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The hemostasis system is often affected by complications associated with cardiovascular diseases, which results in thromboembolic events. Compounds of plant origin and plant extracts are considered as a promising source of substances that could modulate the functioning of the hemostasis system and thus reduce the risk of thromboembolism. Among them, tannins, which are plant-origin compounds with potential effects in hemostasis, deserve a special mention. This paper describes the hemostasis-modifying ability of three groups of tannins, namely ellagitannins, gallotannins, and procyanidins. The review highlights the desirable as well as undesirable influence of tannins on specific components of hemostasis, namely platelets, coagulation system, fibrinolysis system, and endothelium, and the multidirectional effect of these compounds on the thrombotic process. Studies performed under normal and pathological conditions such as diabetes or hypercoagulation are described, and the pathophysiology-dependent action of tannins is also highlighted. Most of the studies presented in the paper were performed in vitro, and due to the low bioavailability of tannins more studies should be conducted in the future to understand their actual activity in vivo.
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1 INTRODUCTION
Hemostasis plays a vital role in ensuring the fluidity of blood in the intact vessel and preventing blood loss after its damage. The hemostatic balance is maintained by concurrent prothrombotic and antithrombotic reactions involving platelets, coagulation system, fibrinolysis system, and vessel wall. However, this balance shifts toward prothrombotic state in the event of inflammation, oxidative stress, and altered blood flow inside the vessel. Modifications in the functioning of the hemostasis system result in the development of serious and even fatal complications including myocardial infarction, deep vein thrombosis, and ischemic stroke which are associated with thromboembolism of affected vessels (Gale, 2011). The goal of antithrombotic therapy is to reduce the risk of thromboembolic events by lowering platelet activity, inhibiting the coagulation system, and improving endothelial function. However, due to adverse drug reactions or drug resistance, this aim is often not achieved (Mega and Simon, 2015). Therefore, there is a search for new substances of plant origin with beneficial effects in hemostasis. Tannins are a group of plant-origin substances that have the potential to prevent thromboembolic events. Tannins have been used throughout history for their ethnopharmacological properties in traditional medicine. Among the species from tannin-rich plants genus Acacia, Agrimonia, Camellia, Geranium, Hamamelis, Krameria, Lythrum, Phyllanthus, Potentilla, Quercus, Rhus, Rubus, Sanguisorba, or Terminalia are the most relevant from a medicinal point of view (Fraga-Corral et al., 2021). In general terms, these tannin-rich species have been described to treat gastrointestinal disorders or diseases (diarrhoea, congestion, anthelmintic), respiratory affections (pharyngitis, cold, expectorant and for sore throat), many skin issues such as eczema, ulcers, leukoderma, wounds), variable inflammatory processes (toothache, conjunctivitis, menstrual pain, haemorrhoids, smallpox, biliousness) or diabetes (Sieniawska, 2015). Our review discusses the influence of tannins on particular components of hemostasis, namely platelets, coagulation system, fibrinolysis system, and endothelium, under in vitro and in vivo conditions. Several studies have reported promising results observed with the application of tannins in animal models of thrombosis, which opens up a new perspective on plants as a source of antithrombotic compounds. The substances used in the presented studies were either extracted from plant materials or obtained by chemical synthesis based on plant-derived compounds.
2 CHARACTERISTICS OF TANNINS
Tannins are polyphenolic compounds with a molecular weight ranging from 300 to 20,000 Da. Due to their high molecular weight, these substances are poorly absorbed from the gastrointestinal tract (Kiss and Piwowarski, 2019), where they are metabolized by the gut microbiota. It has been shown that the bioavailability of tannins is influenced by microbiota composition in the gut (Ou and Gu, 2014; Kiss and Piwowarski, 2019).
Based on their structure, tannins are classified into two groups: hydrolyzable and condensed. Hydrolyzable tannins are esters formed from glucose or other polyols and ellagic acid (ellagitannins) or gallic acid (gallotannins) (Khanbabaee and van Ree, 2001).
Ellagitannins are well soluble in water and undergo decay by acids and bases to release ellagic acid which is characterized with low solubility in water (Sójka et al., 2019). Moreover, they also form insoluble complexes with calcium and magnesium ions (Bock et al., 1981). Therefore, ellagitannins are poorly absorbed from the gastrointestinal (Serrano et al., 2016). The gut-derived metabolites of ellagitannins, called urolithins, have been extensively studied by researchers and reported to be responsible for the observed pharmacological effects in vivo (Espín et al., 2013). Urolithins are much better absorbed than parent compounds since their lower molecular weight and higher lipophilicity (Tomás-Barberán et al., 2017). Furthermore, increased consumption of ellagic acid does not improve its absorption but accelerates urolithins production (González-Sarrías et al., 2015). Urolithins are found in plasma, mainly in glucuronide conjugates (Piwowarski et al., 2017). Gallotannis are less soluble in water than ellagitannins (Sójka et al., 2019). Following oral administration, the high-molecular-weight gallotannins are enzymatically hydrolyzed by gut microbiota, leading to the formation of low-molecular-weight gallic acid, pyrogallol, and catechol which are found in plasma in glucuronidated, methylated, and sulfated forms (Scalbert et al., 2002; López de Felipe et al., 2014; Yang et al., 2020).
Condensed tannins or procyanidins are oligomers and polymers of flavan-3-ols, such as catechin, epicatechin, afzelechin, epiafzelechin, gallocetachin, and epigallocatechin (Aron and Kennedy, 2008). The core of flavan-3-ol is made of 15 carbon atoms arranged in three rings. The classification of procyanidins is based on the degree of polymerization of flavan-3-ol units and the type of bonds linking the units. Among the procyanidins, B-type compounds are dimer procyanidins which consist of two flavan-3-ol units linked by C4–C8 (procyanidins B1–B4) or C4–C6 (procyanidins B5–B8) interflavan bond. A-type procyanidins are also dimer procyanidins but they have an ether bond between carbons C2 and C7 in addition to C4–C8 interflavan bond. In turn, C-type procyanidins are trimer procyanidins which have only interflavan bonds (Fine, 2000; Aron and Kennedy, 2008). The presence of hydroxyl groups in the procyanidin monomers allows them to form oligomers with a high molecular weight (Xu et al., 2012). Procyanidins are slightly decomposed in the acidic environment of the stomach. Their dimers and trimers are absorbed in the small intestine, whereas the oligomers characterized by a higher degree of polymerization are not absorbed (Zhang et al., 2016). However, depolymerization of oligomeric procyanidins to monomers occurs to a negligible extent (Ou and Gu, 2014). A large part of the ingested procyanidins is metabolized by the colon microflora, resulting in low-molecular-weight compounds such as phenyl valerolactone, phenylacetic acid, and phenylpropionic acid (Zhang et al., 2016), but it is unclear whether these compounds are responsible for the effects of procyanidins observed in vivo. It was proposed that the activity of procyanidins may be related to their unknown microbial metabolites. Furthermore, the ability of procyanidins to alter the microbiota composition of the gut has been suggested to be responsible for their in vivo effects (Ou and Gu, 2014; Ma et al., 2020).
Studies on tannins’ pharmacokinetics are limited. Therefore, whenever it was possible, data on specific tannins or leading compound pharmacokinetics were included in this manuscript. Data Table 1 describes the chemical structure, bioavailability, metabolism, and metabolites of tannins.
TABLE 1 | Structural characterization of tannins and their metabolism.
