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Abstract

:

Metabolic syndrome increases the risk of vascular dementia and other neurodegenerative disorders. Recent studies underline that platelets play an important role in linking peripheral with central metabolic and inflammatory mechanisms. In this narrative review, we address the activation of platelets in metabolic syndrome, their effects on neuronal processes and the role of the mediators (e.g., serotonin, platelet-derived growth factor). Emerging evidence shows that nutritional compounds and their metabolites modulate these interactions—specifically, long chain fatty acids, endocannabinoids and phenolic compounds. We reviewed the role of activated platelets in neurovascular processes and nutritional compounds in platelet activation.
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1. Introduction


Platelets, the smallest anucleate cells in our blood, can rapidly respond to environmental changes and are best known for their essential contribution in hemostasis, thrombosis and wound healing [1,2]. At the same time, platelet hyperactivity is found in metabolic syndrome (MetS), a cluster of conditions related to abdominal obesity, reduced insulin sensitivity and cardiovascular abnormalities [3,4]. Interestingly, several dietary bioactive compounds are known, including n-3 long chain polyunsaturated fatty acids (LC-PUFAs), vitamins and polyphenols that not only play crucial roles in the prevention and development of MetS, but are also involved in maintaining normal platelet function. Next to this, there is increasing scientific evidence for a convergence of both fields of interest, MetS and platelets, when it comes to Alzheimer’s disease (AD) and vascular dementia. On the one hand, it is a well-known observation that MetS increases the risk of progression from mild cognitive impairment to dementia and the incidence of vascular dementia and AD [5,6]. On the other hand, emerging data underline that platelets may play possibly crucial roles in neurovascular signaling and blood–brain interactions and thereby neurodegenerative disorders such as AD, as was recently reviewed by Leiter et al. [7,8].



This raises the question of which role platelets could play in the interactions between peripheral metabolic dysregulation, inflammation and neurodegenerative processes, and whether dietary active compounds could affect these processes. This is underlined by recent insights demonstrating that platelets can take up, transport and secrete various mediators that are of relevance for both MetS and brain neuronal and immunological functions, including the functionality of the blood-brain-barrier [7,8]. Additionally, platelets, because of their size, can circulate in the capillaries (diameter ranges between 3.0 and 7.0 µm [9]) of the brain. Moreover, microvesicles secreted by platelets can cross the blood–brain barrier (BBB). In more detail, human platelets have a diameter ranging between 1.5 and 3.0 µm and the diameter of platelet secreted microvesicles can either range between 80 and 200 nm or between 400 and 600 nm [10], whereas the diameter of T-cells ranges between 5.0 and 7.0 µm and that of red blood cells is around 7.8 µm.



Therefore, the aim of this narrative review is to summarize and evaluate the available evidence for the role of nutritional compounds with respect to platelet function, focusing on their possible bridging functions between MetS and neurovascular processes. To this end, we first discuss the activation of platelets in MetS, and next the contribution of activated platelets in neurovascular and neurological processes. Thirdly, we review nutritional compounds modulating the activation of platelets. With this review, we aim to contribute to the understanding of platelets and their effects in brain function in MetS and to provide possible new directions for diet-based therapeutic interventions.




2. Platelet Activation in Metabolic Syndrome


Platelets are derived from megakaryocytes in the bone marrow, and are equipped with various secretory vesicles, messenger ribonucleic acid (mRNA) and mitochondria [11]. Multiple metabolic enzymes are stored in and released upon activation from these secretory vesicles: lysosomes, dense granules, α-granules, exosomes and microvesicles (Figure 1). In general, lysosomes mainly store clearing factors such as acid proteases and glycohydrolases. Dense granules contain pro-aggregating factors such as nucleotides (adenosine triphosphate (ATP), adenosine diphosphate (ADP)), amines (serotonin, histamine, γ-aminobutyric acid (GABA), glutamate, epinephrine, dopamine, and histamine) and calcium [8,12]. α-Granules contain adhesion and repairing factors such as growth factors, chemokines, cytokines, protease inhibitors and adhesive glycoproteins, as reviewed in detail by Rendu et al. [12]. Platelet microvesicles are derived from multivesicular bodies and contain multiple bioactive molecules, RNA and proteins, mainly but not exclusively from α-granules [13,14,15,16]. The ability to change in shape and the high turnover rate of platelets (8–12 days [17]) underline that they are able to respond to changing environmental conditions. Interestingly, the content of platelet vesicles depends on specific environmental factors which activate the parent platelet [18,19,20,21]. For example, at infection sides, platelet microvesicles contain specific factors to recruit leukocytes [21]. Next to this, molecules in α-granules can be, in addition to being inherited from the parental platelet, collected via endocytosis [22,23].



Metabolic syndrome is defined as a cluster of metabolic risk factors, which include obesity, hypertriglyceridemia, high low-density lipoprotein levels in blood, hypertension, and hyperglycaemia with insulin resistance (reviewed by [24]). Interestingly, MetS has been associated with platelet hyperactivity [25,26,27,28]. Zaccardi et al. concluded in their meta-analysis that particularly individuals with type two diabetes mellitus (T2DM) showed increased platelet activation, as parameters for platelet activation such as mean platelet volume and platelet distribution width were higher in these individuals [28]. However, more recent articles, not included in the meta-analysis of Zaccardi et al., suggested that increased levels of platelet activation are typical for persons with MetS in a general sense, not being specifically limited to T2DM [29,30,31]. For example, in a recent study involving 18 individuals with MetS, an enhanced platelet activation state was found compared to that in the age-matched control group [29]. Similarly, in a study with obese adolescents, both inflammatory state and platelet activation were increased as compared to the control population [23]. Finally, a recent study showed that individuals diagnosed with MetS and coronary artery disease had a higher MPV than patients without MetS [30]. However, MetS did not emerge as an independent predictor of higher MPV values [30]. Together, these studies support the idea that platelet activation is associated with MetS, although it remains difficult to identify the main underlying actor(s). Notably, women often have a higher platelet count and enhanced platelet activation compared to men, which is plausibly caused by a higher expression of surface receptors, whereas ADP-dependent platelet reactivity has been found not to differ between men and women [32]. A study by Zhao et al. reported that increased mean platelet volume (MPV) is inversely associated with the risk of developing MetS in Chinese women, but not in men [31]. These findings might indicate sex-specific differences in platelet activation in MetS, and underline the importance of taking sex differences into account in future research in this field.



The most obvious processes that contribute to platelet activation in MetS are considered to be hyperglycemia and dyslipidemia (reviewed by [27]). For example, high glucose levels were found to enhance platelet reactivity in human blood through elevated osmolality, which occurred by means of superoxide anion production [33]. It was also found that high glucose levels induced platelet secretion via adenosine diphosphate (ADP)-induced platelet P-selectin expression, and moreover increased thrombin receptor-activating peptide (TRAP)-induced platelet P-selectin expression and fibrinogen binding by enhancing protein kinase C (PKC)-signaling [33]. Another component of MetS, dyslipidemia, could also be linked to induced platelet activation, as shown by the effects of high levels of low-density lipoprotein (LDL). Here, activation of platelets can be induced via multiple mechanisms, for instance via a reduction in the intracellular pH (pHi) of platelets mediated by LDL. Specifically, LDL was found to inhibit the platelet antiport Na+/H+, thereby reducing platelet pHi, which in turn caused increased platelet reactivity [34]. A second mechanism of platelet activation can occur via oxidized LDL. Oxidation of LDL is catalyzed by metal ions (e.g., copper, iron), oxidizing enzymes (e.g., myeloperoxidase and other peroxidases, lipoxygenase, xanthine oxidase, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and other superoxide-generating enzymes), or occur via the generation of peroxynitrite, nitric oxide and thiols (reviewed by [35]). Interestingly, it can also be caused by platelets themselves [36]. In more detail, Carnevale et al. reported that when exposed to native LDL, activated platelets generated oxidized LDL, which in turn served to further propagate platelet activation [36]. NADPH oxidase 2-derived reactive oxygen species (ROS) have a central role in both events, as on one hand they contributed to LDL oxidation, while on the other hand they served as intra-platelet signaling mediators to activate platelets by oxidized LDL [36]. Additionally, dyslipidemia is associated with enhanced oxidant stress and synthesis of oxidized lipids, and specifically oxidized choline glycerophospholipids induce platelet aggregation via CD36 [37]. A third mechanism involving circulating LDL occurs through its glycation, which was found to result in an increased intracellular calcium concentration and increased cytosolic calcium concentrations in platelets, thus stimulating platelet nitric oxide synthase (NOS) activity [38]. Glycated LDL particles are more susceptible to oxidative changes than native LDL [39], thereby increasing their potency in order to activate platelets. Additionally, glycoxidized LDL increased the phosphorylation of platelet p38 mitogen-activated protein kinase (MAPK), as well as the concentration of thromboxane B2 in individuals with T2DM [40]. Yet another proposed link comes from the observation that LDL from individuals with MetS and T2DM can activate platelets and collagen-induced platelet aggregation via the platelet arachidonic signaling cascade [41]. Platelet arachidonic acid signaling cascade was activated by LDL via the phosphorylation of p38 MAPK, cytosolic phospholipase A2 and increased thromboxane B2 formation [41,42,43]. Finally, it is known that MetS, obesity and T2DM are strongly associated with the development of low-grade systemic inflammation [44,45,46]. Low-grade systemic inflammation can induce platelet hyperactivity via an increased expression of soluble P-selectin, enhanced levels of pro-inflammatory molecules such as prothrombin molecule cluster of differentiation-40, C-reactive protein (CRP) and pro-inflammatory cytokines, interleukin-6 and tumor-necrosis-factor-alpha (TNF-α) (reviewed in [26,27]).



Taken together, MetS appears to be associated with an increased state of platelet activation, most probably caused by overlapping features such as hyperglycaemia, dyslipidaemia, and low-grade systemic inflammation. These components of the MetS increase platelet osmolality and calcium concentration, activation of the platelet arachidonic signaling cascade, oxidation and glycation of LDL and levels of pro-inflammatory molecules, which all increase platelet activation (Figure 2). Clearly, MetS is also associated with increased risks of cardiovascular disease, vascular dementia and Alzheimer’s disease (AD) [5,6,47]. Combined with the changes in platelet function during MetS described above, this underlines the hypothesis that a chronically elevated level of platelet activation may play a bridging role between hyperlipidaemia, hyperglycaemia, low-grade systemic inflammation and neuroinflammation, structural brain changes and even neurodegeneration.




3. Platelets and Neurological Processes


Metabolic syndrome has been associated with both increased levels of activated platelets and with dementia, in particular vascular dementia and AD [5,6]. Activated platelets could contribute to the pathological neurodegenerative processes in MetS, most probably via modulation of the crosstalk between neurons and the vasculature. Interestingly, alterations in platelet function have been found in mild cognitive impairment (MCI) and AD [47,48]. In addition, higher numbers of platelets were located within the brain parenchyma in an AD mouse model. These platelets were in close contact with astrocytes and were activated as manifested by the expression of the platelet activation marker, P-selectin [49]. Interestingly, when these platelets were isolated and transferred into the brain of wildtype mice, neuroinflammatory processes and vessel damage were induced [50,51]. Thus, activated platelets might modulate neurological processes in metabolic and vascular disorders. In the following subsections, we review plausible mechanisms by which activated platelets could negatively affect the permeability of the blood–brain barrier (BBB), neurogenesis, myelinization and neuroinflammation.



