary, L-798,106 does not reach far down into the binding pocket, which could lead to a non-activating conformation.






3. Discussion


In order to understand the modulating vascular and platelet activity of PhytoPs as bioactive ingredients from plant foods, it is necessary to delve into the specific function of the different EP receptor subtypes. Thus, the current study aimed at characterizing (1) the effect of purified 9-D1t-PhytoP on platelet activation and aggregation, (2) the effects of 9-D1t-PhytoP on vascular cells such as monocytes in the presence of EP selective modulators, (3) the migration and inflammatory protein expression changes in endothelial cells, and (4) the mechanistic binding to the EP3 receptor. The results of these studies suggest that 9-D1t-PhytoP acts as a fine tuner of platelet function primarily through its potential interaction with EP3, allowing diverse pharmacological strategies useful in cardiovascular treatment and prevention.



The high structural homology of PhytoPs to human prostanoids such as PGE2 has attracted tremendous appreciation in recent years, especially by unraveling the potential biological activities that they could exert in human vascular cells and platelets. PGE2 can bind at least four structurally different receptor subtypes (EP1–4), resulting in diverse and often opposite final biological responses [18]. Moreover, a “dual” effect of PGE2 on platelet response (i.e., activatory at nanomolar concentrations and inhibitory at micromolar concentrations) was repeatedly observed in early studies [15,19]. Much research on the use of prostanoids such as PGE2 and its synthetic analogs (Sulprostone, Misoprostol) over their selective EP3 receptor subtype has been performed [20,21]. Nonetheless, as previously reported, such agonists mimic the effects of low concentrations of PGE2 on platelets induced by ADP, but they do not enhance platelet aggregation without agonist stimulation [22,23]. Further, multiple mammal prostanoids (i.e., enhanced thromboxane production) are synthesized in response to distinct agonists making it difficult to attribute the final cellular response to any one particular compound (PhytoPs, AA, thrombin, etc.). As platelet activation mediated by ADP is independent of the lipoxygenase- and cyclooxygenase-dependent metabolites of arachidonic acid, and in order to avoid confounding crosstalk, we selected ADP as the agonist [24].



As the most abundant oxylipin found in Gracilaria longissima extract was the 9-D1t-PhytoP, the study aimed at evaluating its particular bioactivity over vascular elements, as well as deciphering the potential receptors in humans. For this, our previous work studied the effect of Gracilaria longissima extract rich in 9-D1t-PhytoP in endothelial cells and found that it did not provide significant mitigation of the pro-inflammatory changes induced by TNF-α but has not been tested in human platelets yet [11]. In contrast, in another study, the ent-9-D1t-PhytoP reduced pro-inflammatory markers in monocytes to values found in the untreated control [12]. The functions of only a few oxylipins have been characterized in platelets, and those that have been characterized still remain controversial [25]. Herein, we focused now on the potential that the 9-D1t-PhytoP-EP3 might display in thrombus formation, by regulating platelet activation and aggregation. In the current experiments, we addressed the possibility that the effect of the 9-D1t-PhytoP was mediated by PG receptors mainly through the EP3 receptor, Moreover, we measured the effect of 9-D1t-PhytoP in platelets pre-treated with an EP3 antagonist (L798,106) and an EP4 agonist (Cay10598) on the expression of P-selectin (secreted from α-granules) and CD36 with and without ADP stimulation. The results of these experiments point out that 9-D1t-PhytoP has a stimulatory effect on platelet function via the EP3 receptor, under non-aggregating conditions. It is important to notice that the opposing anti-aggregatory action of PGE2 for 9-D1t-PhytoP through the IP receptor has not been tested. Moreover, the high potency of 9-D1t-PhytoP as a potentiator implies that an EP2 receptor is unlikely to be involved [16]. EP2 receptors are associated with the relaxant actions of PGE2 on vascular and respiratory smooth muscles, and Sulprostone is virtually inactive in these systems [26]. Furthermore, it is likely that the EP3 rather than the epinephrine subtype mediates the potentiating effect, as 9-D1t-PhytoP is more potent than PGE2 and Sulprostone in the current conditions.