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Platelets are anucleated cells derived from the cytoplasm of megakaryocytes. They play a key role in the primary hemostasis through the formation of the platelet plug at the site of vessel injury. In addition, platelets activate the coagulation factors on the phospholipids of their membranes and thus take part in the process of secondary hemostasis. Vessel injury results in the exposure of the components of the subendothelial matrix [e.g., collagen, tissue factor (TF), von Willebrand factor (vWf)] and activators present in the blood or released from platelets (e.g., thrombin, adenosine diphosphate (ADP), epinephrine). These in turn activate platelets through their specific receptors, leading to an increase in the intracellular calcium concentration followed by mobilization of phospholipids, release of arachidonic acid (AA), and secretion of dense granules (Harlan and Harker, 1981; Furie and Furie, 2007). Platelet activation is a complex process and involves the activation of multiple receptors and signaling pathways which are targets of antiplatelet drugs (Mega and Simon, 2015).
The metabolites of AA play an essential role in regulating the functions of platelets. During platelet activation, AA is released from the phospholipids of the cell membrane after their cleavage by phospholipase A2 (PLA2). The released AA is subsequently metabolized by cyclooxygenase (COX), which converts AA to eicosanoids [prostaglandins (PGs) and thromboxane A2 (TXA2)]. COX isoenzymes—COX-1 and COX-2—catalyze two different metabolic pathways: platelet-derived COX-1 generates TXA2, one of the most potent platelet activators, while COX-2 pathway leads to the production of proinflammatory PGs (Harlan and Harker, 1981). Due to the short half-life of TXA2, the synthesis of this eicosanoid is determined by measuring the concentration of its inactive, stable metabolite (TXB2) (Teng et al., 1997; Mattiello et al., 2009; Marcinczyk et al., 2017; Xie et al., 2017).
During activation, platelets change their shape from discoid to irregular form by cytoskeleton rearrangement. This contributes to the formation of stable platelet aggregates through secretion of granules and exposure of the membrane phospholipids which activate coagulation factors and thus accelerate fibrin formation (Hayashi et al., 2008). In platelet membrane, the phospholipids are asymmetrically distributed, with positive-charged and neutral phospholipids located in the outer leaflet of the membrane and negative-charged phospholipids such as phosphatidylserine (PS) in the inner leaflet. Sustained activation of platelets causes a disruption in the ordered arrangement of phospholipids. As a result, PS is irreversibly exposed from the inner leaflet to outer surface of the platelet membrane. Thus, PS is considered as a marker of irreversible activation of platelets (Hayashi et al., 2008). Table 2 summarizes the effect of tannins on platelet functions.
TABLE 2 | Effect of tannins on platelet activity.
[image: Table 2]3.1 Antiplatelet Activity of Tannins: In Vitro and In Silico Studies
3.1.1 1,2,3,4,6-Pentagalloylglucose (PGG, Gallotannin)
After oral administration to rats the blood concentrations of PGG and its glucuronide were under limit of detection which suggested its low bioavailability. Incubation with rat fecal lysates led to decomposition of PGG to gallic acid and methyl gallate indicating the participation of gut microbiota in PGG metabolism. Both gallic acid and methyl gallate are characterized with higher bioavailability than PGG (Jiamboonsri et al., 2015). The antiplatelet activity of gallic acid (Chang et al., 2012) and methyl gallate (Chen et al., 2007) has been demonstrated in vitro which show their direct effect on platelets. However, due to the growing number of evidence for the influence of gut microbiota in biological active metabolites formation from plant-derived substances it cannot be excluded that some unknown metabolites of PGG are responsible for their activity in vivo.
PGG is the most studied tannin in the context of platelet activity. It occurs in two forms: beta pentagalloyl glucose (bPGG) and alpha pentagalloyl glucose (aPGG). bPGG is more prevalent in plants compared to aPGG (Cao et al., 2014). In the presented studies, the form of PGG used in the experiment was not specified by the authors, and so the exact form of PGG is not mentioned in this review. It has been shown that the application of bPGG obtained from the water–ethanolic extract of Paeonia suffruticosa Andrews (Paeoniaceae) roots inhibited the adhesion of rat platelets to collagen (Qiu et al., 2017). The inhibition of collagen-dependent platelet activation was also confirmed in an experiment which showed that the antiaggregatory effect of PGG isolated from the ethyl acetate fraction of water–methanolic extract from Rhus verniciflua Stokes (syn.: Toxicodendron vernicifluum Stokes, Anacardiaceae) bark on collagen-induced human platelet aggregation was 18-fold greater than the antiplatelet effect of acetylsalicylic acid ASA (500 μg/ml). PGG obtained from R. verniciflua showed higher inhibitory potential against ADP-induced and collagen-induced aggregation of human platelets than AA-induced platelet aggregation (Jeon et al., 2006). aPGG also inhibited ADP-induced as well as collagen-induced platelet aggregation, thrombin-induced secretion of P-selectin, and secretion of adenosine triphosphate (ATP) from dense granules of human platelets (Perveen et al., 2011). Furthermore, PGG from R. verniciflua reduced calcium mobilization and expression of P-selectin in human platelets previously activated by ADP (Jeon et al., 2006). In rabbit platelets, bPGG inhibited thrombin-induced phosphorylation and subsequent activation of phospholipase Cβ (PLCβ), leading to the secretion of dense granules (Lee et al., 2014; Flaumenhaft, 2017). It has also been shown that aPGG bound to the insulin receptor on the surface of human platelets and caused a reduction in their activity similar to insulin (Perveen et al., 2011). Moreover, the study revealed that the insulin-mimicking effect of aPGG was accompanied by the action of cyclic adenosine 3′,5′-cyclic monophosphate (cAMP), an important regulator of platelet activity. Increased intracellular concentration of cAMP in platelets triggers signaling pathways causing platelet inhibition by alleviating the rise in intracellular calcium concentration, whereas a decrease in intracellular cAMP level augments the activity of platelets. The authors observed that aPGG promoted the phosphorylation of the insulin receptor, and similar to insulin, inhibited the decrease in cAMP in ADP-activated or thrombin-activated platelets. Furthermore, aPGG interfered with collagen-stimulated Akt kinase phosphorylation as insulin did (Perveen et al., 2011). The activation of glycoprotein VI (GPVI), which is the main collagen receptor of platelets, triggers the activation of phosphatidylinositol 3-kinase (PI3k) and its receptor kinase (Akt kinase) pathway (Woulfe, 2010). PI3k-Akt signaling pathway is critical for the activation of platelet integrins which facilitate interactions between platelets, fibrin, and subendothelial matrix (Guidetti et al., 2015). It can be presumed that aPGG modulated PI3k-Akt signaling pathway in platelets and reduced the formation of stable platelet aggregates, thereby inhibiting Akt phosphorylation. Moreover, bPGG increased the expression of coronin 1B in rat platelets, which can be linked to hemostasis since rat platelets with elevated coronin 1B exhibited less adhesiveness to collagen (Ma et al., 2011; Qiu et al., 2017).
3.1.2 Inhibition of PLA2
The influence of procyanidins on the AA cascade was investigated, with a focus on their structure. The inhibitory effect of procyanidins on PLA2 was analyzed using dye-labeled phospholipids as PLA2 substrates. It was found that oligomeric A-type procyanidins (parameritannin A1 and aesculitannin B1) were less potent in inhibiting PLA2 than oligomeric B-type procyanidins (procyanidin trimers and tetramers). In addition, the degree of inhibition within the group of procyanidins was dependent on the degree of their polymerization. Parameritannin A1 (tetramer) was identified to be a more potent PLA2 inhibitor than aesculitannin B1 (trimer), while B-type procyanidin tetramer was more potent than B-type procyanidin trimer. Furthermore, an in silico modeling study performed using a crystal structure of bee venom PLA2 revealed that oligomeric B-type procyanidins bound to the active site of PLA2 via Van der Waals interaction and sterically blocked the active site of the enzyme without modifying its structure. On the other hand, oligomeric A-type procyanidins altered the active-site structure of PLA2, causing a decrease in the binding affinity of the enzyme to its substrate as well as to oligomeric A-type procyanidins (Lambert et al., 2012).
3.1.3 Inhibition of Arachidonic Acid Metabolism
The inhibitory effect of tannins on AA metabolism was demonstrated using an ethyl acetate extract obtained from the seeds of Picrorhiza kurroa Royle ex Benth. (Plantaginaceae). It was observed that bPGG, O-trigalloyl-beta-D-glucose (gallotannin), and isocorilagin (ellagitannin) inhibited the activity of COX-1 isolated from ram seminal vesicles. This effect was established by measuring O2 consumption during the transformation of AA to endoperoxide catalyzed by COX-1 (Zhang et al., 2004). In turn, the inhibitory effect of a pomegranate (Punica granatum L., Lythraceae) extract on AA metabolism was confirmed by decreased TXB2 concentration in the supernatant of stirred washed human platelets that had been preincubated with collagen or AA (Mattiello et al., 2009). A pomegranate extract rich in ellagitannins was obtained from whole-fruit pomegranate juice after its concentration and polyphenol recovery by absorption on resin with a water–ethanol solution (Aviram et al., 2008).