3.1. Platelets and BBB Permeability


The BBB, a structure designed to allow selective uptake of nutrients and restricting entry of toxins, immune cells and pathogens to the brain, is essential for proper neuronal function. Recently reviewed by Van Dyken et al., local and low-grade systemic inflammation induced by MetS can cause functional deterioration of the BBB as manifested by decreased removal of waste, increased permeability and infiltration of immune cells [52]. Functional decline of the BBB can also lead to disruption of glial and neuronal cells, causing hormonal dysregulation, increased immune sensitivity and cognitive impairment depending on the affected brain regions [52]. Activated platelets can release a variety of growth factors which can modulate the abovementioned processes like increased BBB permeability and infiltration of immune cells. Examples of these growth factors include platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), brain-derived neurotrophic factor, platelet factor 4 (PF4), transforming growth factor-ß, fibroblast growth factor (FGF), and insulin-like growth factor-1, as has been extensively reviewed by Burnouf et al. and Golebiewska et al. [53,54]. VEGF released by platelets stimulates angiogenesis resulting in immature, unstable vessels, and increases BBB permeability [52]. From a mechanistical perspective, VEGF has been shown to increase the BBB’s permeability via alterations in the expression and distribution of tight junction proteins [52,55]. On the other hand, platelets are a major source of platelet-derived growth factor B (PDGFB), and the release of platelet-derived PDGFB could promote and maintain vascular integrity via recruitment of pericytes [56]. In addition, the dense granules in the platelets abundantly store serotonin and histamine, and both factors have shown to be vasoconstrictive. Interestingly, obesity, often associated with MetS, has been associated with decreased levels of cerebral perfusion [57]. In a rodent model, the administration of serotonin via an external carotid catheter, when the BBB was intact, resulted in a reduction in cerebral blood flow in the caudate nucleus [58]. However, following BBB disruption, serotonin decreased local perfusion in several brain areas supplied by blood from the internal carotid artery [58], whereas local perfusion was increased in areas not supplied by the internal carotid artery [58,59]. Furthermore, elevated levels of histamine increased BBB permeability and reduced cerebral blood flow in rodent models [60]. Thus, serotonin and histamine stored and released by platelets play a role in modulating cerebral perfusion, which is likely of relevance, since specifically cerebrovascular damage and hypoperfusion has been associated with dementia (reviewed by Iadecola et al. [61]).



In summary, the secretion of stored growth factors by platelets such as VEGF increased BBB permeability by the expression of tight junctions, whereas PDGFB promote vascular integrity by supporting endothelial cell proliferation and recruiting pericytes. The release of serotonin and histamine by platelets could affect cerebral perfusion. These findings suggest a fundamental role of platelets balancing vascular integrity, BBB permeability and cerebral perfusion in MetS.




3.2. Adult Neurogenesis


Neurogenesis, the generation of new neurons from neuronal precursor cells, occurs in two main brain regions in adulthood: the subgranular zone of the hippocampal dentate gyrus and in the subventricular zone (SVZ). These findings also indicate that adult neurogenesis can be influenced by MetS [62,63]. Platelet microvesicles contain a large range of bioactive molecules, including cytokines and chemokines such as PF4 [13,14,15,64]. PF4 inhibits endothelial cell migration [65], recruits monocytes to the endothelium [66] and promotes neuronal differentiation in neural precursor cells [67]. Two recent reviews underlined the potential of microvesicles to regulate neural precursor cells [7,68], and moreover reported that administration of microvesicles increases the number of newly formed neuroblasts and promotes neurovascular remodeling after stroke [69]. The brain’s health and function profoundly depends on an adequate cerebrovasculature, and specifically during adults neurogenesis an angiogenic niche is formed in the SVZ and dentate gyrus of the hippocampus [70]. These findings indicate that angiogenesis and neurogenesis are tightly coupled in adult neurogenesis [70]. Thereby, platelets are interesting anucleate cells to consider in relation to neurogenesis in the dentate gyrus [67] and in the SVZ [71,72,73,74]. Some growth factors, such as VEGF [75], IGF-1 [76], FGF-2 [77,78], and thrombospondin-1 [79], which can be present in α-granules, induce angiogenesis and hippocampal neurogenesis. In addition, platelets contain other neurogenesis-promoting molecules in dense granules such as serotonin [80] and histamine [81].



Additionally to activated platelets, the overlapping features of MetS, hyperlipidemia, hyperglycemia and low-grade systemic inflammation can affect neurogenesis, as, for example, hippocampal neurogenesis can be disrupted by an excessive level of pro-inflammatory cytokines [82], and in zebrafish and in the SVZ of rats it has been reported that hyperglycemia impaired neurogenesis [83,84]. Bracke et al. found a reduced level of immature neurons in the hippocampus of a leptin-deficient obese mouse model for T2DM [62], whereas upon high fat diet (HFD)-feeding, female mice showed an increased level of neurogenesis in the SVZ [63]. Peroxidized lipid accumulations in the hippocampus and impaired hippocampal neurogenesis were found in young hyperlipidemic mice [85].



Regarding the strengths of the regulatory functions of platelets, particularly their abundant neurogenesis-promoting molecules and release upon activation in MetS, more research is needed to elucidate the influence of activated platelets in neurogenesis in MetS.




3.3. Neuroinflammation and Glial Cells


Widely studied in translational models, metabolic overload triggers hyperglycemia, hyperlipidemia and low-grade systemic inflammation and can induce neuroinflammation, specifically by inducing astrocytosis and activation of microglia [86,87,88]. Activated platelets can secrete various cytokines (e.g., interleukin-1, soluble cluster of differentiation 40 ligand (sCD40L) and chemokines (e.g., PF4, chemokine ligand-1, 5 (CCL5), 7 and 8) from α-granules, which provide pro-inflammatory signals organizing (vascular) leukocyte recruitment and tissue repair (for reviews, see [89,90]). For instance, the platelet-derived cytokine, sCD40L, induced neuroinflammation and neuronal death in the hippocampus and cortex [91]. In more detail, activation of platelets via ADP induced sCD40L release and the activation of astrocytes and microglia in hypertensive rats [91]. Notably, platelet-rich plasma induced prominent activation of astrocytes and microglia and a release of the pro-inflammatory cytokine TNF-α in rats [91]. When these rats were injected with a neutralizing antibody to sCD40L or a purinergic receptor (P2Y) G-protein coupled 12 (P2Y12) antagonist, which inhibits ADP-regulated platelet aggregation (clopidogrel), the sCD40L-induced neuroinflammation and TNF-α release were reversed [91]. In agreement with this, increased sCD40L levels have been found in patients with hypertension [92], T2DM [93,94], obesity [95] and MetS [94,96,97,98,99]. These results suggest that platelet sCD40L is a critical mediator of astrocyte and microglia activation, neuroinflammation, and in particular links platelet-derived sCD40L with neuroinflammatory responses in the brain in MetS. Additionally, excessive CCL5 expression can result in high levels of neuroinflammation via the activation of microglia, which can evolve into neurodegenerative processes (for review [100]). Moreover, neuroinflammatory processes can induce activated platelet accumulation in brain parenchyma [101], and it was shown that astroglial and neuronal lipid rafts induced platelet degranulation and secretion of neurotransmitter, serotonin [101,102] and pro-inflammatory factors such as platelet-activating factor (PAF) [101,102,103]. In detail, regulatory serotonin is released by activated platelets from dense granules [104], while PAF is mostly expressed on the surface of platelet-derived microvesicles [105] and exerts a pro-inflammatory role [106]. Notably, microvesicles have the potential to cross the BBB; interestingly, this potential movement is bidirectional [10]. These findings suggest that platelets have a role in the regulation of neuroinflammation. As a consequence, chemokines and cytokines released by platelets have crucial roles in the regulation of pro-inflammatory processes at the BBB, inducing neuroinflammatory processes and, when present in excessive amounts, even leading to neurodegeneration.



In parallel, obesity and MetS are associated with a reduction in myelin and microstructural changes in white matter [107,108] and with an increased level of white matter hyperintensities in the brain [109,110]. Additionally, metabolic dysfunction induces oligodendrocyte loss [111] and structural defects in myelin sheaths in the central nervous system [112]. PDGF or PAF could affect myelinization; for instance, PDGF signalling is essential to oligodendrocyte differentiation and myelination in the central nervous system [113]. PAF is produced by a variety of cells, but especially those involved in host defence, such as platelets, endothelial cells, neutrophils, monocytes, and macrophages. Thus, PAF can activate platelets by binding to their G-protein-coupled PAF receptor and upon activation by other factors (e.g., thrombi), platelets synthesize and secrete PAF [114]. An in vitro experiment showed that administration of the biologically active lipid metabolite, PAF C-16, resulted in a significant level of apoptosis in cultured oligodendrocytes and astrocytes via activation of the caspase-3 pathway [115]. Next to this, PAF functions as a key messenger in neurone-microglial interactions [115].



All in all, sCD40L can induce neuroinflammation by astrocytosis and activation of microglia, whereas PDGF and PAF modulate myelinization via apoptosis and oligodendrocyte differentiation. Thus, platelet-derived compounds such as cytokines, chemokines and growth factors (e.g., sCD40L, PDGF and PAF) affect neuroinflammation and myelinization. These findings highlight the crucial role of platelets in neurovascular processes and stress the potential detrimental effects of hyperactivated platelets during MetS.





4. Nutritional Compounds in Platelet Activation


Dietary bioactive compounds (e.g., n-3 LC-PUFAs, vitamins and polyphenols) can significantly contribute to normal platelet function (Figure 3), and thereby play a vital role in maintaining cardiovascular health in MetS.



4.1. LC-PUFAs and Derivatives


The most convincing evidence for dietary compounds that reduce platelet activation has been found in the consumption of LC-PUFAs [116,117,118]. Byelashov et al. reported that docosahexaenoic acid (DHA) reduced blood platelet aggregation [119]. A study by Vericel et al. examined the effects of 400 mg/day of DHA intake for 2 weeks on collagen-induced blood platelet aggregation and lipid peroxidation in 11 post-menopausal women with T2DM [120]. They found that daily DHA supplementation in moderate amounts reduced platelet aggregation by about 47% and lowered thromboxane A2 biosynthesis by about 35% in platelets [120]. However, the underlying biochemical mechanisms mediating these beneficial effects are only partly known. Adili et al. reviewed the three main n-3 LC-PUFAs obtained from food: eicosapentaenoic acid (EPA), DHA and alpha-linolenic acid, which are commonly found in fatty fish (EPA and DHA) and in vegetable oils and nuts (especially walnuts), flax seeds and flaxseed oil, leafy vegetables, and some animal fats, especially from grass-fed animals (alpha-linolenic acid) [121]. They reported that n-3 LC-PUFAs acted on the platelet membrane to reduce platelet aggregation and thromboxane release by acting on cyclooxygenases (COX)-1 and on 12- lipoxygenases (LOX) [121]. COX-1 and 12-LOX are two important oxygenases involved in metabolizing PUFAs into oxylipins [36,122]. Oxylipins are formed from fatty acids by pathways involving dioxygen-dependent oxidation, and often activate platelets [36,122]. Interestingly, the n-3 PUFA, docosapentaenoic acid (DPA) and derived oxylipins inhibited platelet reactivity in mice. The inhibitory effect on platelet activation of DPA-derived oxylipins was found to be mediated through the activation of the peroxisome proliferator activator receptor (PPAR) -α [123], and moreover could be regulated via COX-1 and 12-LOX [121].



