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Abstract

:

Embelin is a quinone derivative and found in the fruits of Embelia ribes Burm.f. Embelin has been identified as a small molecular inhibitor of X-chromosome-linked inhibitor of apoptosis proteins, and has multiple biological activities, including antioxidation, anti-inflammation, and antitumor effects. However, the effect of embelin in platelets remains unclear. Thus, this study investigated the antiplatelet mechanism of embelin. Our data revealed that embelin could inhibit platelet aggregation induced by various agonists, including the protein kinase C (PKC) activator phorbol 12,13-dibutyrate (PDBu). Embelin, as well as the PKC inhibitor Ro 31-8220, markedly reduced PDBu-mediated phosphorylation of the PKC substrate, suggesting that embelin may be a PKC inhibitor for platelets. Embelin could block PKC downstream signaling and events, including the inhibition of protein kinase B and mitogen-activated protein kinase activation, granule release, and glycoprotein IIbIIIa activation. Moreover, embelin could delay thrombus formation in the mesenteric microvessels of mice, but did not significantly affect the tail bleeding time. In conclusion, we demonstrated that embelin is a PKC inhibitor and possesses antiplatelet and antithrombotic effects. The further analysis is necessary to more accurately determine clinical therapeutic potential of embelin in all clinical thromboembolic events with disturbance of thrombocyte function.
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1. Introduction


Platelets and blood coagulation are involved in hemostasis. When a blood vessel is injured, rolling platelets adhere to the injured site of the vessel, and are activated by the exposed extracellular matrix such as collagen and vWF, which causes primary platelet activation by the binding to glycoprotein VI (GPVI) and GPIb-V-IX complex, respectively. Then, the activated platelets release ADP and thromboxane A2 that can amplify platelet activation by the autocrine or paracrine manner and further recruit circulating platelets to engage in the process of platelet plug formation at the injured site of the vessel. In addition, the extrinsic pathway of blood coagulation cascade can be initiated by the interaction of plasma VII with tissue factor (TF) exposed after vascular injury. The TF-VIIa complex can activate factors X and IX. Subsequently, the Xa generates small amounts of thrombin from prothrombin, and is rapidly inactivated by tissue factor pathway inhibitor. Although this amount of thrombin is not sufficient to initiate significant fibrin polymerization, it can activate platelets and the intrinsic pathway (factors V, VIII, and XI). Once platelets are activated, factors Va and VIIIa are rapidly localized on the platelet membrane surface. Subsequently, the factor IXa generated by the TF-VIIa complex or XIa can bind to VIIIa and form the VIIIa-IXa complex, which amplifies the generation of factor Xa on the platelet membrane surface. Once factor Xa gets associated with Va on the platelet surface to generate a burst of thrombin, it is followed by fibrin formation and factor XIII activation, finally leading to the formation of a firm platelet plug and subsequent hemostasis. Thus, Hemostasis requires platelets and the coagulation system [1,2]. Platelets are also involved in various pathological processes, such as inflammation, atherothrombosis, and tumor metastasis. Thus, the inhibition of platelet activation may impede or attenuate the progression of these diseases.



Embelin, a quinone derivative, is found in the fruits of Embelia ribes Burm.f. It is reported to have multiple biological activities. Embelin could protect nephrons against cisplatin-induced damage caused by oxidative stress and inflammation [3]. Embelin also protects against myocardial ischemia–reperfusion injury and transient global ischemia-induced brain damage [4,5]. In addition, embelin has an immunosuppressive property that attenuates autoimmune encephalomyelitis through the transforming growth factor-β/β-catenin and signal transducer and activator of transcription 3 (STAT3) signaling pathways [6]. Embelin protects pancreatic β-cells in streptozotocin-induced diabetes [7,8]. Moreover, embelin has been observed to suppress tumor growth through interleukin 6/STAT3 signaling in various cancer types [9,10,11], and can also inhibit tumor metastasis [12,13]. This evidence suggests that embelin possesses multiple biological activities.