Extensive FCM approaches have considerably extended our knowledge of platelet–leukocyte interactions and their implications on health and disease [27,28]. We now tested the effect of 9-D1t-PhytoP on the capacity of platelets to form platelet–leukocytes aggregates. The platelet binding to other vascular cells in the presence of 9-D1t-PhytoP provided an amplification of the thrombotic state, which could become a therapeutic target in various diseases. Furthermore, leukocyte recruitment plays a significant role in the early phase of inflammation and endothelial dysfunction. It is well established that PGE2 induces endothelium migration [29], but we also confirmed that the high dose of 9-D1t-PhytoP contributes to in vitro migration as well. Finally, the activation of endothelium promoted IL-6 overexpression (Figure S4D), confirming the data that high doses of the EP ligand are able to induce a dysfunctional status. Moreover, one has to keep in mind that arterial and venous endothelial cell lines have been used in the literature with controversial differences in the release of vasoactive substances such as PGs or TxA2 [30,31]. We assessed the effects of 9-D1t-PhytoP in arterial endothelial cells (Ea.hy926 cell line) in order to give continuity to our previous studies [11,32].



In order to understand the precise binding mode of the 9-D1t-PhytoP and its potential EP3 receptor, a combination of docking and MD was performed. The EP3 receptor presents dual signaling that requires extensive structural studies [33,34]. The residues that made high-energy contributions to the final poses of EP3-misoprostol, EP3-9-D1t-PhytoP, and EP3-PGE2 were R333, T206, and Y114, providing a disparate binding model to EP3-L-798,106. Indeed, recent crystallographic studies have reported molecular details of such interactions; the tested agonists tend to adopt an L-shaped conformation in the EP3 binding site, which is important for receptor activation, and 9-D1t-PhytoP perfectly overlaps with it [33,34].



These results suggest that PhytoPs may have prothrombotic and pro-invasive effects, in addition to their known immunomodulatory abilities [12], in a similar manner as mammal PGE2. The originality of the current work lies in the combination of ex vivo platelet activation together with classical endothelial in vitro approaches. Although current results are very promising, further studies are needed to establish the EP receptors’ affinity of this and other PhytoPs and perhaps a dual role with distinct prostanoid receptors. It is also important to implement in vivo studies of the extracts with the aim of confirming a clinical effect.




4. Materials and Methods


4.1. Chemicals and Reagents


The PhytoPs: 9-F1t-PhytoP; ent-16-F1t-PhytoP, ent-16-epi-16-F1t-PhytoP; 9-epi-9-F1t-PhytoP; 9-D1t-PhytoP; 9-epi-9-D1t-PhytoP; 16-B1-PhytoP; and 9-L1-PhytoP; as well as the PhytoFs: ent-16(RS)-9-epi-ST-Δ14-10-PhytoF; ent-9(RS)-12-epi-ST-Δ10-13-PhytoF; and ent-16(RS)-13-epi-ST-Δ14-9-PhytoF were synthesized according to already published procedures [35] and provided by the Institut des Biomolecules Max Mousseron (IBMM) (Montpellier, France). PGE2 and other agonists of EP3/EP4 receptors (Sulprostone and Cay10598, respectively), as well as antagonists (L-798,106 and ONO AE3-208, respectively), were purchased from Cayman Chemicals (Ann Arbor, MI, USA).




4.2. Analytical Extract Rich in Oxylipins


The oxylipins from Gracilaria longissima were extracted and characterized as previously published [8,11]. Briefly, 1 g of powdered algae was mixed with 5 mL of methanolic butylated hydroxyanisole (BHA) (99.9: 0.1, v/w), and the extracts were cleaned up by SPE. The PhytoP and PhytoF extracts were prepared at room temperature (RT). After SPE, the extracts were then reconstituted in 200 μL of MeOH/MilliQ-water (50/50, v/v), filtered through a 0.45 μm filter (Millipore, MA, USA), and immediately analyzed by UHPLC-ESI-QqQ-MS/MS (Agilent Technologies, Waldbronn, Germany).