Furthermore, n-3 LC-PUFAs increased the total platelet surface charge and thereby attenuated platelet activation, even among patients taking aspirin or aspirin plus clopidogrel [124]. Moreover, n-3 LC-PUFAs can be incorporated into platelet membrane phospholipids, leading to a concomitant reduction in n-6 LC-PUFAs along with an increase in EPA and DHA [125]. EPA can then compete with arachidonic acid and inhibit the COX-1 pathway. Finally, n-3 PUFAs DHA and EPA can be converted, via nonoxidative pathways, into endocannabinoiods such as docosahexaenoyl ethanolamide (DHEA) and eicosapentaenoyl ethanolamide (EPEA), through N-acyl ethanolamine synthesis [126,127]. The endocannabinoid anandamide (arachidonoylethanolamide) is known to inhibit platelet aggregation and α-granule release by collagen, collagen-derived peptide CRP-XL, ADP, arachidonic acid cascade and subsequently the formation of thromboxane A2 [128] (Figure 1). Anandamide-treated platelets exhibited reduced spreading on immobilized fibrinogen, had a decreased capacity for binding fibrinogen in solution, and showed perturbed platelet aggregate formation under flow over collagen [128]. Additionally, De Angelis et al. showed that an endocannabinoid receptor agonist reduced platelet activation and aggregate formation both in vitro and ex vivo [128]. In contrast, high levels of the endocannabinoids 2-arachidonoylglycerol and virodhamine stimulated platelet activation [129,130], which was explained by the conversion of these endocannabinoids to arachidonic acid and subsequently thromboxane A2, not by the activation of endocannabinoid receptors [131]. Moreover, endocannabinoids can be metabolized by eicosanoid synthesizing enzymes from the COX, LOX and cytochrome P450 oxygenase pathways to generate complex lipid metabolites with distinct biological functions [132]. Endocannabinoid epoxides may regulate plated function, and in particular, epoxyeicosatetraenoic acid-ethanolamide (EEQ-EA) was shown to inhibit platelet aggregation [126]. Finally, a recent study showed that n-3 PUFA-derived endocannabinoid epoxides, epoxyeicosatetraenoic acid-ethanolamide and epoxydocosapentaenoic acid-ethanolamide, derived from DHA and EPA, respectively, exert anti-inflammatory and vasodilatory effects, and reciprocally modulate platelet aggregation [126,133].




4.2. Vitamins and Polyphenols


Extensively reviewed by Kobzar et al., some vitamins, including vitamin A, D, B6 and C, can act as inhibitors of platelet activation by inhibiting biochemical pathways or preventing damage to vessel walls [134]. Particularly in combination, vitamins may act synergistically to enhance the effects of endogenous anti-platelet compounds, such as prostacyclin or nitric oxide [134]. The vitamins with the most potent antiplatelet activity are vitamins A and D [134]. Specifically, vitamin A inhibits intracellular calcium release and platelet inhibition via the binding of an intracellular retinoid X receptor with a G-coupled protein [134,135], and vitamin D inhibits platelet aggregation by modulating endothelial cells [134]. Fruits are a source of vitamins and moreover polyphenols, which together may induce antioxidant effects and reduce platelet activation [136]. For instance, high concentrations of phenolic compounds can be found in fresh berries and berry extracts, i.e., phenolic acid and flavonoids [136]. Specifically in combination, vitamins and polyphenols can inhibit platelet activation via antioxidant effects, modulation of endothelial cells or inhibiting intracellular calcium release [134,136].




4.3. Amines and Amino Acids


The dense granules of platelets contain amines such as serotonin, histamine, gamma-aminobutyric acid (GABA) and glutamate. Plausibly, these amines, also functional as neurotransmitters, could affect microglia upon release in cases of increased BBB permeability. Dietary intake of the precursors of these amines could affect platelet aggregation and subsequently even neurological function. In more detail, serotonin is synthesized from tryptophan to 5-hydroxy-tryptophan by either tryptophan hydroxylase-1 (brain, 5%) or -2 (periphery, mainly enterochromaffin cells in the gastrointestinal tract 95%) [137]. Diets enriched with tryptophan (4 and 10 g/kg) enhanced ADP-induced platelet aggregation, most likely via the (increased) synthesis of serotonin, and may thereby contribute to atherosclerotic risk [138]. In addition, in hypercholesteremic rats, excessive dietary tryptophan increased plasma lipid peroxidation and macrophage cholesterol esterification [139]. These effects were associated with the increase in serotonin levels, as serotonin enhanced LDL peroxidation, whereas tryptophan had no effect on LDL peroxidation [139]. Moreover, serotonin is a weak platelet agonist and dose-dependently enhances platelet activation induced by ADP and thrombin [140]. Thus, excessive levels of tryptophan can affect peripheral serotonin levels and thereby by ADP-induced platelet aggregation and LDL peroxidation.



The amino acid l-histidine can be condensed with decarboxylation to form histamine [141]. In a seven day intervention, participants either received placebo or 1-histidine (3 g/day), and in this study it was shown that l-histidine effectively inhibited spontaneous platelet aggregation [142]. This effect was probably mediated by arachidonic acid metabolites [142]. Thus, dietary intake of the precursor of histamine, l-histidine, could inhibit platelet aggregation. Additionally, dietary histidine intake was negatively associated with pro-inflammatory cytokines such as tumor necrosis factor alpha, interleukin-1 and -6 and inflammation biomarker c-reactive protein, and thereby might reduce inflammatory processes, specifically individuals with MetS [143,144,145].



Lastly, human platelets express glutamate receptors and have a high affinity for the uptake of glutamate [8,143]. Interestingly, tryptophan, sodium glutamate and histamine are available in tomatoes, and a study by Yamamoto et al. showed an effect on platelets activity independent of coagulation, and dependent on tomato varieties [146]. The platelet aggregation was significantly inhibited at all stages of ripening, but mostly at the green and pink phase compared to the mature and over-mature phase [146]. An interesting amine to examine in this particular process would be GABA, as it can be synthesized from sodium glutamate, tomatoes contain a relatively high level of GABA and platelets contain GABA [8,144]. In particular, the GABA levels increase from flowering to the mature green stage and then rapidly decrease during the ripening stage [145]. During the green stage GABA constitutes up to 50% of the free amino acids in tomatoes [145]. In addition, consumption of tomato products attenuates postprandial oxidative stress induced by lipemia and associated inflammatory response [147].



All in all, dense granules of platelets carry amines such as serotonin, histamine, GABA and glutamate, and particularly the dietary intake of their precursors could affect platelet aggregation, and some of the amines can affect ADP-induced platelet aggregation, inflammatory response and LDL peroxidation. Future research should take into account the role of precursors of amines in platelet activation and aggregation in MetS.




4.4. Extracts of Fruits and Plants


Other food products, extracts or nutrients which might exert antiplatelet effects include, for example, olive oils, alperujo, ginseng, curcuminoids and garlic. After the extraction of oil from the olive, many phenolic compounds remain in the by-product alperujo. De Roos et al., showed that in vitro ADP- and TRAP-induced platelet activation was significantly decreased by alperujo extract (40 mg/L), and in particular, alperujo extract regulated proteins involved in processes such as the regulation of platelet structure and aggregation, coagulation, apoptosis, and signalling by integrin αIIb/β3 [148]. Elsewhere, it has been found that oral supplementation for one year with extra virgin olive oil enriched with vitamins (K1, D3 and B6) reduced blood platelet aggregation stimulated by ADP [149,150]. Notably, natural olive phenols had an inhibitory effect on human platelet aggregation, and in particular, hydroxytyrosol is one of the major phenolic compounds in olive oil [151]. Ginseng has been used as a traditional preventive and therapeutic herbal medicine against several diseases, especially cardiovascular disease. Broad-spectrum antiplatelet effects of ginsenosides could be attributed to their ability to attenuate internal calcium mobilization and granule secretion [152]. Curcuminoids, extracted from Curcuma longa plants, significantly inhibited platelet aggregation induced by modulating ADP and arachidonic acid [153]. Finally, aged garlic extract inhibits platelet aggregation by increasing cyclic nucleotides, inhibiting fibrinogen binding, attenuating platelet shape changes and changing the functional properties of platelets to respond to collagen [154,155].



All in all, several nutritional compounds (Figure 3) have shown the ability to attenuate platelet activation such as n-3 LC-PUFAs, vitamins, berries, l-histidine, tomatoes, olive oils, ginseng, curcuminoids and aged garlic extract. These products and nutrients can often affect platelet activation via combined effects such as antioxidant activity, increasing the total platelet surface, affecting the arachidonic cascade, inhibiting fibrinogen binding and increasing levels of cyclic nucleotides. Exact mechanisms for many of these specific nutrients are not known in detail and are hard to identify as a single mechanism, and the strongest and most effective antiplatelet effects appear to be provoked by combining nutrients.





5. Dietary Compounds and Platelet Activation in MetS


In this section, we aim to integrate dietary intervention studies which examined the effect of dietary bioactive compounds on platelet function and neurovascular processes in MetS. Only limited studies were found examining neurovascular parameters. Ras et al. examined the effect of an eight-week supplementation with a flavonoid source, grape seed extract, in individuals with hypertension (stage 1), and found no significant effects in platelet aggregation [156]. However, a study by Thompson et al. revealed that 28 days (320 mg/d) of supplementation with anthocyanins, a subclass of the polyphenol family, reduced ADP-induced platelet activation, platelet aggregate formation and platelet endothelial cell adhesion in individuals with overweight or obesity (BMI > 25.0 kg/m2) [157]. Interestingly, a high-fat meal can induce platelet aggregation, which was shown to be attenuated when the meal was enriched with a source of antioxidants, such as vegetables and vitamins (tomatoes, vitamin C, vitamin E, β-carotene (provitamin A)) [158]. In particular, the Mediterranean diet is known for its high content of n-3 LC-PUFAs, antioxidants and phenolic compounds. Recently, it was shown that that the incorporation of boiled wild plants in a mixed meal can attenuate post-meal increases in PAF-induced platelet aggregation in metabolic syndrome patients. Furthermore, components of the Mediterranean diet can favorably modulate the pro-inflammatory actions of PAF and modulate its metabolism [159]. Individuals with MetS adhering to the Mediterranean-style diet improved in blood pressure and platelet aggregation in response to L-arginine injection after 2 years [160]. These individuals consumed more foods rich in polyunsaturated fat and had a lower ratio of n-6 to n-3 LC-PUFAs, and their fruit, vegetable, and nut intake and olive oil consumption were also significantly higher [160]. A multidisciplinary approach consisting of diet, exercise, behavioural and nutritional counselling in obese women significantly reduced the platelet aggregation in response to L-arginine injection [161]. Interestingly, the diet used in this multidisciplinary approach was very similar to the Mediterranean-style Step I diet [161]. These observations merit further human intervention studies to examine the effects of dietary factors on platelet activation in MetS and specifically on neurovascular parameters.