The main ellagitannin in pomegranate extract is punicalagin. However, after consumption of pomegranate extract, punicalagin was not detected in plasma and type of resulting metabolites differed among healthy individuals. Urolithin A, urolithin B, and their metabolites were found in the plasma. Some subjects did not produce urolithins whereas some subject had surprisingly high concentration of ellagic acid which is characterized with poor oral bioavailability (Mertens-Talcott et al., 2006). Based on the type of produced urolithins, humans can be stratified into several metabotypes that differ in the composition of the gut microbiota (Tomás-Barberán et al., 2014). Interindividual variability in pomegranate extract metabolism was probably due to the inclusion of different metabotypes in the study. It indicates that in vitro studies with ellagitannins does not provide information about their actual activity in vivo. Furthermore, because of the different metabotypes, the effect of ellagitannins after oral consumption may vary across individuals.
3.1.4 Inhibition of Shape Change
Thrombin and hydrogen peroxide (H2O2) trigger similar molecular events as those associated with apoptosis. These include activation of apoptotic proteases called caspases and subsequent cytoskeleton depolymerization and PS exposure. In human platelets, caspase 3 and caspase 9 translocate to actin cytoskeleton where they catalyze the depolymerization reaction causing changes in the shape of platelets (Ben Amor et al., 2006). Cinnamtannin 1B (oligomeric A-type procyanidin trimer) isolated from Laurus nobilis L. (Lauraceae) wood extract, which was obtained using dichloromethane and ethyl acetate, decreased thrombin-induced and H2O2-induced irreversible human platelet activation, determined based on the degree of PS exposure. Cinnamtannin 1B decreased thrombin-induced and H2O2-induced activation of caspase 3 and caspase 9 and their translocation (as well as that of nonactive procaspases) to the cytoskeleton (Bouaziz et al., 2007a). Furthermore, it was reported that cinnamtannin inhibited the cytoskeleton reorganization of human platelets in vitro through the inhibition of Burton’s tyrosine kinase (Btk). This indicated that the antiplatelet activity of cinnamtannin 1B is related to its antioxidant properties due to the fact that the activation of Btk is a mechanism dependent on reactive oxygen species (ROS) (Amor et al., 2007). It has also been demonstrated that cinnamtannin B1 reduced ADP-induced and thrombin-induced aggregation of platelets obtained from healthy donors (Amor et al., 2007; Bouaziz et al., 2007b). In addition, cinnamtannin 1B was found to reverse enhanced calcium mobilization and thrombin-induced aggregation in platelets collected from patients with type 2 diabetes (Bouaziz et al., 2007b).
3.1.5 Inhibition of Oxidative Stress
It has been shown that ellagitannin-rich water pomegranate extract decreased collagen-induced as well as AA-induced aggregation of human platelets and reduced their calcium mobilization. The antiplatelet effect of the pomegranate extract was associated with its antioxidant properties since the extract reduced H2O2 production in platelets (Mattiello et al., 2009). It is worth mentioning that agonists such as AA, thrombin, or collagen enhance the activity of platelets also by stimulating their ROS production (Pietraforte et al., 2014). This indicates that the antiplatelet effect of tannins is associated with their antioxidant properties and the resulting inhibition of ROS production in platelets. The inhibitory effect of tannins on oxidative stress also involves an increase in the concentration of antioxidant enzymes and prevention of protein modification resulting from stress. It has been shown that the water–methanolic procyanidin fraction of the water–methanolic extract obtained from Medemia argun (Mart.) Württemb. ex H.Wendl. (Arecaceae) nuts increased the level of the antioxidant glutathione (GSH) in peroxynitrate (ONOO−)-treated human platelets. Furthermore, the studied fraction alleviated ONOO−-evoked protein modifications, such as oxidation of thiol groups, nitration, and formation of carbonyl group, in the treated platelets (Morel et al., 2014).
3.2 Antiplatelet Activity of Tannins: In Vivo Studies
A study showed that consumption of cocoa flavanols and procyanidins for 28 days resulted in the attenuation of platelet activity in healthy subjects. The results indicated a decrease in collagen-induced and ADP-induced aggregation as well as a decrease in collagen-induced ATP secretion and ADP-induced expression of P-selectin without any changes in AA-induced aggregation. Consumption of cocoa flavanols resulted in the increased plasma concentration of epicatechin and catechin (Murphy et al., 2003) which display antiplatelet activity (Blache et al., 2002), and inhibit platelet-endothelium interaction (Carnevale et al., 2014).
Single oral administration of aPGG caused a reduction in ADP-induced and collagen-induced aggregation of mice platelets (Perveen et al., 2011). The inhibitory effect of tannins on AA metabolism has been confirmed in vivo. It was reported that after 14-day oral treatment with water–methanolic Potentilla erecta rhizome extract (Potentilla erecta (L.) Raeusch., Rosaceae), which was rich in ellagitannins and contained oligomeric procyanidins, a dose-dependent reduction in the concentration of TXB2 was observed in the supernatant of stirred rat whole blood (Marcinczyk et al., 2017). In the extract from streptozotocin (STZ)-induced diabetic rats, a decreased platelet procoagulant response was observed which was reflected as reduced PS exposure in the thrombus formed on collagen fibers. However, the antiplatelet effect decreased as the dose of the extract increased, indicating the opposite tendency to that seen in normoglycemia (Marcinczyk et al., 2021a).
PGG isolated from the ethyl acetate fraction of the water–ethanolic extract from Paeonia rubra radix (Paeonia officinalis subsp. officinalis, Paeoniaceae) decreased the level of TXB2 in the serum of rats with a procoagulant state (Xie et al., 2017). However, it should be mentioned that PGG was administered intravenously, and given the influence of gut microbiota in the formation of active tannin metabolites it is unclear whether omission of the gastrointestinal tract had an impact on the effect of PGG on platelets.
3.3 Proaggregatory Effect of Tannins
Rugosin E (ellagitannin) isolated from Rosa rugosa Thunb. (Rosaceae) enhanced the aggregation of rabbit and human platelets in vitro. It augmented TXB2 production in rabbit platelets but did not decrease the cAMP level or cause the cleavage of phosphoinositides, which are constituents of cell membrane phospholipids and play an important role in downstream signaling pathways leading to platelet activation (Teng et al., 1997).
In summary, the results on the inhibition of aggregation induced by various platelet agonists suggest that tannins could exhibit antiplatelet activity through different pathways. However, experiments analyzing agonists-induced aggregation use basic methods that allow determining whether the test substance has any effect on platelets. A few studies have evaluated in detail the mechanism underlying the action of tannins on platelets using molecular biology techniques. They indicate that the antiplatelet action of tannins is also associated with their antioxidant properties. Most of the presented studies were conducted on materials collected from humans, which might suggest the potential use of tannins in humans in the future. However, considering the low bioavailability of tannins, it is hard to determine the actual effect of these compounds on platelet activity since the majority of studies were carried out in vitro using nonmetabolized tannins. Moreover, it is not known whether the platelet-activating effect of rugosin E will be sustained under in vivo conditions or its action will shift toward antiplatelet effect.
It is also worth mentioning that tannins, along with other compounds, can inhibit the activity of platelets. A study showed that the methanolic fraction of an aqueous extract obtained from Arbutus unedo L. (Ericaceae) leaves inhibited thrombin-induced aggregation of rat platelets. This inhibitory effect was enhanced (from 65 to 75%) with the use of precipitated and methanol-dissolved tannins (Mekhfi et al., 2006).