However, the role of embelin on platelet activation and thrombus formation has not been investigated. Therefore, we then further investigated the mechanism underlying the embelin-mediated inhibition of platelet activation.




2. Materials and Methods


2.1. Materials


Embelin and convulxin were purchased from Cayman Chemical (Ann Arbor, MI, USA). Collagen, thrombin, and U46619 were purchased from Chrono-log (Havertown, PA, USA). Phorbol 12,13-dibutyrate (PDBu), luciferase, luciferin, and fluorescein sodium were purchased from Sigma (St. Louis, MO, USA). Phycoerythrin (PE)-conjugated anti-P-selectin and fluorescein isothiocyanate (FITC)-conjugated PAC-1 antibodies were purchased from BioLegend (San Diego, CA, USA). The anti-phospho-(serine (Ser)) protein kinase C (PKC) substrate, anti-phospho-p38 mitogen-activated protein kinases (MAPKs) (Ser180/tyrosine (Tyr)182), anti-phospho-p44/42 MAPKs (extracellular signal-regulated kinases (ERKs)1/2, threonine (Thr)202/Tyr204), anti-c-Jun N-terminal kinases (JNKs), anti-phospho-protein kinase B (Akt) (Ser473) polyclonal antibodies (pAbs), and anti-p38 MAPK, anti-p44/42 MAPK, anti-phospho JNKs (Thr183/Tyr185), and anti-Akt monoclonal antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). The antipleckstrin (p47) pAb was purchased from GeneTex (Irvine, CA, USA). The Hybond-P polyvinylidene difluoride (PVDF) membrane, an enhanced chemiluminescence (ECL), and the horseradish peroxidase (HRP)-conjugated donkey antirabbit and sheep antimouse immunoglobulin G were purchased from GE Healthcare Life Sciences (Buckinghamshire, UK). Embelin was dissolved in dimethyl sulfoxide (DMSO) and stored at 4 °C until use.




2.2. Preparation of Washed Human Platelets


This study was approved by the Taipei Medical University-Joint Institutional Review Board (TMU-JIRB No. N201810057, 23 November 2018) and conformed to the principles outlined in the Declaration of Helsinki. All volunteers provided informed consent. Human platelet suspensions were prepared as previously described [14,15,16,17], according to the guideline of International Society on Thrombosis and Haemostasis (ISTH). Before blood collection, the subjects, who had taken no medicine such as aspirin and other NSAIDs or thienopyridines during the preceding 2 weeks, needed to take a short rest period, and refrain from smoking and drinking coffee for at least 30 min and 2 h. With a butterfly, blood was drawn from healthy volunteers, and the first 1–2 mL of blood were discarded to decrease the contamination with tissue factors and trace amounts of thrombin. Blood samples were immediately collected in plastic tubes (polypropylene) and mixed with an acid-citrate-dextrose (ACD) solution (9:1, v/v). Blood samples were allowed to rest at room temperature for 15 min. Then, centrifugation of blood samples at 250 × g was conducted for 10 min. In this step, the centrifugal slow brake must be applied during rotor deceleration to prevent red blood cells rising from the bottom layer. The upper layer containing platelet-rich plasma (PRP) was carefully collected without disturbing the middle layer containing white blood cells. The PRP was supplemented with 0.5 μM prostaglandin E1 and 6.4 IU/mL heparin for 10 min at 37 °C. Then, the PRP was centrifuged at 2200 × g for 10 min. After centrifugation, the supernatant consisting of platelet-poor plasma (PPP) was discarded, and all traces of plasma from the tube walls or near the platelet pellet was carefully removed to avoid any generation of thrombin during the subsequent washing steps. The platelet pellet was gently resuspended in Tyrode’s solution containing 3.5 mg/mL bovine serum albumin (BSA), 0.5 μM prostaglandin E1 (PGE1), and 6.4 IU/mL heparin to obtain the first washed human platelet suspension. After 10 min incubation at 37 ℃, platelet suspension was immediately centrifuged at 1900 × g for 8 min. The platelet pellet was gently resuspended in Tyrode’s solution containing 3.5 mg/mL BSA and 0.5 μM PGE1. A few microliters of platelet suspension were removed and counted using an automatic blood cell counter. After 10 min incubation at 37 ℃, the second washed platelet suspension was immediately centrifuged at 1900 × g for 8 min. The platelet pellet was resuspended in Tyrode’s solution containing 3.5 mg/mL BSA and 0.02 U/mL apyrase, and platelet count was adjusted to 3.6 × 108 cells/mL. The final concentration of Ca2+ in platelet suspension was 1 mM. Before testing, these platelet suspensions were allowed to rest for at least 30 min at 37 ℃.