4.3. In Vitro Assessment of Platelet Activation and Polymorphonuclear Leukocytes (PMNs)-Platelet Aggregates


Nine healthy participants (without any treatment) were recruited among the staff of the Catholic University of Murcia (UCAM). Fresh blood samples were collected in commercial 2 mL sodium citrate (32%) and EDTA Vacutainer tubes using a 20-gauge needle (the first 2 mL was discarded). The blood extractions were performed in accordance with the Helsinki declaration and approved by the UCAM Research Ethics Committee. All participants provided written informed consent.



Saline dilutions of 0.2 µg of characterized oxylipins (Table 1) and agonists were freshly prepared and added to 40 µL of fresh citrated blood (rending 129 nM) for 10 min, followed by platelet activation marker analysis by flow cytometry (FCM). The platelet subpopulations (normal platelets and platelet aggregates (PA)) in whole blood were distinguished from other cells based on the presence of constitutive platelets’ membrane receptor CD42b (glycoprotein Ib) and CD61 (glycoprotein IIIa, fibrinogen receptor activation, and the formation of platelet aggregates). The surface expression of platelet membrane activation markers such as CD62P (P-selectin) and CD36 (glycoprotein IV) was then assessed as already published [28,36]. After incubation with extract and EP receptor ligands for 10 min, the stimulated whole blood (5 µL) was labeled with mouse–anti-human CD61-fluorescein isothiocyanate (FITC), mouse–anti-human CD62P-BV786, mouse–anti-human CD42b-allophycocyanin (APC), and CD36-phycoerythrin (PE) (all from BD Biosciences, Oxford, UK) for 15 min, diluted with 1 mL of filtered PBS and then analyzed in a FACS Fortessa flow cytometer (BD, Becton Dickinson, Oxford, UK). Positive controls of platelet activation were also assessed after the incubation of the whole blood for 2 min with adenosine-5′-diphosphate (ADP, 0.02 mmol/L; Biodata Corporation, Horsham, PA, USA) and arachidonic acid (AA, 250 µg/mL; Biodata Corporation, Horsham, PA, USA), giving a monophasic, complete, and irreversible aggregation [37].



Mouse antihuman monoclonal fluorochrome-conjugated antibody anti-CD14-BUV395 and CD42b-APC were mixed with 50 μL of fresh EDTA anticoagulated whole blood in TruCount tubes (all from BD) containing a strictly defined number of fluorescent count beads. After incubation for 15 min, red blood cells were lysed by 450 μL of lysing solution (BD, Oxford, UK) for 15 min, followed by dilution in 1 mL of PBS and immediate flow cytometric analysis. Monocytes and other polymorphonuclear leukocytes (PMNs) were selected by gating strategies based on forward and side scatter to select monocytes and side scatter versus CD14 expression to exclude granulocytes (some lymphocytes and neutrophiles might be included in this gate too) (Figure S2). Absolute counts of CD14+ leukocytes (in cells per microliter) were obtained by calculating the number of gated events proportional to the number of the count beads according to the manufacturer’s recommendations. CD14+ leukocyte–platelet aggregates were defined as events positive to CD14 and the platelet marker CD42b [27]. The number of events collected was 10,000 for the CD14+ leukocyte gate subset. Isotype controls for all the FCM assays were performed with different monoclonal anti-IgG1 (BD Biosciences).



Citrated and EDTA anticoagulated blood was incubated with ligands of platelet EP3 and EP4 receptors for 10 min at room temperature (RT). In total, 200 nM Sulprostone (agonist) and 600 nM L798,106 (antagonist) were used to stimulate the EP3 receptor. Whilst 600 nM Cay10598 (agonist) and ONO AE3-208 (antagonist) were used to stimulate the EP4 receptor, respectively, 20–40 nM PGE2 was also used in the same conditions. Whole blood was incubated with 20–100 nM purified 9-D1t-PhytoP plus the above ligands and then processed by FCM.




4.4. Cell Line and Culture Conditions


Endothelial Ea.hy 926 (ATCC®CRL2922) human cell line was obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). Cells were grown in DMEM containing 4.5 g L−1 glucose, supplemented with GlutaMAX™, 10% fetal bovine serum (FBS), and 1% non-essential amino acids at 37 °C in a humidified atmosphere containing 5% CO2. The passage number of the cells used in this study was between 3–8 for the Ea.hy926 cell line.