6. Conclusions


In summary, partly overlapping processes involved in MetS can activate platelets mainly via intracellular changes in osmolality, calcium concentration, membrane charge and oxidation and glycosylation of LDL (Figure 2). In turn, activated platelets can mainly stimulate neurodegenerative processes associated with MetS by modulating vascular integrity, BBB permeability, neurogenesis, myelinization and neuroinflammation. Specific nutritional components, including n-3 LC-PUFAs, antioxidants and phenolic compounds, attenuate both platelet activation (Figure 3) and pathological processes in the vasculature and brain parenchyma (Figure 4). However, a direct causal relationship between these two effects remains to be more firmly established. In particular, diets in which n-3 LC-PUFAs, antioxidants and phenolic compounds are present in combination, such as the Mediterranean diet, attenuate platelet activation and aggregation in MetS. However, the effects of these compounds and diets specifically in association with both platelet activation and neurovascular parameters are underexamined in MetS. Therefore, future research should elucidate the exact role and biological mechanisms of platelets in pathological neurodegenerative processes associated with MetS, particularly accelerated neurological aging, vascular dementia and AD. When such modifiable connections can be demonstrated, this may support the development of novel preventive or therapeutic intervention strategies.



This review underlines that activated platelets can have a significant contribution in neurovascular deterioration, and that specific endogenous and nutritional compounds can modulate these processes by attenuating platelet activation. It also restresses that a balanced diet is of importance to prevent or treat metabolic and neurological pathologies, and that it is plausible that the smallest anucleate cells of the body play roles in this process.







Author Contributions


All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Weyrich, A.S.; Schwertz, H.; Kraiss, L.W.; Zimmerman, G.A. Protein synthesis by platelets: Historical and new perspectives. J. Thromb. Haemost. 2009, 7, 241–246. [Google Scholar] [CrossRef]

	



Wicki, A.N.; Walz, A.; Gerber-Huber, S.N.; Wenger, R.H.; Vornhagen, R.; Clemetson, K.J. Isolation and characterization of human blood platelet mRNA and construction of a cDNA library in lambda gt11. Confirmation of the platelet derivation by identification of GPIb coding mRNA and cloning of a GPIb coding cDNA insert. Thromb. Haemost. 1989, 61, 448–453. [Google Scholar] [PubMed]

	



Jesri, A.; Okonofua, E.C.; Egan, B.M. Platelet and White Blood Cell Counts Are Elevated in Patients With the Metabolic Syndrome. J. Clin. Hypertens. 2005, 7, 705–711. [Google Scholar] [CrossRef]

	



Abdel-Moneim, A.; Mahmoud, B.; Sultan, E.A.; Mahmoud, R. Relationship of leukocytes, platelet indices and adipocytokines in metabolic syndrome patients. Diabetes Metab. Syndr. Clin. Res. Rev. 2018, 13, 874–880. [Google Scholar] [CrossRef]

	



Vanhanen, M.; Koivisto, K.; Moilanen, L.; Helkala, E.L.; Hänninen, T.; Soininen, H.; Kervinen, K.; Kesäniemi, Y.A.; Laakso, M.; Kuusisto, J. Association of metabolic syndrome with Alzheimer disease: A population-based study. Neurology 2006, 67, 843–847. [Google Scholar] [CrossRef]

	



Milionis, H.J.; Florentin, M.; Giannopoulos, S. Metabolic Syndrome and Alzheimer’s Disease: A Link to a Vascular Hypothesis? CNS Spectrums 2008, 13, 606–613. [Google Scholar] [CrossRef] [PubMed]

	



Leiter, O.; Walker, T.L. Platelets: The missing link between the blood and brain? Prog. Neurobiol. 2019, 183, 101695. [Google Scholar] [CrossRef]

	



Leiter, O.; Walker, T.L. Platelets in Neurodegenerative Conditions—Friend or Foe? Front. Immunol. 2020, 11. [Google Scholar] [CrossRef] [PubMed]

	



Marín-Padilla, M. The human brain intracerebral microvascular system: Development and structure. Front. Neuroanat. 2012, 6, 38. [Google Scholar] [CrossRef]

	



Puhm, F.; Boilard, E.; Machlus, K.R. Platelet Extracellular Vesicles. Arter. Thromb. Vasc. Biol. 2020. [Google Scholar] [CrossRef]

	



Yeung, J.; Li, W.; Holinstat, M. Platelet Signaling and Disease: Targeted Therapy for Thrombosis and Other Related Diseases. Pharmacol. Rev. 2018, 70, 526–548. [Google Scholar] [CrossRef]

	



Rendu, F.; Brohard-Bohn, B. The platelet release reaction: Granules’ constituents, secretion and functions. Platelets 2001, 12, 261–273. [Google Scholar] [CrossRef] [PubMed]

	



Baj-Krzyworzeka, M.; Majka, M.; Pratico, D.; Ratajczak, J.; Vilaire, G.; Kijowski, J.; Reca, R.; Janowska-Wieczorek, A.; Ratajczak, M.Z. Platelet-derived microparticles stimulate proliferation, survival, adhesion, and chemotaxis of hematopoietic cells. Exp. Hematol. 2002, 30, 450–459. [Google Scholar] [CrossRef]

	



Janowska-Wieczorek, A.; Majka, M.; Kijowski, J.; Baj-Krzyworzeka, M.; Reca, R.; Turner, A.R.; Ratajczak, J.; Emerson, S.G.; Kowalska, M.A.; Ratajczak, M.Z. Platelet-derived microparticles bind to hematopoietic stem/progenitor cells and enhance their engraftment. Blood 2001, 98, 3143–3149. [Google Scholar] [CrossRef] [PubMed]

	



Janowska-Wieczorek, A.; Wysoczynski, M.; Kijowski, J.; Marquez-Curtis, L.; Machalinski, B.; Ratajczak, J.; Ratajczak, M.Z. Microvesicles derived from activated platelets induce metastasis and angiogenesis in lung cancer. Int. J. Cancer 2004, 113, 752–760. [Google Scholar] [CrossRef] [PubMed]

	



Heijnen, H.F.; Schiel, A.E.; Fijnheer, R.; Geuze, H.J.; Sixma, J.J. Activated Platelets Release Two Types of Membrane Vesicles: Microvesicles by Surface Shedding and Exosomes Derived From Exocytosis of Multivesicular Bodies and -Granules. Blood 1999, 94, 3791–3799. [Google Scholar] [CrossRef]

	



Schmitt, A.; Guichard, J.; Massé, J.-M.; Debili, N.; Cramer, E.M. Of mice and men: Comparison of the ultrastructure of megakaryocytes and platelets. Exp. Hematol. 2001, 29, 1295–1302. [Google Scholar] [CrossRef]

	



Coppinger, J.; O’Connor, R.; Wynne, K.; Flanagan, M.; Sullivan, M.; Maguire, P.B.; Fitzgerald, D.J.; Cagney, G. Moderation of the platelet releasate response by aspirin. Blood 2007, 109, 4786–4792. [Google Scholar] [CrossRef]

	



Italiano, J.E.; Richardson, J.L.; Patel-Hett, S.; Battinelli, E.; Zaslavsky, A.; Short, S.; Ryeom, S.; Folkman, J.; Klement, G.L. Angiogenesis is regulated by a novel mechanism: Pro- and antiangiogenic proteins are organized into separate platelet α granules and differentially released. Blood 2008, 111, 1227–1233. [Google Scholar] [CrossRef] [PubMed]

	



Milioli, M.; Ibáñez-Vea, M.; Sidoli, S.; Palmisano, G.; Careri, M.; Larsen, M.R. Quantitative proteomics analysis of platelet-derived microparticles reveals distinct protein signatures when stimulated by different physiological agonists. J. Proteom. 2015, 121, 56–66. [Google Scholar] [CrossRef]

	



Kerris, E.W.J.; Hoptay, C.; Calderon, T.; Freishtat, R. Platelets and platelet extracellular vesicles in hemostasis and sepsis. J. Investig. Med. 2019, 68, 813–820. [Google Scholar] [CrossRef]

	



Handagama, P.J.; A Shuman, M.; Bainton, D.F. Incorporation of intravenously injected albumin, immunoglobulin G, and fibrinogen in guinea pig megakaryocyte granules. J. Clin. Investig. 1989, 84, 73–82. [Google Scholar] [CrossRef]

	



Harrison, P.; Wilbourn, B.; Debili, N.; Vainchenker, W.; Breton-Gorius, J.; Lawrie, A.S.; Massé, J.M.; Savidge, G.F.; Cramer, E.M. Uptake of plasma fibrinogen into the alpha granules of human megakaryocytes and platelets. J. Clin. Investig. 1989, 84, 1320–1324. [Google Scholar] [CrossRef]

	



Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z. The metabolic syndrome. Lancet 2005, 365, 1415–1428. [Google Scholar] [CrossRef]

	



Angiolillo, D.J.; Ueno, M.; Goto, S. Basic Principles of Platelet Biology and Clinical Implications. Circ. J. 2010, 74, 597–607. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, R.; Kaur, M.; Singh, J. Endothelial dysfunction and platelet hyperactivity in type 2 diabetes mellitus: Molecular insights and therapeutic strategies. Cardiovasc. Diabetol. 2018, 17, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Santilli, F.; Vazzana, N.; Liani, R.; Guagnano, M.T.; Davì, G. Platelet activation in obesity and metabolic syndrome. Obes. Rev. 2011, 13, 27–42. [Google Scholar] [CrossRef] [PubMed]

	



Zaccardi, F.; Rocca, B.; Pitocco, D.; Tanese, L.; Rizzi, A.; Ghirlanda, G. Platelet mean volume, distribution width, and count in type 2 diabetes, impaired fasting glucose, and metabolic syndrome: A meta-analysis. Diabetes Metab. Res. Rev. 2015, 31, 402–410. [Google Scholar] [CrossRef]

	



Marques, P.; Collado, A.; Martinez-Hervás, S.; Domingo, E.; Benito, E.; Piqueras, L.; Real, J.T.; Ascaso, J.F.; Sanz, M.-J. Systemic Inflammation in Metabolic Syndrome: Increased Platelet and Leukocyte Activation, and Key Role of CX3CL1/CX3CR1 and CCL2/CCR2 Axes in Arterial Platelet-Proinflammatory Monocyte Adhesion. J. Clin. Med. 2019, 8, 708. [Google Scholar] [CrossRef] [PubMed]

	



Nardin, M.; Verdoia, M.; Barbieri, L.; De Luca, G.; on behalf of the Novara Atherosclerosis Study Group (NAS). Impact of metabolic syndrome on mean platelet volume and its relationship with coronary artery disease. Platelets 2018, 30, 615–623. [Google Scholar] [CrossRef]

	



Zhao, F.; Yan, Z.; Meng, Z.; Li, X.; Liu, M.; Ren, X.; Zhu, M.; He, Q.; Zhang, Q.; Song, K.; et al. Relationship between mean platelet volume and metabolic syndrome in Chinese patients. Sci. Rep. 2018, 8, 14574. [Google Scholar] [CrossRef]

	



Ranucci, M.; Aloisio, T.; Di Dedda, U.; Menicanti, L.; De Vincentiis, C.; Baryshnikova, E.; the Surgical and Clinical Outcome REsearch (SCORE) Group. Gender-based differences in platelet function and platelet reactivity to P2Y12 inhibitors. PLOS ONE 2019, 14, e0225771. [Google Scholar] [CrossRef]

	