Tannins have been found to form complexes with proteins, denaturate proteins (Hagerman, 1989), and interact with lipid bilayer (Yu et al., 2011). However, there is no data describing how these interaction affect platelet activity. The interactions between tannins with proteins can be both covalent and non-covalent, and occur through hydrophobic and electrostatic interactions or hydrogen bonds (Adamczyk et al., 2017). Tannins interact with proteins through the aromatic rings of the polyphenols and hydrophobic moieties of amino acids—mainly pyrrolidine rings of proline residues, while hydrogen bonds are formed between the hydroxyl groups and the acceptor site for hydrogen in a protein (Le Bourvellec and Renard, 2012). Hydrolysable tannins electrostatically bind to calcium dependent chloride channels located on the outer leaflet of the artificial cell membrane and inhibit them (Borisova et al., 2019). It could be one of the possible mechanism of the antiplatelet activity of tannins since inhibition of chloride channels in platelet leads to membrane depolarization and hinders agonist-induced hyperpolarization and PS exposure (Harper and Poole, 2013). Proline rich proteins are prone to form complexes with tannins (Lu and Bennick, 1998). Perhaps another mechanism of antiplatelet activity of tannins may be interaction with proline-rich tyrosine kinase 2 which is responsible for signal transduction during platelet activation (Ohmori et al., 2000).
The effect of tannins on the membrane fluidity seems to be very important in the mechanism of their action. Hydrophobic PGG can increase plasma membrane fluidity by penetration to hydrophobic part of artificial lipid bilayer whereas polar procyanidin trimer cannot (Yu et al., 2011). Data on the impact of plasma membrane fluidity in platelet activity are inconsistent. On the one hand, the antiplatelet drugs like ASA or ticagrelor rise the rigid of the platelets plasma membrane (Watała and Gwoździński, 1993; Lagoutte-Renosi et al., 2021) and platelets from type 1 diabetic patients have increased fluidity of the membrane (Mazzanti et al., 1997). On the other hand, platelet membrane is less fluid in patients who have hypertension, diabetes and also smoke (Nanetti et al., 2008). Therefore the changes in the platelet membrane fluidity caused by tannins in relation to platelet activity should be considered individually.
4 TANNINS AND RED BLOOD CELLS
Red blood cells (RBC) play an important role in thrombus development. They increase the size of the thrombus, and during clot retraction, change their shape to “polyhedrocytes” making the thrombus more compact and more resistant to fibrinolysis. It has been shown that the phospholipids present on erythrocyte membrane act as catalytic surface for blood coagulation reactions in vitro. Furthermore, ADP released from erythrocytes and hemoglobin potentiate the activation of platelets (Litvinov and Weisel, 2017). In patients with type 2 diabetes, the shape of RBC is altered mainly by the reorganization of membrane phospholipids and deformation of membrane. PS translocates from the inner to the outer membrane leaflet resulting in erythrocyte death or eryptosis. An in vitro study demonstrated that oligomeric procyanidin extract obtained from Pinus massoniana Lamb. (Pinaceae) bark (9 μg/ml) improved the membrane elasticity of erythrocytes collected from patients with type 2 diabetes. The membrane of the treated erythrocytes was found more fluid and appeared smoother with a lesser degree of eryptotic changes in comparison to nontreated erythrocytes. The antioxidant mechanism of extract is liked to extensive presence of hydroxyl groups in oligomeric procyanidins (Visser et al., 2017). Due to the low bioavailability it is unlikely that intact oligomeric procyanidins would reach significant plasma concentration after oral administration.
5 TANNINS AND COAGULATION SYSTEM
The current model of coagulation, called cell-based coagulation model, implies that a complex of TF and factor VIIa (TF/VIIa) triggers blood coagulation reactions. TF is expressed on vascular smooth muscle cells, adventitial fibroblasts, many nonvascular cells, and microparticles circulating in the blood (Hoffman, 2001).
The former model of coagulation, called cascade model, divides the coagulation process into intrinsic pathway and extrinsic pathway which converge in a common pathway. Due to some clinical outcomes, this coagulation model is no longer applicable. However, the routine coagulation tests such as partial thromboplastin time (PT) and activated partial thromboplastin time (APTT) are based on the cascade model (Hoffman, 2001). APTT is affected by abnormalities in the intrinsic and common pathway of coagulation which involves changes in the levels of factors VIII, IX, XI, XII, and X and fibrinogen. This test is used to monitor unfractionated heparin therapy. PT is affected by changes in the levels of factors II, V, and VII and fibrinogen (Levy et al., 2014). Thrombin time (TT) is used to assess the time of conversion of fibrinogen to fibrin, and changes in its value indicate fibrin formation disorders and qualitative as well as quantitative fibrinogen abnormalities (Undas, 2017).
The cell-based and cascade models of coagulation eventually come down to the activation of factor X. The active form of factor X (Xa) converts prothrombin to thrombin, which subsequently transforms soluble fibrinogen into insoluble fibrin stabilizing thrombus (Hoffman, 2001).
5.1 Anticoagulant Activity of Tannins: In Vitro Studies and In Silico Studies
It was shown that bPGG (0.5 mM) isolated from a methanolic extract obtained from the whole plant of Geum japonicum Thunb. (Rosaceae) prolonged APTT, PT, and TT in rabbit plasma (Dong et al., 1998). Similarly, bPGG isolated from the ethyl acetate fraction of the water–methanolic extract from Pelargonium inquinans (L.) L’Hér. (Geraniaceae) leaves prolonged APTT and TT in human plasma. The anticoagulant effect of 1 μg of bPGG was reported to be comparable to that of 0.063 units of heparin for APTT and 2.73 units of heparin in the case of TT (Ji et al., 2005).
Ellagitannins isolated from the butanolic fraction of the methanolic extract obtained from the whole plant of G. japonicum, which included pedunculagin, tellimagrandin II, casuariin, and 5-desgalloylstachyurin (all at a concentration of 1 mM), prolonged PT, APTT, and TT in rabbit plasma. However, this effect was not as pronounced as the APTT- and TT-prolonging effect of heparin (1–500 μg/ml). Furthermore, the isolated ellagitannins reduced thrombin activity (half-maximal inhibitory concentration, IC50 0.18, 0.07, 0.28, and 0.19 µM, respectively) and Xa activity (IC50 0.56, 0.21, 0.72, and 0.28 µM, respectively). In addition, pedunculagin bound directly to the active site of thrombin in a competitive manner. Other compounds acted as mixed noncompetitive inhibitors of thrombin and inhibited fibrinogen hydrolysis catalyzed by thrombin (IC50 0.014, 0.059, and 0.026 µM, respectively) more efficiently than pedunculagin (IC50 0.15 µM, not significant). This effect was assessed using methods in which the activity of thrombin or factor Xa was measured from the absorbance of a chromogenic product resulting from thrombin-catalyzed or factor Xa-catalyzed reaction (Dong et al., 1998).
Among above mentioned ellagitannins pedunculagin was subjected to the incubation with human gut microbiota. It has been shown that dependent on the metabotype different urolithins were produced (Piwowarski et al., 2016). It means that different gut microbiota composition affect the production of metabolites responsible for biological activity. It is difficult to predict, whether pedunculagin will inhibit thrombin and Xa activities in vivo due to its low bioavailability and the possibility of formation of various metabolites.
Using a chromogenic substrate, it has been shown that the procyanidin fraction of an aqueous extract of Brownea grandiceps Jacq. (Fabaceae) flowers attenuated the activity of factor Xa (IC50 237.08 μg/ml) (Pereira et al., 2017). Procyanidin B2 was also found to act as an inhibitor of factor Xa. In silico modeling indicated that procyanidin B2 blocked the substrate-binding site of Xa. This inhibitory effect of procyanidin B2 (IC50 1.2 µM) was also confirmed using a chromogenic substrate for Xa (Bijak et al., 2014).
Based on the measurement of radioactivity, the bioavailability of [14C] procyanidin B2 in rats after oral administration was 82%. Estimation of radioactivity alone does not provide information whether the parent compound or metabolite is present in blood. Significant peaks of radioactivity were detected in blood 0.5 h and 5–6 h after oral administration. This, together with radioactivity intensity may suggest absorption of intact compound from the upper gastrointestinal tract and extensive absorption of low molecular weight metabolites and phenolic acids from colon (Stoupi et al., 2010). Therefore, it is likely that procyanidin B2 will inhibit Xa in vivo but activity of procyanidin B2 in association with its metabolites is unknown.