2.3. Platelet Aggregation


A turbidimetric method was applied to measure platelet aggregation by using a lumi-aggregometer (Payton, Scarborough, Ontario, Canada) [14]. Before testing, the light transmission of platelet suspension (3.6 × 108 cells/mL) and Tyrode’s solution was set as 0% and 100%, respectively. Platelet aggregation was performed at 37 ℃ with magnetic stirring (1000 rpm). Before treatment, baseline tracings for light transmission were observed for stability for at least 1 min. Then, platelet suspension was preincubated with embelin (50, 75, and 100 μM) or an isovolumetric solvent control (0.1% DMSO) for 3 min prior to agonist administration. The platelet aggregation was recorded for 6 min (collagen, convulxin, thrombin, and U46619) or 10 min (PDBu).




2.4. Immunoblotting Study


1.2 × 109 platelets/mL were preincubated with embelin (75 and 100 μM), 2 μM Ro 31-8220, or 0.1% DMSO for 3 min prior to PDBu (150 nM) administration for 20 min to stimulate platelet activation. After the reaction, the platelets were immediately resuspended in 200 μL of lysis buffer for 1 h. Lysates were centrifuged at 5000 × g for 5 min. The extracted protein (80 μg) was separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis on an 12% gel; the separated proteins were then transferred onto PVDF membrane through semidry transfer (Bio-Rad Laboratories, Hercules, CA, USA). Membranes were blocked with 5% BSA for 1 h, washed for 3 times with TBST (10 mM Tris base, 100 mM NaCl, and 0.01% Tween 20), and then stained with various primary antibodies specific to the target proteins for 1 h. Membranes were incubated with HRP-conjugated antimouse IgG or antirabbit IgG (diluted 1:3000 in TBST) for 1 h, and then developed using ECL kit. The intensity of the immunoreactive bands was quantified using a videodensitometer and the Bio-profil Biolight software, version V2000.01 (Vilber Lourmat, Marne-la-Vallée, France).




2.5. Adenosine Triphosphate Release Measured Using a Microplate Reader


Luciferase and luciferin were used to detect adenosine triphosphate (ATP) release. This method was described previously [18]. Briefly, 3.6 × 108 platelets/mL were preincubated with luciferase and luciferin, and then with embelin (75 and 100 μM) or an isovolumetric solvent control (0.1% DMSO) for 3 min prior to PDBu administration. After mixing, the mixture was transferred to a white-walled 96-well plate. The reaction was allowed to proceed for 30 min at 37 °C and the intensity of luminescence was detected every minute using a Synergy H1 microplate reader (BioTek, Winooski, VT, USA).




2.6. Flow Cytometry


P-selectin secretion and GPIIbIIIa activation were determined by flow cytometry as described previously [18]. Briefly, 3.6 × 108 platelets/mL were preincubated with embelin (75 and 100 μM) or 0.1% DMSO for 3 min; subsequently, PDBu was added for 20 min in glass cuvettes at 37 °C. After the reactions, the samples were fixed with 1% paraformaldehyde for 1 h at 4 °C, washed, and labeled with a PE–P-selectin or FITC–PAC-1 antibody for 30 min. After centrifugation and washing, all of the samples were resuspended with 1 mL of phosphate-buffered saline and were then immediately analyzed on a FACSCanto II Flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The platelets were identified and gated by their characteristic forward and side scatter properties, and 10,000 platelets were analyzed from each sample. All experiments were performed at least three times to ensure reliability.