Sudic, D.; Razmara, M.; Forslund, M.; Ji, Q.; Hjemdahl, P.; Li, N. High glucose levels enhance platelet activation: Involvement of multiple mechanisms. Br. J. Haematol. 2006, 133, 315–322. [Google Scholar] [CrossRef]

	



Nofer, J.-R.; Tepel, M.; Kehrel, B.; Wierwille, S.; Walter, M.; Seedorf, U.; Zidek, W.; Assmann, G. Low-Density Lipoproteins Inhibit the Na + /H + Antiport in Human Platelets. Circulation 1997, 95, 1370–1377. [Google Scholar] [CrossRef]

	



Orsó, E.; Grandl, M.; Schmitz, G. Oxidized LDL-induced endolysosomal phospholipidosis and enzymatically modified LDL-induced foam cell formation determine specific lipid species modulation in human macrophages. Chem. Phys. Lipids 2011, 164, 479–487. [Google Scholar] [CrossRef] [PubMed]

	



Carnevale, R.; Bartimoccia, S.; Nocella, C.; Di Santo, S.; Loffredo, L.; Illuminati, G.; Lombardi, E.; Boz, V.; Del Ben, M.; De Marco, L.; et al. LDL oxidation by platelets propagates platelet activation via an oxidative stress-mediated mechanism. Atherosclerosis 2014, 237, 108–116. [Google Scholar] [CrossRef]

	



A Podrez, E.; Byzova, T.; Febbraio, M.; Salomon, R.; Ma, Y.; Valiyaveettil, M.; Poliakov, E.; Sun, M.; Finton, P.J.; Curtis, B.R.; et al. Platelet CD36 links hyperlipidemia, oxidant stress and a prothrombotic phenotype. Nat. Med. 2007, 13, 1086–1095. [Google Scholar] [CrossRef]

	



Ferretti, G.; Rabini, R.A.; Bacchetti, T.; Vignini, A.; Salvolini, E.; Ravaglia, F.; Curatola, G.; Mazzanti, L. Glycated Low Density Lipoproteins Modify Platelet Properties: A Compositional and Functional Study. J. Clin. Endocrinol. Metab. 2002, 87, 2180–2184. [Google Scholar] [CrossRef]

	



Menzel, E.J.; Sobal, G.; Staudinger, A. The role of oxidative stress in the long-term glycation of LDL. BioFactors 1997, 6, 111–124. [Google Scholar] [CrossRef] [PubMed]

	



Calzada, C.; Coulon, L.; Halimi, D.; Le Coquil, E.; Pruneta-Deloche, V.; Moulin, P.; Ponsin, G.; Véricel, E.; Lagarde, M. In Vitro Glycoxidized Low-Density Lipoproteins and Low-Density Lipoproteins Isolated from Type 2 Diabetic Patients Activate Platelets via p38 Mitogen-Activated Protein Kinase. J. Clin. Endocrinol. Metab. 2007, 92, 1961–1964. [Google Scholar] [CrossRef] [PubMed]

	



Colas, R.; Sassolas, A.; Guichardant, M.; Cugnet-Anceau, C.; Moret, M.; Moulin, P.; Lagarde, M.; Calzada, C. LDL from obese patients with the metabolic syndrome show increased lipid peroxidation and activate platelets. Diabetologia 2011, 54, 2931–2940. [Google Scholar] [CrossRef] [PubMed]

	



Borsch-Haubold, A.G.; Kramer, R.M.; Watson, S.P. Phosphorylation and Activation of Cytosolic Phospholipase A2 by 38-kDa Mitogen-Activated Protein Kinase in Collagen-Stimulated Human Platelets. JBIC J. Biol. Inorg. Chem. 1997, 245, 751–759. [Google Scholar] [CrossRef] [PubMed]

	



Rao, G.H.R.; White, J.G. Role of arachidonic acid metabolism in human platelet activation and irreversible aggregation. Am. J. Hematol. 1985, 19, 339–347. [Google Scholar] [CrossRef] [PubMed]

	



McCracken, E.; Monaghan, M.; Sreenivasan, S. Pathophysiology of the metabolic syndrome. Clin. Dermatol. 2018, 36, 14–20. [Google Scholar] [CrossRef] [PubMed]

	



Karczewski, J.; Śledzińska, E.; Baturo, A.; Jończyk, I.; Maleszko, A.; Samborski, P.; Begier-Krasińska, B.; Dobrowolska, A. Obesity and inflammation. Eur. Cytokine Netw. 2018, 29, 83–94. [Google Scholar] [CrossRef]

	



van Beek, L.; Lips, M.A.; Visser, A.; Pijl, H.; Ioan-Facsinay, A.; Toes, R.; Berends, F.; van Dijk, K.W.; Koning, F.; van Harmelen, V. Increased systemic and adipose tissue inflammation differentiates obese women with T2DM from obese women with normal glucose tolerance. Metabolism 2014, 63, 492–501. [Google Scholar] [CrossRef]

	



Wang, R.-T.; Jin, D.; Li, Y.; Liang, Q.-C. Decreased mean platelet volume and platelet distribution width are associated with mild cognitive impairment and Alzheimer’s disease. J. Psychiatr. Res. 2013, 47, 644–649. [Google Scholar] [CrossRef]

	



Zainaghi, I.A.; Talib, L.L.; Diniz, B.S.; Gattaz, W.F.; Forlenza, O.V. Reduced platelet amyloid precursor protein ratio (APP ratio) predicts conversion from mild cognitive impairment to Alzheimer’s disease. J. Neural Transm. 2012, 119, 815–819. [Google Scholar] [CrossRef]

	



Kniewallner, K.M.; De Sousa, D.M.B.; Unger, M.S.; Mrowetz, H.; Aigner, L. Platelets in Amyloidogenic Mice Are Activated and Invade the Brain. Front. Neurosci. 2020, 14, 129. [Google Scholar] [CrossRef] [PubMed]

	



Kniewallner, K.M.; Foidl, B.M.; Humpel, C. Platelets isolated from an Alzheimer mouse damage healthy cortical vessels and cause inflammation in an organotypic ex vivo brain slice model. Sci. Rep. 2018, 8, 1–16. [Google Scholar] [CrossRef]

	



Donner, L.; Fälker, K.; Gremer, L.; Klinker, S.; Pagani, G.; Ljungberg, L.U.; Lothmann, K.; Rizzi, F.; Schaller, M.; Gohlke, H.; et al. Platelets contribute to amyloid-β aggregation in cerebral vessels through integrin αIIbβ3–induced outside-in signaling and clusterin release. Sci. Signal. 2016, 9, ra52. [Google Scholar] [CrossRef]

	



Van Dyken, P.; Lacoste, B. Impact of Metabolic Syndrome on Neuroinflammation and the Blood–Brain Barrier. Front. Neurosci. 2018, 12, 930. [Google Scholar] [CrossRef] [PubMed]

	



Burnouf, T.; Strunk, D.; Koh, M.B.; Schallmoser, K. Human platelet lysate: Replacing fetal bovine serum as a gold standard for human cell propagation? Biomaterials 2016, 76, 371–387. [Google Scholar] [CrossRef] [PubMed]

	



Golebiewska, E.M.; Poole, A.W. Platelet secretion: From haemostasis to wound healing and beyond. Blood Rev. 2014, 29, 153–162. [Google Scholar] [CrossRef]

	



Almutairi, M.M.A.; Gong, C.; Xu, Y.G.; Chang, Y.; Shi, H. Factors controlling permeability of the blood–brain barrier. Cell. Mol. Life Sci. 2015, 73, 57–77. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Cedervall, J.; Hamidi, A.; Herre, M.; Viitaniemi, K.; D’Amico, G.; Miao, Z.; Unnithan, R.V.M.; Vaccaro, A.; Van Hooren, L.; et al. Platelet-Specific PDGFB Ablation Impairs Tumor Vessel Integrity and Promotes Metastasis. Cancer Res. 2020, 80, 3345–3358. [Google Scholar] [CrossRef] [PubMed]

	



Amen, D.G.; Wu, J.; George, N.; Newberg, A. Patterns of Regional Cerebral Blood Flow as a Function of Obesity in Adults. J. Alzheimer’s Dis. 2020, 77, 1331–1337. [Google Scholar] [CrossRef]

	



Grome, J.J.; Harper, A.M. The Effects of Serotonin on Local Cerebral Blood Flow. Br. J. Pharmacol. 1983, 3, 71–77. [Google Scholar] [CrossRef]

	



Faraci, F.; Mayhan, W.G.; Heistad, D. Effect of serotonin on blood flow to the choroid plexus. Brain Res. 1989, 478, 121–126. [Google Scholar] [CrossRef]

	



Sharma, H.; Nyberg, F.; Cervos-Navarro, J.; Dey, P. Histamine modulates heat stress-induced changes in blood-brain barrier permeability, cerebral blood flow, brain oedema and serotonin levels: An experimental study in conscious young rats. Neuroscience 1992, 50, 445–454. [Google Scholar] [CrossRef]

	



Iadecola, C. The Pathobiology of Vascular Dementia. Neuron 2013, 80, 844–866. [Google Scholar] [CrossRef] [PubMed]

	



Bracke, A.; Domanska, G.; Bracke, K.; Harzsch, S.; Brandt, J.V.D.; Bröker, B.; Halbach, O.V.B.U. Obesity Impairs Mobility and Adult Hippocampal Neurogenesis. J. Exp. Neurosci. 2019, 13. [Google Scholar] [CrossRef]

	



Klein, C.; Jonas, W.; Wiedmer, P.; Schreyer, S.; Akyüz, L.; Spranger, J.; Hellweg, R.; Steiner, B. High-fat Diet and Physical Exercise Differentially Modulate Adult Neurogenesis in the Mouse Hypothalamus. Neuroscience 2018, 400, 146–156. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, B.A.; Smalley, D.M.; Cho, H.; Shabanowitz, J.; Ley, K.; Hunt, D.F. The Platelet Microparticle Proteome. J. Proteome Res. 2005, 4, 1516–1521. [Google Scholar] [CrossRef] [PubMed]

	



Sato, Y.; Abe, M.; Takaki, R. Platelet factor 4 blocks the binding of basic fibroblast growth factor to the receptor and inhibits the spontaneous migration of vascular endothelial cells. Biochem. Biophys. Res. Commun. 1990, 172, 595–600. [Google Scholar] [CrossRef]

	



Yun, S.-H.; Sim, E.-H.; Goh, R.-Y.; Park, J.-I.; Han, J.-Y. Platelet Activation: The Mechanisms and Potential Biomarkers. BioMed Res. Int. 2016, 2016, 1–5. [Google Scholar] [CrossRef]

	



Leiter, O.; Seidemann, S.; Overall, R.; Ramasz, B.; Rund, N.; Schallenberg, S.; Grinenko, T.; Wielockx, B.; Kempermann, G.; Walker, T.L. Exercise-Induced Activated Platelets Increase Adult Hippocampal Precursor Proliferation and Promote Neuronal Differentiation. Stem Cell Rep. 2019, 12, 667–679. [Google Scholar] [CrossRef]

	



Bátiz, L.F.; Castro, M.A.; Burgos, P.V.; Velásquez, Z.D.; Muñoz, R.I.; Lafourcade, C.A.; Troncoso-Escudero, P.; Wyneken, U. Exosomes as Novel Regulators of Adult Neurogenic Niches. Front. Cell. Neurosci. 2016, 9, 501. [Google Scholar] [CrossRef]