Although factor VII plays a crucial role in the cell-based coagulation model, the effect of tannins on its activity has not been analyzed in studies conducted so far. However, one study reported that hamamelitannin (ellagitannin) was capable of inhibiting factor VII. The active form of plasma hyaluronan-binding protein (PHBP) converts factor VII to VIIa. The PHPB autoactivates itself from the pro-PHBP form, and this process is accelerated by polyamines such as spermidine or heparin. One of the roles of heparin in the autoactivation of pro-PHBP is to determine the scaffold for the autoactivation reaction, whereas spermidine is mainly involved in intramolecular interaction within the pro-PHBP. It has been shown that hamamelitannin (IC50 0.19 µM) inhibited spermidine-enhanced autoactivation of human PHBP but did not affect heparin-enhanced autoactivation. This indicates the selective action of hamamelitannin and its ability to indirectly modify the activity of factor VII (Yamamoto et al., 2011).
5.2 Anticoagulant Activity of Tannins: In Vivo Studies
bPGG has been shown to prolong APTT, PT, and TT and decrease the concentration of fibrinogen (after seven intravenous administrations, 5 mg/kg, 24-h interval) in plasma collected from rats that had been injected with adrenaline in order to obtain blood with a high coagulation status (Xie et al., 2017). These results can be considered as prospective and to indicate the therapeutic potential of bPGG since coagulation attenuation was observed in the model with enhanced coagulation system activity.
A study on apolipoprotein E-deficient mouse (Apoe–/–) model of atherosclerosis showed that 8-week standard diet supplementation with ellagitannin-rich walnuts (Juglans regia L., Juglandaceae, 1.2 g homogenized walnuts per 5 g diet) led to a moderate reduction in prothrombin level and increase in the antioxidative capacity in plasma. TF-induced thrombin generation test performed in platelet-free plasma indicated that in the group treated with walnuts-supplemented diet the thrombin generation potential was reduced. A slight decrease in thrombin generation did not cause any change in the levels of other coagulation-related parameters such as fibrinogen and factor V. Similarly, no changes were observed in platelet-related parameters such as GPIIb/IIIa activation, platelet adhesion to collagen, PS exposure and platelet α-granule secretion after activation with ADP, convulxin or PAR4 peptide (Nergiz-Ünal et al., 2013). Urolithin A, urolithin B, urolithin C, and urolithin D were found in healthy individuals’ plasma after walnuts consumption. However, the type of produced urolithin differed between subjects (Pfundstein et al., 2014). It suggests that urolithins could display anticoagulant activity but the relationship between type of produced urolithins and observed effects is not known.
5.3 Procoagulant Activity of Tannins in Vivo Studies
Regardless of the antiplatelet effect, 14-day oral treatment (400 mg/kg) with P. erecta rhizome extract accelerated the rate of fibrin formation without any changes in PT and APTT. This effect was most likely to be associated with a slight increase in the intrinsic coagulation pathway which was not reflected by APTT (Marcinczyk et al., 2017). In STZ-induced diabetes in rats, administration of P. erecta rhizome extract accelerated fibrin formation in platelet-poor plasma (100, 200 mg/kg) and platelet-rich plasma (100 mg/kg, 200, 400 mg/kg) (Marcinczyk et al., 2021a). Ellagic acid released after the breakdown of ellagitannins forms insoluble complexes with zinc or magnesium ions. It has been shown that the complexes of ellagic acid with positive-charged ions accelerated the intrinsic coagulation pathway (Figure 1) (Bock et al., 1981).
[image: Figure 1]FIGURE 1 | Possible effects of ellagitannins metabolism and resulted dual activity towards hemostasis (Bock et al., 1981; Spigoni et al., 2016).
It seems that a small amount of ellagic acid absorbed from the intestine formed insoluble complexes in plasma which enhanced the coagulation process, but this hypothesis needs to be verified.
In summary, the effects of tannins on coagulation were primarily assessed by measuring the routine coagulation parameters APTT, PT, and TT in vitro, while some in vivo studies have also been conducted. However, the inhibition of specific coagulation factors was analyzed only by in vitro and in silico experiments and the observed effects were not confirmed in vivo.
6 TANNINS AND FIBRINOLYSIS SYSTEM
The fibrinolysis system is responsible for dissolving a blood clot and thus avoiding vessel occlusion as well as preserving the vessel patency. Plasmin, which is the key component of the fibrinolysis system, dissolves the clot by degrading the fibrin net. Plasminogen (inactive form of plasmin) binds to the fibrin net and is activated by two activators: tissue plasminogen activator (t-PA), the main activator released from endothelium, and urokinase-type plasminogen activator (u-PA). The action of these two activators is inhibited by plasminogen activator inhibitor 1 (PAI-1) which is the major inhibitor of the fibrinolysis system (Gale, 2011).
6.1 Profibrinolytic Activity of Tannins
It has been shown that corilagin (ellagitannin, 7.5–60 µM) isolated from a methanolic extract obtained from the aerial parts of Phyllanthus urinaria L. (Phyllanthaceae) increased t-PA activity and decreased PAI-1 activity in plasma collected from healthy rats and also reduced the activity of PAI-1 released from thrombin-stimulated rat platelets in vitro (Shen et al., 2003). The bioavailability of corilagin after oral administration to rats was 10.7% (Zheng et al., 2016). Metabolomic profiling analysis showed that urolithin D, gallic acid, ellagic acid are present in plasma after oral administration of corilagin to rats (Yisimayili et al., 2019).
Oral administration of the extract from P. erecta rhizome for 14 days caused an increase in the activity of t-PA (200 mg/kg) in STZ-induced diabetic rats (Marcinczyk et al., 2021a).
6.2 Antifibrinolytic Activity of Tannins
Oral treatment with the extract from P. erecta rhizome for 14 days (400 mg/kg) resulted in a decrease in the activity of t-PA but no change in the concentration and activity of PAI-1 in plasma in normoglycemic rats (Marcinczyk et al., 2017). However, in STZ-induced diabetic rats, the extract inhibited clot dissolution which was reflected as prolonged euglobulin clot lysis time (200, 400 mg/kg) (Marcinczyk et al., 2021a).
Using a chromogenic substrate, it was established that the procyanidin fraction of the aqueous extract of B. grandiceps flowers inhibited the activity of plasmin (IC50 47.80 μg/ml) and this effect was more pronounced than the inhibition of factor Xa (Pereira et al., 2017). Under in vitro condition, the studied fraction did not affect the activity of other fibrinolytic system components such as t-PA and u-PA. Brownplasmin was the main compound responsible for antifibrinolytic activity. It consists of flavan-3-ols of catechin linked with B-type bond which form heptadecamers (Pereira et al., 2017).
In summary, the effects of tannins on the fibrinolysis system have been investigated by a few studies. In addition, the number of reports describing the profibrinolytic and antifibrinolytic effects of tannins is similar. However, there are no data confirming the beneficial effect of tannins on the fibrinolytic system under pathological conditions. Therefore, it is important to investigate the activity of tannins in impaired fibrinolytic system and assess whether it is possible to achieve the beneficial effect of this compound under such conditions.
7 TANNINS AND ENDOTHELIUM
Endothelium is a monolayer of cells lining the interior of the vessel wall. It plays a vital role in maintaining hemostasis and preventing its disruption associated with the release of antithrombotic factors such as nitric oxide (NO), prostacyclin (PGI2), and t-PA and the presence of ectonucleoside triphosphate diphosphohydrolase-1 (CD39) (Zhang, 2008; Antonioli et al., 2013). Inflammation or oxidative stress changes the phenotype of endothelium from antithrombotic to prothrombotic which is manifested by impaired synthesis of NO and PGI2, impaired platelet and leukocyte adhesion, disturbed fibrinolysis, and enhanced blood coagulation (Zhang, 2008).
7.1 Increased Production of NO and PGI2
Under physiological condition, endothelial nitric oxide synthase (eNOS) catalyzes the production of NO from L-arginine (Tousoulis et al., 2012). PGI2 is produced in the endothelium by subsequent conversion of AA to prostaglandin H2 (PGH2) by COX-1 and conversion of PGH2 by prostacyclin synthase. Both NO and PGI2 are endothelium-derived substances which play a key role in maintaining hemostasis due to their potent antiplatelet and vasorelaxing properties (Mitchell et al., 2008).