4.5. Cell Viability Assay


The toxicity of 9-D1t-PhytoP (up to 1 µM, 0.01% DMSO) dissolved in complete medium was tested in Ea.hy 926 cells. For this, exponentially growing cells were seeded into a 96-well plate at a density of 104 cells/well. After the time of incubation (48 h and 6 days) with growing concentrations of 9-D1t-PhytoP, the cells were incubated with AlamarBlue solution at 10% concentration (ThermoFisher, Massachusetts, USA) for 4 h at 37 °C. The absorbance of the media was measured in a microplate reader (Bio-Tek Synergy HT, Winooski, VT, USA) at 570 nm and 600 nm of reference. Cell viability was calculated as the average optic density (OD) of the wells/average OD of control wells and expressed as a percentage (%).




4.6. Cell Migration Assay


Cell migration was studied using the Ea.hy926 cell line by performing a scratch wound healing assay in standard medium supplemented with 5% FBS. Typically, 30,000 cells were plated in low 35 mm dishes with culture inserts following the manufacturer’s instructions (Ibidi, Martinsried, Germany). After appropriate cell attachment and monolayer formation (around 24 h), inserts were removed with sterile forceps to create a wound field of approximately 500 µm. Detached cells were gently removed with DPBS before treatment. Confluent cells were incubated in one of the following treatments: control (0.01% DMSO), 300 nM PGE2, or 300 nM 9-D1t-PhytoP. The cells were then placed in a cell culture incubator, and they were allowed to migrate. At 0 and 7 h (linear growth phase) [38,39], 10 fields of the injury area were photographed with an inverted phase contrast microscope using 10× magnification. For each time point, the area uncovered by cells was determined by Image J software (National Institute of Health, Bethesda, MD, USA). Each treatment was performed in triplicate.



The migration speed of the wound closure was given as the percentage of the recovered area at each time point, relative to the initially covered area (t0). The velocity of wound closure (%/h) was calculated according to the following equation and slopes are expressed as percentages relative to control conditions: Slope (%area/h) = (% covered area/tx) − [(% covered area t0) * (tx − t0)].




4.7. Biological Activity in an Endothelial Dysfunction Model


In order to study the effects that 9-D1t-PhytoP produced on the EA.hy926 phenotype, cells were seeded in 24-well plates at 8 × 104 cells/well in DMEM supplemented with 5% FBS and treated with 100 nM 9-D1t-PhytoP (per triplicate) for 16 h, as previously published [11]. Then, 20 ng/mL TNF-α was added for an additional 6 h of incubation time.



Total RNA was extracted from EA.hy926 cells using 300 µL Trisure (Bioline, Taunton, MA, USA) reagent and Direct-Zol RNA MiniPrep (Zymo Research Irvine, Irvine, CA, USA) according to the manufacturer’s protocol. Total RNA was reverse-transcribed into complementary DNA by using a Sensifast cDNA™ Synthesis kit (Bioline, Taunton, MA, USA). The mRNA levels of the target genes were quantified by RT-PCR using a SensiFAST SYBER Hi-ROX Kit (Bioline, Taunton, MA, USA) in a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Briefly, 5 µL of 1:5 diluted cDNA was added to the qPCR reaction containing 10 µL 2X SensiFAST Mix and 400 nM of each primer in a total volume of 20 µL.



Specific and validated primers for distinct human genes such as actin, intercellular adhesion marker-1 (ICAM-1), vascular cell adhesion marker-1 (VCAM-1), endothelial nitric oxide synthase (NOS3), interleukin-6 (IL-6), and COX-2 (PGST) were purchased (all from Sigma-Aldrich Chemical Co., Saint Louis, MO, USA). The relative mRNA expression of the genes of interest was represented by: 2ˆ(-DDCT) = [CT (gene of interest) − CT (Actin)]test − [CT (gene interest) − CT (Actin)] control.



The relative quantification of gene expression was evaluated by the comparative fold change 2ˆDDCT method [40]. An average value of each target gene after actin normalization at the time point showing the highest expression was used as a calibrator to determine the relative levels in the rest of the experimental conditions. All the experiments and qPCR reactions were performed in triplicate.