2.7. Determination of Lactate Dehydrogenase


A CytoTox 96 nonradioactive cytotoxicity assay kit from Promega (Madison, WI, USA) was used to measure lactate dehydrogenase (LDH) release. In total, 3.6 × 108 platelets/mL were preincubated with embelin (75 and 100 μM) or a solvent control (0.1% DMSO) for 20 min at 37 °C. After centrifugation was conducted, the supernatant was collected to measure the LDH level according to the manufacturer’s protocol (Promega). LDH activity was expressed as the percentage of total enzyme activity, which was obtained when platelets were lysed with Triton X-100 (0.5%). The LDH level was measured at a wavelength of 490 nm by using a Synergy H1 microplate reader (BioTek, Winooski, VT, USA).




2.8. Animals


ICR mice (aged 5–6 weeks, male, weighing 20–25 g) were obtained from BioLasco (Taipei, Taiwan). All procedures were approved by the Affidavit of Approval of Animal Use Protocol of Shin Kong Wu Ho-Su Memorial Hospital (Approval No. SKH107001, 21 September 2017) and were in accordance with the Guide for the Care and Use of Laboratory Animals (Eighth Edition, 2011).




2.9. Fluorescein-Sodium-Induced Platelet Thrombus Formation in The Mesenteric Microvessels of Mice


Thrombus formation was assessed as previously described [19]. Briefly, mice were anesthetized using a mixture containing 75% air and 3% isoflurane maintained in 25% oxygen at a flow rate of 1.5–2 L/min; the mouse external jugular vein was cannulated with a polyethylene-10 tube for administration of dye and drugs intravenously. A segment of the small intestine was placed onto a transparent culture dish for microscopic observation. The venules (30–40 mm) were selected for irradiation to produce a microthrombus. Filtered light for which wavelengths <520 nm had been eliminated was used to irradiate a microvessel. Embelin (11.5 and 23 mg/kg) or aspirin (20 mg/kg) was administered 1 min after sodium fluorescein (15 mg/kg) addition, and the time required to occlude the microvessel (occlusion time) was recorded. The dose for mice was accordingly converted from the dose for humans [20].




2.10. Tail Bleeding Time


Mice were anesthetized using a mixture containing 75% air and 3% isoflurane maintained in 25% oxygen at a flow rate of 1.5–2 L/min. Then, DMSO (solvent control), embelin (11.5 and 23 mg/kg), or aspirin (20 mg/kg) were intraperitoneally administrated for 30 min. A distal 3-mm segment of the tail was amputated with a scalpel. The bleeding tail stump was immersed in saline and bleeding was immediately monitored for 10 min. The bleeding time was obtained until no sign of bleeding was observed for at least 10 s. The dose for mice was accordingly converted from the dose for humans [20].




2.11. Data Analysis


Results are expressed as means ± standard error of the mean (SEM) and are accompanied by the number of observations (n). The values of n refer to the number of experiments in which blood samples were collected from different donors. Results were analyzed using analysis of variance (ANOVA). When ANOVA indicated significant differences among groups, the groups were then compared using the Newman–Keuls method. Values of P < 0.05 were considered statistically significant.





3. Results


3.1. Embelin Inhibited Human Platelet Aggregation


In this study, various platelet agonists, including collagen, convulxin, thrombin, and U46619, were used to determine the effect of embelin on platelet aggregation. The data showed that there is no difference between Tyrode’s solution (control) and dimethyl sulfoxide (DMSO, solvent control) on platelet aggregation induced by these four platelet agonists (Supplementary Figure S1). As shown in Figure 1A–D, the data revealed that embelin at 75 μM displayed only a partial inhibition of platelet aggregation induced by collagen and no significant inhibition of platelet aggregation induced by convulxin, thrombin, and U446619, but embelin at 100 μM almost completely inhibited platelet aggregation induced by these four agonists. These results suggested that embelin may not directly block the agonist receptors on the surface of platelets. Thus, we supposed that embelin might act on the common pathways of platelet activation, such as the PKC pathway. Thus, we further determined the effect of embelin on the PKC pathway, the common platelet activation pathway, in subsequent experiments. In addition, the result of LDH assay revealed that 75 and 100 μM embelin did not exhibit cytotoxicity in human platelets.