bPGG isolated from P. rubra radix (5 mg/kg, i.v., once a day for 7 days) increased the plasma level of eNOS as well as the plasma level of 6-keto prostaglandin F1α (6-keto-PGF1α; a stable metabolite of PGI2) in hypercoagulant rats (Xie et al., 2017). It has also been shown that consumption of procyanidin-rich chocolate (37 g chocolate, 4 mg/g of procyanidins) for 2 days resulted in an increase in the plasma level of 6-keto-PGF1α in healthy individuals (Schramm et al., 2001).
7.2 Antioxidant Activity
Enhanced degradation of NO by ROS contributes to decreased NO bioavailability and eNOS uncoupling. Thus, reducing oxidative stress is one of the goals of endothelial-targeting antithrombotic therapy (Zhang, 2008).
The molecular mechanisms underlying the antioxidant activity of tannins have been analyzed in vitro studies. One of the main ROS sources in the cardiovascular system is reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. This enzyme catalyzes the formation of superoxide anion (O2−) by one-electron reduction of oxygen and can produce a large amount of cytotoxic O2− (Sun et al., 2016). It has been shown that three aqueous procyanidin fractions (50–1,000 ng/ml) from grape pomace, which differed in the degree of polymerization and percentage of galloylation, inhibited O2− production in human umbilical vein endothelial cells (HUVECs) both at the intracellular and extracellular level by inhibiting NADPH oxidase. The effect of these three fractions (at 1,000 ng/ml) on reducing the extracellular O2− concentration was comparable to that of superoxide dismutase (reduces O2− to H2O2, 100 U/ml), apocynin (NADPH inhibitor, 100 µM), and diphenyliodinum (DPI; NADPH inhibitor, 60 µM). In turn, the effect of the fractions (at 500 ng/ml) on reducing the intracellular O2− concentration was comparable to that of apocynin (100 µM), plumbagin (NADPH inhibitor, 5 µM), and also DPI (60 µM). Furthermore, it was determined that their inhibitory effect on NADPH oxidase and thus O2− production was independent of the effect of O2− scavenging. This result was reinforced by the fact that a higher concentration of procyanidins was required to scavenge O2− (25,000–10,000 ng/ml) than to inhibit NADPH oxidase (10–100 ng/ml) (Álvarez et al., 2012).
NO rapidly reacts with O2− and forms reactive and cytotoxic oxidant NOOO−which is implicated in the pathophysiology of cardiovascular diseases (Zou et al., 2004). It has been shown that endothelial cells exposed to 3-morpholinosydnonimine (SIN-1; a donor of NO) in the presence of procyanidins isolated from grape seeds (1–20 µM) exhibited less necrotic changes and a decreased degree of lipid peroxidation compared to those exposed to SIN-1 alone. Microscopic examination revealed that procyanidins formed a protective layer on the surface of endothelium and prevented lipid peroxidation on endothelial cell membrane, but did not prevent intracellular oxidation (Aldini et al., 2003). As mentioned, due to the high degree of polymerization, it is unlikely that the studied procyanidins would form a layer on endothelial cells in vivo after oral administration. Grape seeds procyanidins consist of dimers, trimers and polymerized oligomers of monomeric catechin units. After consumption of grape seeds procyanidins the procyanidin B1 was found in human blood (Sano et al., 2003). Furthermore, in study with rats the presence of procyanidin B1, procyanidin B2, epicatechin, and gallocatechin in plasma was confirmed after oral intake (Cheng et al., 2020). It is worth mentioning that plasma concentrations of these compounds were higher in rats with Alzheimer’s disease in comparison with healthy rats. It indicated changed pharmacokinetics of grape seeds procyanidins in pathological state (Cheng et al., 2020).
Oxidative stress plays an important role in the formation of atherosclerotic plaque. It causes low-density lipoprotein (LDL) to undergo oxidation and form oxidized LDL (ox-LDL). Endothelial damage arising from the accumulation ox-LDL triggers an inflammatory cascade which leads to adhesion, activation, and accumulation of monocytes, platelets, and smooth muscle cells (Poznyak et al., 2021). Furthermore, a study reported that ox-LDL contributes to endothelial dysfunction by increasing ROS production (Magwenzi et al., 2015). The results showed that the procyanidin fraction of a water–ethanolic extract from Croton celtidifolius Baill. (Euphorbiaceae) bark reduced ROS production in ox-LDL-stimulated HUVECs (1–10 μg/ml). This indicates that procyanidins have the potential to prevent endothelial dysfunction caused by atherosclerosis (Hort et al., 2012).
Tannins have also been shown to enhance NO production by activating ROS-dependent signaling pathways that exert a protective effect on endothelial cells. During oxidative stress, PI3k-Akt pathway is activated and promotes phosphorylation and subsequent activation of eNOS (Liang et al., 2017). It was found that 2,3-cis procyanidins (isolated from the ethyl acetate fraction of a methanolic extract from Nelia meyeri leaves, syn.: Nelia pillansii (N.E.Br.) Schwantes, Aizoaceae) and 2,3-trans procyanidins (isolated from the ethyl acetate fraction of a methanolic extract from Salix spp. Bark, Salicaceae) induced the activation of PI3k-Akt pathway by enhancing Akt phosphorylation in HUVECs (0.1–0.2 mg/ml) (Kaufeld et al., 2013; Kaufeld et al., 2014). Similarly, procyanidin C1 (50 µM) increased the release of NO in the rat artery endothelial cells and this effect was associated with the activation of PI3k-Akt pathway which was manifested by increased phosphorylation of Akt and eNOS (Byun, 2012). It is possible that increase in NO production would be observed in vivo since Procyanidin C1 is absorbed from the gastroinstestinal tract (Wang et al., 2018).
7.3 Anti-inflammatory Activity
Inflammation can contribute to the loss of antithrombotic function which is reflected by increased TF expression, abnormal functioning of the fibrinolysis system and coagulation system, and enhanced leukocyte adhesion.
7.3.1 In Vitro Studies
The anti-inflammatory activity of tannins has been demonstrated primarily in vitro inflammation models such as HUVECs treated with tumor necrosis factor (TNFα) or with lipopolysaccharide (LPS). TNFα is a proinflammatory cytokine, and an increase in its level during cardiovascular and metabolic diseases leads to endothelial dysfunction mainly through oxidative stress and intensified inflammatory response. This cytokine induces the expression of vascular cell adhesion molecule 1 (VCAM-1) and intercellular cell adhesion molecule 1 (ICAM-1), which are the markers of endothelial cell activation. The main role of these adhesion molecules is to contribute to the attachment of leukocytes to endothelium and enhance vascular permeability (Zhang, 2008). LPS, an endotoxin present in the outer membrane of Gram-negative bacteria, increases the expression of VCAM-1 and ICAM-1 and enhances the platelet–endothelium interaction, which results in the intensification of the thrombotic process (Sawa et al., 2008; Marcinczyk et al., 2021b).
It was shown that bPGG (100 µM) isolated from P. suffruticosa root cortex decreased TNFα-induced expression of VCAM-1 and ICAM-1 in HUVECs (Kang et al., 2005). Similarly, the procyanidin fraction of an acetone–water extract obtained from Ribes nigrum L. (Grossulariaceae) leaves (10, 30, and 60 μg/ml) inhibited ICAM-1 expression in TNFα-stimulated LT2 endothelial cells (Garbacki et al., 2005). In another study, tannin-rich polyphenol fractions of acetone–water extracts obtained from Rubus caesius L. and Rubus idaeus L. (Rosaceae) leaves increased ICAM-1 expression in unstimulated HUVECs (both fractions at concentrations of 2.5–15 μg/ml) and TNFα-stimulated HUVECs (both fractions at concentrations of 5–15 μg/ml) (Dudzinska et al., 2014). In HUVECs pretreated with LPS, procyanidin B2 (2 µM) decreased inflammasome NLPR3 expression, caspase 1 activation, and interleukin 1β (proinflammatory cytokine) concentration. Inflammasome NLRP3 is a multiprotein complex composed of sensor molecule, adaptor protein (AP-1), and caspase 1. Its main role is to trigger inflammatory responses including the production of proinflammatory cytokines. The expression of NLRP3 is regulated by AP-1 which is activated by ROS, LDL, and hypoxia. However, it is unclear whether the inhibition of AP-1 is caused by the inhibition of ROS production or by another mechanism involved in this effect (Yang et al., 2014).
Chronic hyperglycemia is one of the causes of inflammatory changes observed in the endothelium. Under hyperglycemic conditions, the transcription factor nuclear factor KB (NFKB) regulates the expression of ICAM-1 and VCAM-1, and protein kinase C (PKC) indirectly contributes to the increase in vascular permeability, enhancement of oxidative stress, and impairment of eNOS function (van den Oever et al., 2010). A study showed that grape seed procyanidins decreased the expression of ICAM-1 and VCAM-1, and reduced the activity of PKC (at 20 μg/ml) and NFΚB (at 20 and 40 μg/ml) in glucose-treated HUVECs. However, the procyanidins did not reverse the suppression of NO production in the studied cells (Jiang et al., 2015).