4.8. Blind Docking


Blind docking (BD) consensus was applied to the study of the interactions of selected ligands against the EP3 receptor protein. The BD method allows to calculate the most probable interaction hotspots for a given ligand across the selected protein surface [41].



Regarding input file preparation, the crystallized structure of the EP3 receptor was obtained from the PDB database with the code 6M9T (https://www.rcsb.org/structure/6M9T, accessed on 21 December 2022) [42]. The PDB file was processed using Maestro (www.schrodinger.com, accessed on 21 December 2022) tools: Protein Preparation Wizard was used for refining the structure, to avoid clashes between atoms, and System Builder was used for calculating partial atomic charges using the OPLS3e force field [43]. Finally, the structure was converted to the mol2 format. Ligands PGE2 and L-798,106 were prepared using Maestro tool LigPrep applying an OPLS3e force field. Additionally, both molecules were processed with the tool LigPrep of Maestro to calculate the charges of each atom using the force field OPLS3e. The resulting structures were saved in the mol2 format.



When performing BD consensus runs, two docking engines, Autodock Vina [44] and Lead Finder [45], were selected, and a grid box size whose dimensions were 30 × 30 × 30 Å was specified with default parameters. All BD calculations were carried out using the MetaScreener suite of scripts (https://github.com/bio-hpc/metascreener, accessed on 21 December 2022). Lead Finder accepts protein and ligand files directly in the mol2 format, and for Vina, all the molecules were prepared using Gasteiger charges [46] with AutoDockTools (https://autodock.scripps.edu/, accessed on 21 December 2022) and converted to the pdbqt format. In the BD process, several docking calculations are performed in parallel, with one instance of the ligand starting on each alpha carbon of the protein model. Next, a distribution of docking score values as an approximation of binding energies and their structural clusters of poses was generated [41]. Finally, individual BD calculations obtained by each docking engine were discussed to obtain a BD consensus with the superposition and the scores of both methods. The scoring function of both algorithms considers the Lennard-Jones term (LJ), hydrogen bonds (H-bonds), electrostatic interactions, hydrophobic stabilization, entropic penalty due to the number of rotatable bonds, and the internal energy of each ligand. The interactions between the studied ligands and the residues of the protein were calculated using PLIP (https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index, accessed on 21 December 2022).




4.9. Molecular Dynamics


For each ligand, the most relevant interactions cluster after BD calculations were selected and a specific ligand pose was specified. Next, such poses were selected to run a molecular dynamic simulation (MD), which allows to study the time evolution of the protein–ligand systems. In addition, and in order to compare with known experimental results, the crystallographic pose of misoprostol (PDB ligand code J9P) from the PDB entry 6M9T was set up with Maestro tools to run another MD. The three MD calculations were carried out with Maestro-Desmond software (Desmond Molecular Dynamics System, D. E. Shaw Research, New York, NY, 2020. Maestro-Desmond Interoperability Tools, Schrödinger, New York, NY, 2020). Protein–ligand complexes were inserted into a membrane of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) [47] at 300 K, and the transmembrane region was obtained following the data of the UniProt database (https://www.uniprot.org/, accessed on 21 December 2022). The complexes created were immersed in a box filled with water molecules using the simple point charge (SPC) scheme. The dimension of the box was set to 10 × 10 × 10 Å. Cl− and Na+ ions were added to obtain a final NaCl concentration of 0.15 M. Energy minimization was carried out by 2000 steps using the steepest descent method with a threshold of 1.0 kcal/mol/Å. Periodic boundary conditions were used, and a cutoff of 9 Å was established for van der Waals interactions, and the Particle Mesh Ewald (PME) method with a tolerance of 10−9 was used in the electrostatic part. The NPT simulations were realized at 300 K with the Nosé-Hoover algorithm [48], and the pressure was maintained at 1 bar with the Martyna–Tobias–Klein barostat [49]. The same force field used to prepare the molecules was used in all runs [43]. All the runs had a time of simulation of 100 ns.