3.2. Embelin Attenuated Platelet Activation Through the Direct Inhibition of PKC


As previously mentioned, PKC pathway is commonly involved in platelet activation. Thus, we first determined whether embelin can affect the PKC activator PDBu-induced platelet aggregation. Likely, no difference between Tyrode’s solution (control) and dimethyl sulfoxide (DMSO, solvent control) on platelet aggregation induced by PDBu was observed (supplemental Figure S2A). As demonstrated in Figure 2A and supplemental Figure S2B, embelin (75 and 100 μM), as well as the PKC inhibitor Ro 31-8220, significantly inhibited PDBu-induced platelet aggregation, indicating that it could inhibit PKC or its downstream signaling. To confirm whether embelin could block PKC activation, the phosphorylation of p47 protein (pleckstrin), a major PKC substrate (approximately 47 kD) that is widely used to determine PKC activity, was detected through Western blotting. Figure 2B reveals that embelin (75 and 100 μM), as well as the PKC inhibitor Ro 31-8220, significantly prevented PDBu-induced p47 phosphorylation, suggesting that embelin directly inhibited PKC activity. In addition, PKC downstream signaling, including Akt and MAPKs (ERK, p38 MAPK, and JNK) that are responsible for granule release, thromboxane A2 formation, and glycoprotein (GP) IIbIIIa [21,22] were also determined. As shown in Figure 2C–F, embelin (75 and 100 μM) and Ro 31-8220 reduced the phosphorylation of Akt and MAPKs. These findings suggest that embelin attenuated platelet activation through the direct inhibition of PKC activity.




3.3. Embelin Reduced PKC-Mediated Granule Release and GPIIbIIIa Activation


PKC is involved in platelet activation, including granule release and GPIIbIIIa activation [21,22]. Thus, we investigated the role of embelin in these events. Figure 3A,B illustrates that embelin (75 and 100 μM) significantly reduced PDBu-induced ATP release and P-selectin secretion, suggesting that embelin inhibited PKC-dependent platelet granule release. In addition, embelin (75 and 100 μM) inhibited PDBu-induced GPIIbIIIa activation (Figure 3C). This evidence supports the findings that, with its inhibitory effect on PKC activity, embelin can prevent PKC-associated platelet activation, including granule release and GPIIbIIIa activation.




3.4. Embelin Exerted Antithrombotic Activity Without Bleeding Side Effects


In addition to the in vitro antiplatelet effect, the in vivo antithrombotic effect of embelin was determined. In the thrombotic animal model, mice were intravenously administered fluorescein sodium and the mesenteric microvessels of the mice were subsequently exposed to ultraviolet irradiation, which damaged the endothelium and caused platelet thrombus formation and vascular occlusion. The vascular occlusion was continually monitored using a microscope with a camera. The vessels’ occlusion times were recorded. Figure 4A (top panel) reveals that vessel occlusion (arrows) occurred for approximately 115 s in the DMSO group. Embelin (11.5 and 23 mg/kg) and 20 mg/kg aspirin significantly delayed the occlusion time by approximately 84.5 ± 2.8 s (P < 0.01, n = 6), 191.0 ± 18.9 s (P < 0.001, n = 6), and 355.3 ± 5.9 s (P < 0.001, n = 6), respectively (Figure 4A, bottom panel). In addition, embelin’s effect on hemostasis was determined by the tail bleeding time. The data demonstrated that the group administered embelin (11.5 and 23 mg/kg) did not significantly prolong the bleeding time, compared with the DMSO group (165.3 ± 22.0 s, n = 6) (Figure 4B). Unlike embelin, aspirin (20 mg/kg)-treated group markedly prolonged the bleeding time (476.2 ± 21.6 s; P < 0.001, n = 6). These findings suggest that embelin exerted a safe and potent antithrombotic effect without affecting hemostasis.