	



Xin, H.; Li, Y.; Cui, Y.; Yang, J.J.; Zhang, Z.G.; Chopp, M. Systemic Administration of Exosomes Released from Mesenchymal Stromal Cells Promote Functional Recovery and Neurovascular Plasticity After Stroke in Rats. Br. J. Pharmacol. 2013, 33, 1711–1715. [Google Scholar] [CrossRef]

	



Palmer, T.D.; Willhoite, A.R.; Gage, F.H. Vascular niche for adult hippocampal neurogenesis. J. Comp. Neurol. 2000, 425, 479–494. [Google Scholar] [CrossRef]

	



Hayon, Y.; Dashevsky, O.; Shai, E.; Varon, D.; Leker, R.R. Platelet Microparticles Promote Neural Stem Cell Proliferation, Survival and Differentiation. J. Mol. Neurosci. 2012, 47, 659–665. [Google Scholar] [CrossRef] [PubMed]

	



Hayon, Y.; Dashevsky, O.; Shai, E.; Varon, D.; Leker, R.R. Platelet lysates stimulate angiogenesis, neurogenesis and neuroprotection after stroke. Thromb. Haemost. 2013, 110, 323–330. [Google Scholar] [CrossRef]

	



Kazanis, I.; Feichtner, M.; Lange, S.; Rotheneichner, P.; Hainzl, S.; Öller, M.; Schallmoser, K.; Rohde, E.; Reitsamer, H.A.; Couillard-Despres, S.; et al. Lesion-Induced Accumulation of Platelets Promotes Survival of Adult Neural Stem/Progenitor Cells. Exp. Neurol. 2015, 269, 75–89. [Google Scholar] [CrossRef]

	



Hayon, Y.; Dashevsky, O.; Shai, E.; Brill, A.; Varon, D.; Leker, R.R. Platelet Microparticles Induce Angiogenesis and Neurogenesis after Cerebral Ischemia. Curr. Neurovascular Res. 2012, 9, 185–192. [Google Scholar] [CrossRef]

	



Jin, K.; Zhu, Y.; Sun, Y.; Mao, X.O.; Xie, L.; Greenberg, D.A. Vascular endothelial growth factor (VEGF) stimulates neurogenesis in vitro and in vivo. Proc. Natl. Acad. Sci. 2002, 99, 11946–11950. [Google Scholar] [CrossRef] [PubMed]

	



Nieto-Estévez, V.; Defterali, Ç.; Vicario-Abejón, C. IGF-I: A Key Growth Factor that Regulates Neurogenesis and Synaptogenesis from Embryonic to Adult Stages of the Brain. Front. Neurosci. 2016, 10, 52. [Google Scholar] [CrossRef]

	



Palmer, T.; Ray, J.; Gage, F. FGF-2-Responsive Neuronal Progenitors Reside in Proliferative and Quiescent Regions of the Adult Rodent Brain. Mol. Cell. Neurosci. 1995, 6, 474–486. [Google Scholar] [CrossRef]

	



Rai, K.S.; Hattiangady, B.; Shetty, A.K. Enhanced production and dendritic growth of new dentate granule cells in the middle-aged hippocampus following intracerebroventricular FGF-2 infusions. Eur. J. Neurosci. 2007, 26, 1765–1779. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Z.; Kipnis, J. Thrombospondin 1—a key astrocyte-derived neurogenic factor. FASEB J. 2010, 24, 1925–1934. [Google Scholar] [CrossRef]

	



Banasr, M.; Hery, M.; Printemps, R.; Daszuta, A. Serotonin-Induced Increases in Adult Cell Proliferation and Neurogenesis are Mediated Through Different and Common 5-HT Receptor Subtypes in the Dentate Gyrus and the Subventricular Zone. Neuropsychopharmacology 2003, 29, 450–460. [Google Scholar] [CrossRef]

	



Wasielewska, J.M.; Grönnert, L.; Rund, N.; Donix, L.; Rust, R.; Sykes, A.M.; Hoppe, A.; Roers, A.; Kempermann, G.; Walker, T.L. Mast cells increase adult neural precursor proliferation and differentiation but this potential is not realized in vivo under physiological conditions. Sci. Rep. 2017, 7, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Chesnokova, V.; Pechnick, R.N.; Wawrowsky, K. Chronic peripheral inflammation, hippocampal neurogenesis, and behavior. Brain, Behav. Immun. 2016, 58, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Dorsemans, A.-C.; Soulé, S.; Weger, M.; Bourdon, E.; D’Hellencourt, C.L.; Meilhac, O.; Diotel, N. Impaired constitutive and regenerative neurogenesis in adult hyperglycemic zebrafish. J. Comp. Neurol. 2016, 525, 442–458. [Google Scholar] [CrossRef] [PubMed]

	



Tan, S.; Zhi, P.; Luo, Z.; Shi, J. Severe instead of mild hyperglycemia inhibits neurogenesis in the subventricular zone of adult rats after transient focal cerebral ischemia. Neuroscience 2015, 303, 138–148. [Google Scholar] [CrossRef] [PubMed]

	



Tozuka, Y.; Wada, E.; Wada, K. Diet-induced obesity in female mice leads to peroxidized lipid accumulations and impairment of hippocampal neurogenesis during the early life of their offspring. FASEB J. 2009, 23, 1920–1934. [Google Scholar] [CrossRef] [PubMed]

	



Ivanova, N.; Liu, Q.; Agca, C.; Agca, Y.; Noble, E.G.; Whitehead, S.N.; Cechetto, D.F. White matter inflammation and cognitive function in a co-morbid metabolic syndrome and prodromal Alzheimer’s disease rat model. J. Neuroinflammation 2020, 17, 1–18. [Google Scholar] [CrossRef]

	



Arnoldussen, I.A.C.; Wiesmann, M.; E Pelgrim, C.; Wielemaker, E.M.; Van Duyvenvoorde, W.; Amaral-Santos, P.L.; Verschuren, L.; Keijser, B.J.F.; Heerschap, A.; Kleemann, R.; et al. Butyrate restores HFD-induced adaptations in brain function and metabolism in mid-adult obese mice. Int. J. Obes. 2017, 41, 935–944. [Google Scholar] [CrossRef]

	



Wanrooy, B.J.; Kumar, K.P.; Wen, S.W.; Qin, C.X.; Ritchie, R.H.; Wong, C.H.Y. Distinct contributions of hyperglycemia and high-fat feeding in metabolic syndrome-induced neuroinflammation. J. Neuroinflammation 2018, 15, 293. [Google Scholar] [CrossRef]

	



Bakogiannis, C.; Sachse, M.; Stamatelopoulos, K.; Stellos, K. Platelet-derived chemokines in inflammation and atherosclerosis. Cytokine 2019, 122, 154157. [Google Scholar] [CrossRef]

	



Flad, H.-D.; Brandt, E. Platelet-derived chemokines: Pathophysiology and therapeutic aspects. Cell. Mol. Life Sci. 2010, 67, 2363–2386. [Google Scholar] [CrossRef]

	



Bhat, S.A.; Goel, R.; Shukla, R.; Hanif, K. Platelet CD40L induces activation of astrocytes and microglia in hypertension. Brain, Behav. Immun. 2016, 59, 173–189. [Google Scholar] [CrossRef]

	



Ferroni, P.; Guagnano, M.T.; Falco, A.; Paoletti, V.; Manigrasso, M.R.; Michetti, N.; Santilli, F.; Guadagni, F.; Basili, S.; Davì, G. Association of low-grade inflammation and platelet activation in patients with hypertension with microalbuminuria. Clin. Sci. 2008, 114, 449–455. [Google Scholar] [CrossRef] [PubMed]

	



Varo, N.; Libby, P.; Nuzzo, R.; Italiano, J.; Doria, A.; Schönbeck, U. Elevated release of sCD40L from platelets of diabetic patients by thrombin, glucose and advanced glycation end products. Diabetes Vasc. Dis. Res. 2005, 2, 81–87. [Google Scholar] [CrossRef] [PubMed]

	



Gokulakrishnan, K.; Deepa, R.; Mohan, V.; Gross, M.D. Soluble P-selectin and CD40L levels in subjects with prediabetes, diabetes mellitus, and metabolic syndrome—the Chennai Urban Rural Epidemiology Study. Metabolism 2006, 55, 237–242. [Google Scholar] [CrossRef] [PubMed]

	



Steven, S.; Dib, M.; Hausding, M.; Kashani, F.; Oelze, M.; Kröller-Schön, S.; Hanf, A.; Daub, S.; Roohani, S.; Gramlich, Y.; et al. CD40L controls obesity-associated vascular inflammation, oxidative stress, and endothelial dysfunction in high fat diet-treated and db/db mice. Cardiovasc. Res. 2017, 114, 312–323. [Google Scholar] [CrossRef]

	



Angelico, F.; Alessandri, C.; Ferro, D.; Pignatelli, P.; Del Ben, M.; Fiorello, S.; Cangemi, R.; Loffredo, L.; Violi, F. Enhanced soluble CD40L in patients with the metabolic syndrome: Relationship with in vivo thrombin generation. Diabetologia 2006, 49, 1169–1174. [Google Scholar] [CrossRef]

	



Dallmeier, D.; Larson, M.G.; Vasan, R.S.; Keaney, J.F.; Fontes, J.D.; Meigs, J.B.; Fox, C.S.; Benjamin, E.J. Metabolic syndrome and inflammatory biomarkers: A community-based cross-sectional study at the Framingham Heart Study. Diabetol. Metab. Syndr. 2012, 4, 28. [Google Scholar] [CrossRef] [PubMed]

	



Platzer, I.; Ernst, S.; Walter, C.; Rudolf, P.; Zirlik, K.; Köstlin, N.; Willecke, F.K.; Münkel, C.; Schönbeck, U.; Libby, P.; et al. CD40L induces inflammation and adipogenesis in adipose cells—A potential link between metabolic and cardiovascular disease. Thromb. Haemost. 2010, 103, 788–796. [Google Scholar] [CrossRef]

	



Lee, W.-L.; Chen, Y.-T.; Liu, T.-J.; Liang, K.-W.; Ting, C.-T.; Sheu, W.H.-H. The presence of metabolic syndrome is independently associated with elevated serum CD40 ligand and disease severity in patients with symptomatic coronary artery disease. Metabolism 2006, 55, 1029–1034. [Google Scholar] [CrossRef]

	



Marques, R.E.; Guabiraba, R.; Russo, R.C.; Teixeira, M.M. Targeting CCL5 in inflammation. Expert Opin. Ther. Targets 2013, 17, 1439–1460. [Google Scholar] [CrossRef]

	



Sotnikov, I.; Veremeyko, T.; Starossom, S.; Barteneva, N.; Weiner, H.L.; Ponomarev, E.D. Platelets Recognize Brain-Specific Glycolipid Structures, Respond to Neurovascular Damage and Promote Neuroinflammation. PLoS ONE 2013, 8, e58979. [Google Scholar] [CrossRef]

	



Dukhinova, M.; Kuznetsova, I.; Kopeikina, E.; Veniaminova, E.; Yung, A.W.; Veremeyko, T.; Levchuk, K.; Barteneva, N.S.; Wing-Ho, K.K.; Yung, W.-H.; et al. Platelets mediate protective neuroinflammation and promote neuronal plasticity at the site of neuronal injury. Brain, Behav. Immun. 2018, 74, 7–27. [Google Scholar] [CrossRef]