4.10. Statistical Analysis


Continuous variables were tested for normality of distribution with the Kolmogorov–Smirnov test. Normal data are presented as mean standard deviation (SD) and non-normal data are presented as median (interquartile range). Comparisons were performed using analysis of variance (ANOVA) with Tukey’s post hoc analysis (normally distributed data) or Mann–Whitney U test (non-normally distributed data). The analyses were performed using SPSS 22.0 for Windows software (SPSS Inc., Chicago, IL, USA). A two-tailed probability value of p < 0.05 was considered significant in all statistical analyses.





5. Conclusions


In conclusion, 9-D1t-PhytoP is the most abundant oxylipin in the macroalgae Gracilaria longissima, and it influences human platelet activation in blood with/without ADP agonist stimulus. Furthermore, our results encourage future studies using 9-D1t-PhytoP instead of PGE2 or Sulprostone, because of its pro-aggregatory potential. This work estimated the critical interactions with the binding site residues of the EP3 receptor to decipher the biological activity reported here. The selective agonists of the platelet EP3 receptor such as 9-D1t-PhytoP and Misoprostol deserve further investigation as targeting newly designed compounds might develop novel clinical strategies.
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Figure 1. Effects of the Gracilaria longissimi extract rich in 9-D1t- on the expression of platelet activation markers. (A) CD62P (P-selectin) MFI. (B) CD36 (glycoprotein IV) MFI. (C) CD61 (glycoprotein IIIa) MFI. The final concentrations in citrated blood were: 129 nM extract, 20 μmol/L ADP, and 3 μg/mL AA. MFI: Mean fluorescence intensity. The bars show mean and standard deviation (n = 9 different blood donors). * p < 0.05; ** p < 0.01; *** p < 0.001 vs. control condition (PBS). 






Figure 1. Effects of the Gracilaria longissimi extract rich in 9-D1t- on the expression of platelet activation markers. (A) CD62P (P-selectin) MFI. (B) CD36 (glycoprotein IV) MFI. (C) CD61 (glycoprotein IIIa) MFI. The final concentrations in citrated blood were: 129 nM extract, 20 μmol/L ADP, and 3 μg/mL AA. MFI: Mean fluorescence intensity. The bars show mean and standard deviation (n = 9 different blood donors). * p < 0.05; ** p < 0.01; *** p < 0.001 vs. control condition (PBS).



[image: Ijms 24 02730 g001]







[image: Ijms 24 02730 g002 550] 





Figure 2. Effects of 9-D1t-PhytoP on the expression of platelet activation markers. (A) CD62P (P-selectin) expression. (B) CD36 (glycoprotein IV) expression. (C) CD61 (glycoprotein IIIa) expression. The final concentrations in citrated whole blood were: 20-100 nM 9-D1t-PhytoP and 20 μmol/L ADP. MFI: mean fluorescence intensity. The bars show mean and standard deviation (n = 5 different blood donors). * p < 0.05; ** p < 0.01, *** p < 0.001 vs. control condition (PBS). 
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Figure 3. Effects of 100 nM 9-D1t-PhytoP alone or in combination with distinct EP receptor ligands on the expression of platelet activation markers. (A) CD62P (P-selectin) expression. (B) CD61 (glycoprotein IIIa) expression. Samples of whole blood were stimulated for 10 min and analyzed by flow cytometry. MFI: Mean fluorescence intensity. The bars show mean and standard deviation (n = 5 different blood donors). ** p < 0.01, *** p < 0.001 vs. control condition (PBS); and ≠ p < 0.05 vs. 9-D1t-PhytoP. 
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Figure 4. The EP4 agonist Cay10598 inhibits the effect of 9-D1t-PhytoP. (A) CD62P (P-selectin) expression. (B) CD61 (glycoprotein IIIa) expression. Samples of whole blood were preincubated with EP3/EP4 ligands (black) for 10 min plus 100 nM 9-D1t-PhytoP (gray) for additional 10 min at 37 °C and analyzed by flow cytometry (n = 5). MFI: mean fluorescence intensity. * p < 0.05; *** p < 0.001 vs. control condition (PBS). 
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Figure 5. 9-D1t-PhytoP effect on the formation of platelet–leukocyte in fresh EDTA blood. (A) Relative counts in the presence of EP3/EP4 ligands. (B) Relative counts in the presence of EP3/EP4 ligands plus 100 nM 9D1t. Values are normalized to control (PBS). Values are mean ± SD (n = 3 with different blood donors). Stars denote significant differences as compared to samples without activation (PBS, control) */** p < 0.05/0.01, * p value derived from 2-tailed paired t-test. 