4. Discussion


This study demonstrated that embelin possesses antiplatelet and antithrombotic effects through direct inhibition of PKC activity followed by the blockade of granule release and GPIIbIIIa activation. Embelin thus reduced platelet activation and thrombus formation (Figure 5).



Embelin was previously identified as a small molecular inhibitor of the X-linked inhibitor of apoptosis proteins that can cause cell death through activating caspase-9 and subsequent cell apoptosis in prostate cancer cells with high levels of XIAP [23]. In human platelets, we found that embelin could inhibit platelet aggregation induced by various agonists including collagen, convulxin, thrombin, and U46619. These results suggested that embelin may not directly block the agonist receptors on the surface of platelets. Moreover, LDH assay has excluded the possibility that embelin may directly lead to platelet damage, which may cause themselves to be unresponsive to platelet agonists. Thus, we supposed that embelin might act on the common pathways of platelet activation, such as the PKC pathway. Indeed, our results revealed that embelin was a PKC inhibitor that could effectively block platelet aggregation and thrombus formation. PKC plays an essential role in platelet activation and thrombus formation [21,24]. PKC reportedly regulates platelet granule release and GPIIbIIIa activation [21,22]. We found that PKC inhibition by embelin could effectively block ATP release, P-selectin secretion, and GPIIbIIIa activation of human platelets in vitro, and prevent thrombus formation in vivo.



In addition, our data revealed that the PKC activator PDBu could markedly induce the activation of Akt and MAPKs, including ERK, p38 MAPK, and JNK, which was inhibited by embelin. Akt signaling has been reported to be involved in fibrinogen binding and platelet aggregation [25,26]. Moreover, the adenosine diphosphate (ADP)-stimulated Gi signaling pathway played an essential role in Akt activation in one study [27]. This evidence indicates that embelin may have reduced dense granule release, thereby blocking Akt activation and platelet aggregation; ERK2, p38 MAPK, and JNK1 were also involved in platelet adhesion, granule release, aggregation, and thrombus formation [28]. Furthermore, PKC signaling was reported to be essential for the secretion of thromboxane A2 via ERK and p38 MAPK [21]. The interaction of JNK and PKC in platelets remains unclear, though PKC has been reported to activate JNK in other cells [29,30]. Adam et al. reported that JNK1−/− platelets partially impaired PKC activity [28]. However, the possibility that JNK1 acts downstream from PKCs in platelets cannot be excluded because JNK1−/− platelets were observed to not affect the phosphorylation of PKC substrates induced by phorbol-12-myristate 13-acetate (a PKC activator) [28]. In the present study, we discerned that either the PKC inhibitor Ro 31-8220 or embelin could block the PKC activator PDBu-mediated phosphorylation of the PKC substrate, and reduced JNK phosphorylation. These observations suggested that the interaction of PKC and JNK was mutual. Taken together, the evidence suggests that PKC inhibition by embelin could prevent the activation of MAPKs and was followed by a blockade of granule release and thromboxane A2 secretion, finally leading to the inhibition of platelet activation and thrombus formation. On the other hand, embelin reportedly has the anti-inflammatory and antitumor effects through inhibition of IL6/STAT3 and NF-κB signaling pathways [6,9,10,11,31]. Previous studies have reported that STAT3 and NF-κB are involved in platelet activation through non-transcriptional activity [32,33] and that inhibition of STAT3 and NF-κB could impair platelet activation [32,33,34,35]. IL6 was also reported to induce platelet activation [36]; in addition, embelin could reduce lipid peroxidation and scavenge free radicals [37,38]. Studies have showed that reactive oxygen species play a critical role in platelet activation [39,40]. Taken together, these effects of embelin might support its antiplatelet effect, but further investigation are needed to confirm these effects of embelin on platelet function.