7.3.2 In Vivo Studies
It has been demonstrated that 24-week oral treatment with grape seed procyanidins (250, 500 mg/kg) reduced the expression of VCAM-1 and ICAM-1 in aortas from STZ-induced diabetic rats. Because of low bioavailability of oligomeric procyanidins and their well-absorbed gut microbiota metabolites it is possible that different compounds caused reduction of VCAM-1 and ICAM-1 expression in vitro and in vivo. Furthermore, it is worth mentioning that procyanidin treatment was started at the early stage of diabetes, which indicates the potential of grape seeds procyanidins in the prevention of vascular complications of diabetes (Jiang et al., 2015). However, it is unknown whether these procyanidins would alleviate endothelial dysfunction associated with long-term diabetes complications.
7.4 Endothelium-dependent Vasorelaxant Effect
Hemodynamic conditions are one of the factors determining platelet–vessel wall interactions and shear-stress-induced platelet activation (Sakariassen et al., 2015). Furthermore, a decrease in blood flow accelerates thrombus formation (Zakrzeska et al., 2015). The vast majority of studies on tannins have focused on the NO-dependent and endothelium-dependent vasorelaxant response ignoring the changes in hemostasis parameters. However, since NO plays an important role in maintaining hemostasis, these studies are worth mentioning. Most of the studies presented in this section concern procyanidins (Goto et al., 1996; Kim et al., 2000; Côrtes et al., 2002; DalBó et al., 2008; Magos et al., 2008; Campana et al., 2009; Matsui et al., 2009; Okudan et al., 2011; Byun, 2012; Furuuchi et al., 2012; Hort et al., 2012; Kaufeld et al., 2013; Byun et al., 2014; Kaufeld et al., 2014; Novakovic et al., 2017; Pinna et al., 2017), while a few concern gallotannins (Kang et al., 2005; Beretta et al., 2009).
It has been shown that under in vitro conditions tannins exerted vasorelaxant effect by increasing NO synthesis in healthy rats (Goto et al., 1996; Kim et al., 2000; Côrtes et al., 2002; Kang et al., 2005; DalBó et al., 2008; Campana et al., 2009; Matsui et al., 2009; Byun, 2012; Byun et al., 2014) and pigs (Kaufeld et al., 2013; Kaufeld et al., 2014). Some experiments revealed that the vasorelaxant effect of tannins involved the activation of calcium channels and potassium channels (Matsui et al., 2009; Byun, 2012; Byun et al., 2014; Kaufeld et al., 2014), but one study excluded calcium channel involvement in this effect (Kim et al., 2000). Studies have also pointed out the relationship between the antioxidant properties of tannins and their NO-dependent relaxation effect (Kaufeld et al., 2013; Kaufeld et al., 2014).
It should be emphasized that NO-dependent vasorelaxation was observed to be enhanced under pathological conditions. Improvement in NO-vasorelaxant response was demonstrated in vitro in vessels harvested from patients who had undergone artery bypass grafting (Novakovic et al., 2017), rabbits after ischemia–reperfusion injury (Beretta et al., 2009), and rats with hypertension (Magos et al., 2008; Furuuchi et al., 2012). Restoration of NO-dependent vasorelaxation was confirmed ex vivo in vessels harvested from diabetic rats (Okudan et al., 2011; Pinna et al., 2017) and mice with hypercholesterolemia (Hort et al., 2012). Similar to studies under normal condition, studies on pathological conditions indicated that the vasorelaxant effect was linked to the inhibition of oxidative stress (Beretta et al., 2009; Okudan et al., 2011), with two studies confirming the involvement of potassium channel activation in this effect (Beretta et al., 2009; Novakovic et al., 2017). Furthermore, it has been demonstrated that the vasorelaxant effect of tannins was influenced by PGI2 (Novakovic et al., 2017).
7.5 Endothelial Purinergic Pathway
CD39 and CD73 are membrane-bound ectoenzymes expressed, among others, on the surface of endothelial cells and monocytes. The enzyme CD39 catalyzes the conversion of ATP and ADP to adenosine monophosphate (AMP), whereas CD73 hydrolyzes AMP into adenosine (Ado). ADP acts as a potent platelet agonist, whereas Ado inhibits the activity of platelets (Antonioli et al., 2013).
Incubation of HUVECs with the tannin-rich polyphenol fraction of the water–acetone extract from R. nigrum leaves (2.5–15 µg GAE/ml (GAE refers to mg gallic acid equivalent per g of dry weight of extract)) caused an increase in the expression of CD39, but the studied fraction (10, 15 µg GAE/ml) reduced the activity of CD39. The decreased activity of CD39 and the role of monocyte CD39 in thrombosis attenuation in vivo could indicate that the activity of human platelets was not reduced after incubation with HUVECs that had been previously treated with the studied fraction (2.5–15 µg GAE/ml). It was also established that the fraction (2.5–15 µg) increased the phosphorylation of eNOS at serine 1177 and decreased the phosphorylation at threonine 495, which are sites responsible for the activation and inhibition of the enzyme, respectively. However, the expression of eNOS in HUVECs was found to be unchanged (Luzak et al., 2014). Similar to the polyphenol fraction of R. nigrum, the tannin-rich polyphenol fraction of the water–acetone extract from R. caesius (10, 15 μg/ml) and R. idaeus (10, 15 μg/ml) leaves increased CD39 expression in HUVECs and decreased its activity (both extracts at a concentration of 15 μg/ml) (Dudzinska et al., 2014).
In summary, the effect of tannins on endothelial cells translates into an improvement in the production of NO and PGI2. The studies cited in the section explain the molecular mechanism underlying the antioxidant and anti-inflammatory activity of tannins. In addition, the vasorelaxant effect of tannins and the related mechanism are described. It should be noted that a few of the presented studies were carried out under pathological conditions which points out the possible therapeutic benefits of tannins. However, most of them were performed in vitro and further studies are therefore needed to establish the actual activity of tannins in vivo.
8 TANNINS AND EXPERIMENTAL MODELS OF THROMBOSIS
Research on new substances that may have potential therapeutic effects on the hemostasis system primarily aimed at reducing the risk of cardiovascular events. Thus, studies performed on experimental thrombosis models are of particular value because they demonstrate the overall in vivo effect of the tested compounds on the thrombotic process which involves the activity of specific hemostasis elements. This review distinguishes two main types of thrombosis: venous thrombosis and arterial thrombosis. The section “Other models of thrombosis” describes models in which the mechanism of thrombus formation does not correspond with the pathophysiological mechanism of venous or arterial thrombosis. Furthermore, the models in which tannins were administered before thrombus induction are specified as preventive, while the models in which tannins were administered after thrombus formation are specified as therapeutic.
Table 3 lists the studies focusing on the activity of tannins in animal thrombosis models.
TABLE 3 | Effect of tannins on experimental models of thrombosis.
[image: Table 3]8.1 Venous Thrombosis
Deep vein thrombosis results from factors such as blood flow congestion, endothelial cell activation, and enhanced activation of the coagulation system. Reduced blood flow (achieved under experimental condition by venous ligation), hypoxia, or production of inflammatory mediators such as TNFα leads to the activation of endothelial cells, which is manifested by the expression of P-selectin, vWf, and TF on endothelial cells. P-selectin binds to its receptor (PSGL-1) expressed on the surface on leukocytes and contributes to the adhesion of leukocytes to endothelium and their subsequent recruitment into the growing thrombus. Increased expression of TF triggers fibrin formation and the incorporation of RBC into thrombus (Stone et al., 2017).
In a study on the rat model of deep vein thrombosis, ethanolic procyanidin extract obtained from grape seeds caused a reduction in venous thrombosis and endothelial cell activation and alleviated inflammation. Vena cava ligation was performed 14 days prior to the administration of procyanidin extract, which might indicate that procyanidins alleviated the prothrombotic shift of the endothelium as reflected by the decreased thrombus weight (Zhang et al., 2011).