Figure 5. 9-D1t-PhytoP effect on the formation of platelet–leukocyte in fresh EDTA blood. (A) Relative counts in the presence of EP3/EP4 ligands. (B) Relative counts in the presence of EP3/EP4 ligands plus 100 nM 9D1t. Values are normalized to control (PBS). Values are mean ± SD (n = 3 with different blood donors). Stars denote significant differences as compared to samples without activation (PBS, control) */** p < 0.05/0.01, * p value derived from 2-tailed paired t-test.



[image: Ijms 24 02730 g005]







[image: Ijms 24 02730 g006 550] 





Figure 6. Migration (wound closure) in human endothelial Ea.hy926 cells in the presence of 300 nM PGE2 and 9-D1t-PhytoP, respectively. (A) Percentage of migrated area following the wound healing assay (n = 3). (B) Representative images of the wound healing assay at t = 0 and t = 7 h. Statistic differences compared with control ** p < 0.01. 
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Figure 7. Two-dimensional protein–ligand interactions diagram generated between EP3 receptor (PDB: 6M9T) and (A) Misoprostol (EP3 agonist); (B) L-798,106 (EP3 antagonist); and (C) 9-D1t-PhytoP ligands, using the Ligand Interaction script in Maestro (Schrödinger Inc., www.schrodinger.com, accessed on 14 May 2022). It outlines a cavity consisting of several proximate hydrophobic and hydrophilic residues (Thr 106 and 107, shown in blue circles) where 9-D1t-PhytoP potentially binds. A hydrogen bond between the ligand and Gln 103 is shown by an arrow. 
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Figure 8. Two-dimensional protein–ligand interactions of the molecular dynamics diagrams generated between EP3 receptor (PDB: 6M9T) and (A) Misoprostol (EP3 agonist), (B) 9-D1t-PhytoP, and (C) L-798,106 (EP3 antagonist) using the Simulation Interactions Diagram script in Maestro (Schrödinger Inc., www.schrodinger.com, accessed on 20 December 2022). 
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Table 1. Levels of oxylipins (PhytoPs and PhytoFs, ng/sample) in raw material, after methanol extraction.
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PhytoPs Z

	

	
PhytoFs Y






	
Sample

	
FP-1

	
FP-2

	
FP-3

	
FP-4

	
FP-5

	
FP-6

	
FP-7

	
Total

	
FF-1

	
FF-2

	
FF-3

	
Total




	
1

	
38.5

	
1591

	
55.1

	
0.2

	
3.1

	
9.0

	
13.6

	
1717.9

	
171.9

	
23.1

	
13.6

	
208.7




	
2

	
25.2

	
752

	
26.7

	
<0.1

	
1.1

	
3.6

	
7.0

	
815.7

	
298.2

	
31.7

	
6.7

	
336.6




	
3

	
52.8

	
1967

	
44.8

	
0.2

	
3.4

	
10.0

	
12.1

	
2100.6

	
307.6

	
7.7

	
12.1

	
326.8








Z FP-1, 9-F1t-PhytoP; FP-2, 9-D1t-PhytoP; FP-3, ent-16-F1t-PhytoP + ent-16-epi-16-F1t-PhytoP; FP-4, 16-B1t-PhytoP; FP-5, 9-epi-9-F1t-PhytoP; FP-6, 9-L1t-PhytoP; FP-7, 9-epi-9-D1t-PhytoP. Y FF-1, ent-16-(RS)-9-epi-ST-Δ14-10-PhytoF; FF-2, ent-16-(RS)-13-epi-ST-Δ14-9-PhytoF; FF-3, ent-9-(RS)-12-epi-ST-Δ10-13-PhytoF.
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