	



Rawish, E.; Nording, H.; Münte, T.; Langer, H.F. Platelets as Mediators of Neuroinflammation and Thrombosis. Front. Immunol. 2020, 11, 548631. [Google Scholar] [CrossRef]

	



Starossom, S.C.; Veremeyko, T.; Yung, A.W.; Dukhinova, M.; Au, C.; Lau, A.Y.; Weiner, H.L.; Ponomarev, E.D. Platelets Play Differential Role During the Initiation and Progression of Autoimmune Neuroinflammation. Circ. Res. 2015, 117, 779–792. [Google Scholar] [CrossRef]

	



Iwamoto, S.I.; Kawasaki, T.; Kambayashi, J.I.; Ariyoshi, H.; Monden, M. Platelet microparticles: A carrier of platelet-activating factor? Biochem. Biophys. Res. Commun. 1996, 218, 940–944. [Google Scholar] [CrossRef] [PubMed]

	



Boilard, E.; Nigrovic, P.A.; Larabee, K.; Watts, G.; Coblyn, J.S.; Weinblatt, M.E.; Massarotti, E.M.; Remold-O’Donnell, E.; Farndale, R.W.; Ware, J.; et al. Platelets Amplify Inflammation in Arthritis via Collagen-Dependent Microparticle Production. Science 2010, 327, 580–583. [Google Scholar] [CrossRef] [PubMed]

	



Kullmann, S.; Callaghan, M.F.; Heni, M.; Weiskopf, N.; Scheffler, K.; Häring, H.-U.; Fritsche, A.; Veit, R.; Preißl, H. Specific white matter tissue microstructure changes associated with obesity. NeuroImage 2015, 125, 36–44. [Google Scholar] [CrossRef] [PubMed]

	



Segura, B.; Jurado, M.A.; Freixenet, N.; Falcon, C.; Junque, C.; Arboix, A. Microstructural white matter changes in metabolic syndrome: A diffusion tensor imaging study. Neurology 2009, 73, 438–444. [Google Scholar] [CrossRef] [PubMed]

	



Arnoldussen, I.A.; Gustafson, D.R.; Leijsen, E.M.; de Leeuw, F.-E.; Kiliaan, A.J. Adiposity is related to cerebrovascular and brain volumetry outcomes in the RUN DMC study. Neurology 2019, 93, e864–e878. [Google Scholar] [CrossRef]

	



Portet, F.; Brickman, A.M.; Stern, Y.; Scarmeas, N.; Muraskin, J.; Provenzano, F.A.; Berr, C.; Bonafé, A.; Artero, S.; Ritchie, K.; et al. Metabolic syndrome and localization of white matter hyperintensities in the elderly population. Alzheimer’s Dement. 2012, 8, S88–S95.e1. [Google Scholar] [CrossRef]

	



Langley, M.R.; Yoon, H.; Kim, H.; Choi, C.-I.; Simon, W.; Kleppe, L.; Lanza, I.; LeBrasseur, N.K.; Matveyenko, A.; Scarisbrick, I.A. High fat diet consumption results in mitochondrial dysfunction, oxidative stress, and oligodendrocyte loss in the central nervous system. Biochim. et Biophys. Acta (BBA) - Mol. Basis Dis. 2019, 1866, 165630. [Google Scholar] [CrossRef] [PubMed]

	



Ciric, D.; Martinović, T.; Petricevic, S.; Trajkovic, V.; Bumbasirevic, V.; Kravic-Stevovic, T. Metformin exacerbates and simvastatin attenuates myelin damage in high fat diet-fed C57BL/6 J mice. Neuropathology 2018, 38, 468–474. [Google Scholar] [CrossRef]

	



Zhou, L.; Shao, C.-Y.; Xie, Y.-J.; Wang, N.; Xu, S.-M.; Luo, B.-Y.; Wu, Z.-Y.; Ke, Y.H.; Qiu, M.; Shen, Y. Gab1 mediates PDGF signaling and is essential to oligodendrocyte differentiation and CNS myelination. eLife 2020, 9. [Google Scholar] [CrossRef]

	



Mitsios, J.V.; Vini, M.P.; Stengel, D.; Ninio, E.; Tselepis, A.D. Human Platelets Secrete the Plasma Type of Platelet-Activating Factor Acetylhydrolase Primarily Associated With Microparticles. Arter. Thromb. Vasc. Biol. 2006, 26, 1907–1913. [Google Scholar] [CrossRef]

	



Hostettler, M.E.; Knapp, P.E.; Carlson, S.L. Platelet-activating factor induces cell death in cultured astrocytes and oligodendrocytes: Involvement of caspase-3. Glia 2002, 38, 228–239. [Google Scholar] [CrossRef]

	



Bachmair, E.; Ostertag, L.; Zhang, X.; de Roos, B. Dietary manipulation of platelet function. Pharmacol. Ther. 2014, 144, 97–113. [Google Scholar] [CrossRef] [PubMed]

	



Knapp, H.R. Dietary fatty acids in human thrombosis and hemostasis. Am. J. Clin. Nutr. 1997, 65, 1687S–1698S. [Google Scholar] [CrossRef] [PubMed]

	



Violi, F.; Pignatelli, P.; Basili, S.; Grum, F.; Hufendiek, K.; Franz, S.; Bogdahn, U.; Gamulescu, M.; Rümmele, P.; Schlachetzki, F. Nutrition, Supplements, and Vitamins in Platelet Function and Bleeding. Circulation 2010, 121, 1033–1044. [Google Scholar] [CrossRef]

	



Byelashov, O.A.; Sinclair, A.J.; Kaur, G. Dietary sources, current intakes, and nutritional role of omega-3 docosapentaenoic acid. Lipid Technol. 2015, 27, 79–82. [Google Scholar] [CrossRef]

	



Colas, R.; Calzada, C.; Lê, Q.H.; Feugier, N.; Cugnet, C.; Vidal, H.; Laville, M.; Moulin, P.; Lagarde, M.; Véricel, E. Moderate oral supplementation with docosahexaenoic acid improves platelet function and oxidative stress in type 2 diabetic patients. Thromb. Haemost. 2015, 114, 289–296. [Google Scholar] [CrossRef]

	



Adili, R.; Hawley, M.; Holinstat, M. Regulation of platelet function and thrombosis by omega-3 and omega-6 polyunsaturated fatty acids. Prostaglandins Other Lipid Mediat. 2018, 139, 10–18. [Google Scholar] [CrossRef]

	



Yeung, J.; Hawley, M.; Holinstat, M. The expansive role of oxylipins on platelet biology. J. Mol. Med. 2017, 95, 575–588. [Google Scholar] [CrossRef]

	



Yeung, J.; Adili, R.; Yamaguchi, A.; Freedman, C.J.; Chen, A.; Shami, R.; Das, A.; Holman, T.R.; Holinstat, M. Omega-6 DPA and its 12-lipoxygenase–oxidized lipids regulate platelet reactivity in a nongenomic PPARα-dependent manner. Blood Adv. 2020, 4, 4522–4537. [Google Scholar] [CrossRef]

	



Cohen, M.G.; Rossi, J.S.; Garbarino, J.; Bowling, R.; Motsinger-Reif, A.; Schuler, C.; Dupont, A.G.; Gabriel, D. Insights into the inhibition of platelet activation by omega-3 polyunsaturated fatty acids: Beyond aspirin and clopidogrel. Thromb. Res. 2011, 128, 335–340. [Google Scholar] [CrossRef]

	



Coulon, L.; Calzada, C.; Moulin, P.; Véricel, E.; Lagarde, M. Activation of P38 mitogen-activated protein kinase/cytosolic phospholipase A2 cascade in hydroperoxide-stressed platelets. Free. Radic. Biol. Med. 2003, 35, 616–625. [Google Scholar] [CrossRef]

	



McDougle, D.R.; Watson, J.E.; Abdeen, A.; Adili, R.; Caputo, M.P.; Krapf, J.E.; Johnson, R.W.; Kilian, K.A.; Holinstat, M.; Das, A. Anti-inflammatory ω-3 endocannabinoid epoxides. Proc. Natl. Acad. Sci. 2017, 114, E6034–E6043. [Google Scholar] [CrossRef]

	



Balvers, M.G.; Verhoeckx, K.C.; Plastina, P.; Wortelboer, H.M.; Meijerink, J.; Witkamp, R.F. Docosahexaenoic acid and eicosapentaenoic acid are converted by 3T3-L1 adipocytes to N-acyl ethanolamines with anti-inflammatory properties. Biochim. et Biophys. Acta (BBA) - Mol. Cell Biol. Lipids 2010, 1801, 1107–1114. [Google Scholar] [CrossRef]

	



De Angelis, V.; Koekman, A.C.; Weeterings, C.; Roest, M.; De Groot, P.G.; Herczenik, E.; Maas, C. Endocannabinoids Control Platelet Activation and Limit Aggregate Formation under Flow. PLOS ONE 2014, 9, e108282. [Google Scholar] [CrossRef] [PubMed]

	



Brantl, S.A.; Khandoga, A.L.; Siess, W. Mechanism of platelet activation induced by endocannabinoids in blood and plasma. Platelets 2013, 25, 151–161. [Google Scholar] [CrossRef] [PubMed]

	



Signorello, M.G.; Giacobbe, E.; Segantin, A.; Avigliano, L.; Sinigaglia, F.; Maccarrone, M.; Leoncini, G. Activation of human platelets by 2-arachidonoylglycerol: Role of PKC in NO/cGMP pathway modulation. Curr. Neurovascular Res. 2011, 8, 200–209. [Google Scholar] [CrossRef] [PubMed]

	



Brantl, S.A.; Khandoga, A.L.; Siess, W. Activation of platelets by the endocannabinoids 2-arachidonoylglycerol and virodhamine is mediated by their conversion to arachidonic acid and thromboxane A2, not by activation of cannabinoid receptors. Platelets 2013, 25, 465–466. [Google Scholar] [CrossRef]

	



Rouzer, C.A.; Marnett, L.J. Endocannabinoid Oxygenation by Cyclooxygenases, Lipoxygenases, and Cytochromes P450: Cross-Talk between the Eicosanoid and Endocannabinoid Signaling Pathways. Chem. Rev. 2011, 111, 5899–5921. [Google Scholar] [CrossRef]

	



Yeung, J.; Tourdot, B.E.; Adili, R.; Green, A.R.; Freedman, C.J.; Fernandez-Perez, P.; Yu, J.; Holman, T.R.; Holinstat, M. 12 (S)-HETrE, a 12-lipoxygenase oxylipin of dihomo-γ-linolenic acid, inhibits thrombosis via Gαs signaling in platelets. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 2068–2077. [Google Scholar] [CrossRef]

	



Kobzar, G. Inhibition of platelet activation using vitamins. Platelets 2019, 31, 157–166. [Google Scholar] [CrossRef] [PubMed]

	



Moraes, L.A.; Swales, K.E.; Wray, J.A.; Damazo, A.; Gibbins, J.; Warner, T.; Bishop-Bailey, D. Nongenomic signaling of the retinoid X receptor through binding and inhibiting Gq in human platelets. Blood 2007, 109, 3741–3744. [Google Scholar] [CrossRef] [PubMed]