Atherosclerosis, a major cause of cardiovascular diseases such as stroke and heart attack [41,42,43], is a complicated inflammatory process involving lipid accumulation and the activities of various cells, including macrophages, leucocytes, endothelial cells, smooth muscle cells, and platelets [41,42,43]. Hypercholesterolemia cause lipid or LDL accumulation in the arterial intima, where LDL undergoes oxidative modification, which induces inflammatory responses characterized by chemokine secretion and altered expression of adhesion molecules, such as vascular cell adhesion molecule-1, on focal endothelial cells [44,45]. These inflammatory responses further recruit circulating monocytes in the intima where they differentiate into macrophages, and form foam cells when macrophage intake naïve or modified lipid. Foam cells can amplify lipid accumulation and modification [44,45]. Moreover, activated macrophage further stimulate immune system and amplify the inflammation process that enhances the progression of atherosclerosis [44,45]. In addition, platelets are also involved in the initiation of atherosclerosis by interacting with activated endothelial cells and recruiting monocytes. Moreover, it was generally accepted that rupture or erosion of advanced atherosclerotic lesions initiates platelet activation and aggregation on the thrombogenic surface of a disrupted atherosclerotic plaque [46]. A previous study also demonstrated that platelet scavenger receptor class B type 1 increased platelet hyperreactivity and accelerated thrombosis under hyperlipidemia due to increased platelet cholesterol content [47]. Platelet P-selectin was reported to be essential during the interaction of activated platelets with atherosclerotic arteries [48]. In addition, platelet adhesion through GPIb and GPIIbIIIa was also reported to be critical for the initiation of atherosclerotic lesion formation [49]. In addition, activated platelets can release and deposit chemokines on vascular cell surfaces, which trigger atherogenic recruitment of vascular cells. For example, activated platelets secreted interleukin-1β (IL-1 β) and expressed CD40 ligand that can further induce endothelial activation and secretion of chemokines, such as monocyte chemoattractant protein-1 and IL-8, thereby recruiting leucocytes and producing inflammatory responses [50,51]. Moreover, neutralization or genetic deletion of CD40 ligand has shown a reduction of the progression of atherosclerotic lesion [52,53]. These lines of evidence revealed that the inhibition of platelet activation exhibit a benefit in atherosclerosis. In the present study, our data revealed that embelin could reduce P-selectin secretion and GPIIbIIIa activation, at least in part, through PKC inhibition, eventually inhibiting platelet activation. Moreover, embelin was reported to reduce body weight gain, blood pressure, and serum lipid levels and increase superoxide dismutase, catalase, and glutathione levels in high-fat diet-induced obesity in rats [54]. It also reduced lipid peroxidation and scavenged free radicals [37,38]. These observations revealed that embelin may has a potential role in the prevention of atherosclerosis.



In addition, PKC isoforms were thought to be involved in regulation of monocyte–EC interaction [55]. PKCβ has been reported to promote vascular inflammation and exacerbate atherosclerosis in diabetic ApoE null mice [56]. Durpès et al. also reported that PKCβ activation cause endothelial dysfunction and diabetic atherosclerosis by inhibiting IL-18 binding protein [57]. However, we for the first time demonstrated that embelin is a PKC inhibitor in human platelets. Furthermore, a previous study reported that embelin has anti-diabetic activity via reducing intracellular pro-inflammatory mediators, lipid profile, and oxidative stress [8]. Whether embelin can inhibit interaction of monocytes and endothelial cells by inhibition of PKCβ and subsequently improve diabetic atherosclerosis needs to be further investigated. On the other hand, IL6/STAT3 and NF-κB signaling pathways have been reported to be important regulators in the progression of atherosclerosis, including endothelial dysfunction, cytokine secretion, macrophage polarization, foam cell formation, proliferation of vascular smooth muscle cells, and cell death [58,59,60,61,62]. Although, embelin has been reported to inhibit IL6/STAT3 and NF-κB signaling pathways [6,9,10,11,31], whether embelin can utilize these properties to prevent the progression of atherosclerosis also needs to be further clarified.