In another study, grape seed procyanidins (type of extraction is not known) did not cause any change in the venous thrombus weight. Thrombosis was induced after 30 days of extract administration in healthy animals, and an increased NO concentration was observed without any change in venous thrombosis (De Curtis et al., 2003). This suggests that grape seed procyanidins could exhibit favorable effects under both normal and pathological conditions which indicate their potential preventive and therapeutic applications.
8.2 Arterial Thrombosis
In arterial thrombosis, platelets bind to subendothelial matrix at the site of vascular injury and form thrombus. Arterial thrombus is primarily composed of platelets and a minor proportion of erythrocytes. In an electrical-induced thrombosis model, electrical stimulation leads to vessel wall damage and subsequently thrombus formation (Marcinczyk et al., 2017). Using this model, a study demonstrated the thrombus-preventive properties of P. erecta rhizome extract in healthy rats (Marcinczyk et al., 2017). However, in the study on STZ-induced diabetic rats, this extract increased thrombus weight due to enhanced fibrin formation and attenuated fibrinolysis (Marcinczyk et al., 2021a). The findings of these studies indicate that the overall effect of the studied extract on thrombosis might vary depending on the pathological condition. Contrary to the P. erecta extract, corilagin injected after thrombus formation exhibited thrombolytic effect in rats which indicates its therapeutic potential (Shen et al., 2003).
The antithrombotic effect of grape seed procyanidins was demonstrated using a model of laser-induced thrombosis. In this model, Evans blue dye injected before laser irradiation absorbs the laser energy and converts it to thermal energy. Vessel damage occurs at the site of laser irradiation, and thrombus forms on the exposed subendothelial matrix (Sano et al., 2005).
8.3 Other Model of Thrombosis
The extract from P. erecta rhizome (400 mg/kg) decreased FeCl3-induced thrombosis in mice (Marcinczyk et al., 2017). However, in the study, thrombosis was induced in mesentery vein. In this thrombosis model, negative-charged erythrocytes are attached to the vessel wall by positive-charged Fe3+ ions which promote further adhesion of platelets and their activation. Coagulation reactions take place on exposed phospholipids (Ciciliano et al., 2015). The resulting parietal thrombus did not close the lumen of the vessel which allowed observing the variability in platelet activity within the thrombus and assessing the extent of irreversible platelet activation. In STZ-diabetic mice, the extract (100 mg/kg) decreased the area of laser-induced thrombus in the mesentery vein. The model used in the study was composed of platelets that did not undergo irreversible activation and reflected rapid platelet response to the vessel wall injury. Moreover, at a concentration of 400 mg/kg, the extract did not affect thrombus which indicates the different mechanisms of action of the extract in normoglycemia and diabetes. Furthermore, using this model, it was shown that the extract decreased the secretion of P-selectin (Marcinczyk et al., 2021a).
In summary, the antithrombotic effect of tannins can be attributed to platelet inhibition, endothelial function improvement, or increased activity of the fibrinolysis system. The prothrombotic effect of tannins has also been reported.
9 CONCLUSION
Plant extracts, fractions, or compounds exhibit multidirectional effects in the hemostasis system. Among the compounds of plant origin, tannins can modify the activity of platelets, coagulation, the fibrinolysis system, and endothelium. Furthermore, they display thrombosis-inhibitory effect. Although most of the studies presented in this review have demonstrated the favorable effects of tannins on hemostasis, some undesirable effects were also reported. Due to of the low bioavailability of tannins and the potent activity of their metabolites, in vitro research works, which constitute the majority of studies cited in this review, do not provide reliable information on the activity of tannins in vivo. This paper highlights the fact that the activity of tannins could vary depending on the pathological state. Considering the key role of the gut microbiota in the formation of biologically active metabolites of tannins, it can be assumed that changes in the gut microflora during pathological conditions e.g., diabetes (Ma et al., 2020) could lead to the formation of different metabolites characterized by different biological activity. Another important issue is the changed pharmacokinetics of tannins under pathological state. After absorption to the blood, urolithins undergo glucuronidation and become inactive but during inflammation they are deconjugated and become free urolithins (Piwowarski et al., 2017). Therefore, future studies should aim at comparing the bioavailability and activity of tannins under normal and pathological conditions in vivo. Figure 2 illustrates the main effects of tannins on hemostasis.
[image: Figure 2]FIGURE 2 | Main effects of tannins on hemostasis. “→” indicates activatory pathways and “˧” indicates inhibitory pathways that occur during hemostasis regulation. “+” and “–” indicate activatory and inhibitory effect of tannins on these pathways, respectively. Green color indicates favorable and red color indicates the unfavorable effect of tannins. Firstly, the picture shows the effect of tannins on particular signaling pathways in platelet which eventually also affect their shape change, PS translocation, secretion, and aggregation. Furthermore, the effect of tannins on coagulation factors and fibrin formation is shown. The influence of tannins on fibrinolysis and components that regulate this process is presented. The picture shows also tannins effect on endothelial NO and PGI2 synthesis as well as ICAM-1 and VCAM-1 expression. Numbers in circles represent specific compounds, fractions or extracts. Dotted lines indicate the processes affected by tannins. (1) PGG, (2) parameritannin A1, (3) aesculitannin B1, (4) oligomeric B-type procyanidins, (5) O-trigalloyl-beta-D-glucose, (6) isocorilagin, (7) pomegranate extract, (8) cinnamtannin 1B, (9) water–methanolic procyanidin fraction of the water–methanolic extract obtained from Medemia argun nuts, (10) cocoa procyanidins, (11) water-methanolic Potentilla erecta rhizome extract, (12) rugosin E, (13) pedunculagin, (14) tellimagrandin II, (15) casuariin, (16) 5-desgalloylstachyurin, (17) procyanidin fraction of an aqueous extract of Brownea grandiceps Jacq., (18) procyanidin B2, (19) hamamelitannin, (20) walnuts, (21) corilagin, (22) procyanidin-rich chocolate, (23) procyanidin fractions from grape pomace, (24) grape seeds procyanidin, (25) procyanidin fraction of a water–ethanolic extract from Croton celtidifolius, (26) 2,3-cis procyanidins (isolated from the ethyl acetate fraction of a methanolic extract from Nelia meyeri leaves (27) 2,3-trans procyanidins (isolated from the ethyl acetate fraction of a methanolic extract from Salix spp. Bark, (28) procyanidin C1 (29) procyanidin fraction of an acetone–water extract obtained from Ribes nigrum, (30) polyphenol fractions of acetone–water extracts obtained from Rubus caesius and Rubus idaeus.
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GLOSSARY
6-keto-PGF1α 6-keto prostaglandin F1α
AA arachidonic acid
ADP adenosine diphosphate
APTT activated partial thromboplastin time
ASA acetylsalicylic acid
CD39 ectonucleoside triphosphate diphosphohydrolase-1
COX cyclooxygenase
eNOS endothelial nitric oxide synthase
GP VI glycoprotein VI
ICAM-1 intercellular adhesion molecule 1
IL interleukin
LPS liposaccharide
NADPH nicotinamide adenine dinucleotide phosphate
NO nitric oxide
O2− superoxide anion
ONOO− peroxynitrate
PAI-1 plasminogen activator inhibitor-1
PLA2 phopsholipase A2
PGG 1,2,3,4,6-pentagalloylglucose
PGI2 prostacyclin
PI3k phosphatidylinositol 3-kinase
PLCβ phospholipase β
PS phosphatydilserine
PGs prostanglandins
PT partial thromboplastin time
ROS reactive oxygen species
SIN-1 3-morpholinosydnonimine
STZ streptozotocin
TF tissue factor
TNFα tumor necrosis factor alpha
t-PA tissue plasminogen activator
TT thrombin time
TXA2 thromboxane A2
TXB2 thromboxane B2
u-PA urokinse type plasminogen activator
VCAM-1 vascular cell adhesion molecule 1
vWF von Willebrand factor
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No changes in collagen

(6 u/miinduced

aggregation

| procoagulant platelet  STZ-induced
activity diabeic rat
| aggregation induced by Mouse

ADP (1-10 i)

1 aggregation induced by
collagen (1-4 pg/mi)
1 TXB; level Ratinjected with

adrenaline

Material

Whole blood

Pltelet-rich plasma
Washed platelets

Washed platelets

Stired washed
platelets
Washed platelets

Washed platelets

Washed platelets from
patients with type 2
diabetes

Washed platelets

Plasma protein

Washed platelets

Whole blood

Material

Washed platelets

Washed platelets

Washed platelets

Washed platelets
Invitro

Fluorometric assay

Whole blood

Whole blood

Pltelet-rich plasma

Serum
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