	



Olas, B. The multifunctionality of berries toward blood platelets and the role of berry phenolics in cardiovascular disorders. Platelets 2016, 28, 540–549. [Google Scholar] [CrossRef]

	



Mammadova-Bach, E.; Mauler, M.; Braun, A.; Duerschmied, D. Immuno-Thrombotic Effects of Platelet Serotonin. In Serotonin-A Chemical Messenger Between All Types of Living Cells; InTech Open: Rijeka, Croatia, 2017. [Google Scholar]

	



Mokady, S.; Cogan, U.; Aviram, M. Dietary Tryptophan Enhances Platelet Aggregation in Rats. J. Nutr. Sci. Vitaminol. 1990, 36, S177–S180. [Google Scholar] [CrossRef]

	



Aviram, M.; Cogan, U.; Mokady, S. Excessive dietary tryptophan enhances plasma lipid peroxidation in rats. Atherosclerosis 1991, 88, 29–34. [Google Scholar] [CrossRef]

	



Li, N.; Wallén, N.H.; Ladjevardi, M.; Hjemdahl, P. Effects of serotonin on platelet activation in whole blood. Blood Coagul. Fibrinolysis 1997, 8, 517–524. [Google Scholar] [CrossRef] [PubMed]

	



Moro, J.; Tomé, D.; Schmidely, P.; Demersay, T.-C.; Azzout-Marniche, D. Histidine: A Systematic Review on Metabolism and Physiological Effects in Human and Different Animal Species. Nutrients 2020, 12, 1414. [Google Scholar] [CrossRef] [PubMed]

	



Steinhauer, H.; Kluthe, R.; Lubrich, I.; Schollmeyer, P. Effect of L-histidine in vivo on human platelet function and arachidonic acid metabolism. Prostaglandins, Leukot. Med. 1985, 18, 245–254. [Google Scholar] [CrossRef]

	



Begni, B.; Tremolizzo, L.; D’Orlando, C.; Bono, M.S.; Garofolo, R.; Longoni, M.; Ferrarese, C. Substrate-induced modulation of glutamate uptake in human platelets. Br. J. Pharmacol. 2005, 145, 792–799. [Google Scholar] [CrossRef]

	



Kaneez, F.S.; Saeed, S.A. Investigating GABA and its function in platelets as compared to neurons. Platelets 2009, 20, 328–333. [Google Scholar] [CrossRef]

	



Takayama, M.; Eezura, H. How and why does tomato accumulate a large amount of GABA in the fruit? Front. Plant Sci. 2015, 6, 612. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, J.; Taka, T.; Yamada, K.; Ijiri, Y.; Murakami, M.; Hirata, Y.; Naemura, A.; Hashimoto, M.; Yamashita, T.; Oiwa, K.; et al. Tomatoes have natural anti-thrombotic effects. Br. J. Nutr. 2003, 90, 1031–1038. [Google Scholar] [CrossRef] [PubMed]

	



Cámara, M.; Fernández-Ruiz, V.; Sánchez-Mata, M.-C.; Díaz, L.D.; Kardinaal, A.; Van Lieshout, M. Evidence of antiplatelet aggregation effects from the consumption of tomato products, according to EFSA health claim requirements. Crit. Rev. Food Sci. Nutr. 2019, 60, 1515–1522. [Google Scholar] [CrossRef] [PubMed]

	



de Roos, B.; Zhang, X.; Gutierrez, G.R.; Wood, S.; Rucklidge, G.J.; Reid, M.D.; Duncan, G.J.; Cantlay, L.L.; Duthie, G.G.; O’Kennedy, N. Anti-platelet effects of olive oil extract: In Vitro functional and proteomic studies. Eur. J. Nutr. 2011, 50, 553–562. [Google Scholar] [CrossRef]

	



Vignini, A.; Nanetti, L.; Raffaelli, F.; Sabbatinelli, J.; Salvolini, E.; Quagliarini, V.; Cester, N.; Mazzanti, L. Effect of 1-y oral supplementation with vitaminized olive oil on platelets from healthy postmenopausal women. Nutrition 2017, 42, 92–98. [Google Scholar] [CrossRef]

	



Rubio-Senent, F.; De Roos, B.; Duthie, G.; Fernández-Bolaños, J.; Rodríguez-Gutiérrez, G. Inhibitory and synergistic effects of natural olive phenols on human platelet aggregation and lipid peroxidation of microsomes from vitamin E-deficient rats. Eur. J. Nutr. 2014, 54, 1287–1295. [Google Scholar] [CrossRef] [PubMed]

	



Tejada, S.; Pinya, S.; Bibiloni, M.D.M.; Tur, J.A.; Pons, A.; Sureda, A. Cardioprotective Effects of the Polyphenol Hydroxytyrosol from Olive Oil. Curr. Drug Targets 2017, 18, 1477–1486. [Google Scholar] [CrossRef] [PubMed]

	



Irfan, M.; Kim, M.; Rhee, M.H. Anti-platelet role of Korean ginseng and ginsenosides in cardiovascular diseases. J. Ginseng Res. 2019, 44, 24–32. [Google Scholar] [CrossRef] [PubMed]

	



Maheswaraiah, A.; Rao, L.J.; Naidu, K.A. Anti-Platelet Activity of Water Dispersible Curcuminoids in Rat Platelets. Phytotherapy Res. 2015, 29, 450–458. [Google Scholar] [CrossRef] [PubMed]

	



Rahman, K.; Lowe, G.M.; Smith, S. Aged Garlic Extract Inhibits Human Platelet Aggregation by Altering Intracellular Signaling and Platelet Shape Change. J. Nutr. 2016, 146, 410S–415S. [Google Scholar] [CrossRef] [PubMed]

	



Morihara, N.; Hino, A. Aged garlic extract suppresses platelet aggregation by changing the functional property of platelets. J. Nat. Med. 2016, 71, 249–256. [Google Scholar] [CrossRef]

	



Ras, R.T.; Zock, P.; Zebregs, Y.E.M.P.; Johnston, N.R.; Webb, D.J.; Draijer, R. Effect of polyphenol-rich grape seed extract on ambulatory blood pressure in subjects with pre- and stage I hypertension. Br. J. Nutr. 2013, 110, 2234–2241. [Google Scholar] [CrossRef]

	



Thompson, K.; Pederick, W.; Singh, I.; Santhakumar, A.B. Anthocyanin supplementation in alleviating thrombogenesis in overweight and obese population: A randomized, double-blind, placebo-controlled study. J. Funct. Foods 2017, 32, 131–138. [Google Scholar] [CrossRef]

	



Esposito, K.; Nappo, F.; Giugliano, F.; Giugliano, G.; Marfella, R.; Giugliano, D. Effect of dietary antioxidants on postprandial endothelial dysfunction induced by a high-fat meal in healthy subjects. Am. J. Clin. Nutr. 2003, 77, 139–143. [Google Scholar] [CrossRef]

	



Nomikos, T.; Fragopoulou, E.; Antonopoulou, S.; Panagiotakos, D.B. Mediterranean diet and platelet-activating factor; a systematic review. Clin. Biochem. 2018, 60, 1–10. [Google Scholar] [CrossRef]

	



Esposito, K.; Marfella, R.; Ciotola, M.; Di Palo, C.; Giugliano, F.; Giugliano, G.; D’Armiento, M.; D’Andrea, F.; Giugliano, D. Effect of a Mediterranean-Style Diet on Endothelial Dysfunction and Markers of Vascular Inflammation in the Metabolic Syndrome. JAMA 2004, 292, 1440–1446. [Google Scholar] [CrossRef]

	



Ziccardi, P.; Nappo, F.; Giugliano, G.; Esposito, K.; Marfella, R.; Cioffi, M.; D’Andrea, F.; Molinari, A.M.; Giugliano, D. Reduction of Inflammatory Cytokine Concentrations and Improvement of Endothelial Functions in Obese Women After Weight Loss Over One Year. Circulation 2002, 105, 804–809. [Google Scholar] [CrossRef]








[image: Biomolecules 11 01455 g001 550] 





Figure 1. Schematic representation of platelet activation. (A) Resting platelet. (B) Platelet activation, adhesion and aggregation. 
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Figure 2. Mechanisms by which platelets can be activated in metabolic syndrome. 
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Figure 3. Schematic representation of mechanisms whereby nutritional compounds can affect platelet function. 
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Figure 4. Graphical summary of dietary bioactive compounds on platelet function and neurovascular processes in MetS. 






Figure 4. Graphical summary of dietary bioactive compounds on platelet function and neurovascular processes in MetS.



[image: Biomolecules 11 01455 g004]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Glycosylation of LDL

NOS activity * Hi ucose
@
\ + C az.’
@
Pro-inflammatory molecules
Osmolality +
\d ADP secretion +
P-selectin
expression+
ROS + P
High LDL levels
/ ‘ Arachidonic cascade €«

Oxidized LDL

Thromboxane B2 formation+

!

Plateletactivation+





nav.xhtml


  biomolecules-11-01455


  
    		
      biomolecules-11-01455
    


  




  





media/file2.png
A Resting platelet

Integrin activation & Shape change

:...... /-fﬁ:-:.“.:""“""

Micropartube
L o g
. [rTm——— de
. o o e V-
Adhesion & Secretion = o  idpaiagetien
= Py






media/file5.jpg
| A somry ot
[






media/file3.jpg
Plateletactivation





media/file1.jpg





media/file7.jpg





media/file0.png





media/file8.png
N-3 LC-PUFAs

A Hyperlipaedemia

Metabolic Syndrome

Hyperglycaemia Low-grade systemic inflammation
Activateplatelets

Cagf

{\’ Vitamins & Phenolic compounds
"'.\ ’ o G
) '\ Lysosome {/ Iy
Fibrinogen
@ m P2,
-

| 1P Golgi L-histidine, Anandamide &

’:-__:;; Curcuminoids

.:-: | AR1,-

a-granule
Dense granule
@ ”"J Microparticles @
_— ®@e ¢ o
GPV1
@ g ! » ®Growth factors
Serotomn GPIb/V/IX ® & Chemokines
/ Histamine - C'ytak:iv-res PDGE
Cerebral
hypoperfusion —r sCD40 PAF
. Pt CCL5 Oligodend te
Lecenda Neurogenesis IGF-1 . . g rocy
< EGF-2 Neuroinflammation differentiation

‘r : Stimulatory etfect Increased BBB
T : Inhibitory eftect

permeability

Oligodencrocyte &
astrocyte apopotosis





media/file6.png
@ Ginseng

0 & Curcuminoids

Serotonin
Fibrinogen N
P2Y,/P2Y;,
N-3 LC-PUFAs

I\ Increased platelet surface P-selectin expression +

TPa - = Golgi @) =

Thromboxane A2 formation Y @ [

Phenolic compounds

1.

Pro-inflammatory molecules

-2

PARI1,-4

Arachidonic cascadel &>

- L-histidine, Anandamide &

/ Curcuminoids

Vitamins &7/,
N

Lysoso;ne ROS +

Microparticles @ Platelet activation
Oxidized LDL ® e - @ 9
) . Legenda
, GPIb/V/IX L S
Phenolic compounds | @ NO & Prostacyclin T : Stimulatory eftect

Platelet activation +

N Acetvichalisie T: Inhibitory effect