5. Conclusions


This study revealed that embelin is a PKC inhibitor with potent antiplatelet and antithrombotic effects. Embelin could effectively prevent PKC activation and subsequent activation of Akt and MAPKs in vitro and block thrombus formation in vivo. However, the further analysis is necessary to more accurately determine clinical therapeutic potential of embelin in all clinical thromboembolic events with disturbance of thrombocyte function.
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Figure 1. Embelin reduced various agonist-induced human platelet aggregations. Human washed platelets (3.6 × 108 cells/mL) were pretreated with dimethyl sulfoxide (DMSO) (solvent control) or embelin (50–100 μM), followed by stimulation with (A) collagen (1 μg/mL), (B) convulxin (10 ng/mL), (C) thrombin (0.02 U/mL), and (D) U46619 (1 μM) to induce platelet aggregation. Left panels indicate the tracing curve of platelet aggregation, and right panels indicate the statistical bar graphs of inhibition rate (%). Data (A–D) are presented as means ± standard error of the mean (SEM) (n = 3). **P < 0.01 and ***P < 0.001, compared with the DMSO (solvent control) group. 
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Figure 2. Embelin inhibited protein kinase C (PKC) activity and its downstream signaling. (A) Human washed platelets (3.6 × 108 cells/mL) were pretreated with DMSO (solvent control), embelin (75 and 100 μM), or the PKC inhibitor Ro 31-8220 (2 μM), followed by the stimulation of phorbol 12,13-dibutyrate (PDBu) (150 nM) to induce platelet aggregation. (B–F) After the reaction, platelet lysates were collected and then subjected to Western blotting. Specific antibodies were used to detect PKC, protein kinase B (Akt), the extracellular signal-regulated kinase (ERK), p38 mitogen-activated protein kinase (p38), and c-Jun N-terminal kinase (JNK). Profiles (A) are representative examples of three similar experiments. Data (B–F) are presented as means ± SEM (n = 4). **P < 0.01 and ***P < 0.001, compared with the resting group. #P < 0.05, ##P < 0.01, and ###P < 0.001, compared with the PDBu-treated (positive control) group. 
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Figure 3. Embelin attenuated granule release and glycoprotein IIbIIIa (GPIIbIIIa) activation. Human washed platelets (3.6 × 108 cells/mL) were pretreated with DMSO (solvent control) or embelin (75 and 100 μM), followed by stimulation with PDBu (150 nM) to induce platelet activation. (A) Luciferase and luciferin were added to detect adenosine triphosphate (ATP) release using a microplate reader. (B,C) Phycoerythrin (PE)-conjugated with P-selectin and fluorescein isothiocyanate (FITC)-conjugated PAC-1 antibodies were used to detect P-selectin secretion and GPIIbIIIa activation, respectively, using flow cytometry. Data (A) are presented as means ± SEM (n = 3). ***P < 0.001, compared with the DMSO (solvent control) group. Data (B,C) are presented as means ± SEM (n = 3). ***P < 0.001, compared with the resting group. #P < 0.05, ##P < 0.01, and ###P < 0.001, compared with the PDBu-treated (positive control) group. 
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Figure 4. Embelin exerted antithrombotic effects without affecting hemostasis. (A) Mice received an intravenous bolus of DMSO, embelin (11.5 and 23 mg/kg), and aspirin (20 mg/kg) for 30 min, followed by an injection of fluorescein sodium. The mesenteric venules were then irradiated to induce vessel damage and microthrombus formation. The arrows indicate occlusion of the mesenteric venule (n = 6). (B) The bleeding was continually monitored through the transection of mice tails after 30 min of intraperitoneal administration of either DMSO, embelin (11.5 and 23 mg/kg), and aspirin (20 mg/kg). Subsequently, the bleeding time was recorded until no sign of bleeding was observed for at least 10 s. Each point in the scatter plots graph represents a mouse (n = 6). Data (A) are presented as mean ± SEM (n = 6). **P < 0.01 and ***P < 0.001 compared with the DMSO group. 
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Figure 5. Scheme of the mechanism underlying embelin-mediated inhibition of platelet activation and thrombus formation. 
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