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Abstract

:

Venous thromboembolism (VTE) refers to deep vein thrombosis (DVT), whose consequence may be a pulmonary embolism (PE). Thrombosis is associated with significant morbidity and mortality and is the third most common cardiovascular disease after myocardial infarction and stroke. DVT is associated with the formation of a blood clot in a deep vein in the body. Thrombosis promotes slowed blood flow, hypoxia, cell activation, and the associated release of many active substances involved in blood clot formation. All thrombi which adhere to endothelium consist of fibrin, platelets, and trapped red and white blood cells. In this review, we summarise the impact of various factors affecting haemostatic disorders leading to blood clot formation. The paper discusses the causes of thrombosis, the mechanism of blood clot formation, and factors such as hypoxia, the involvement of endothelial cells (ECs), and the activation of platelets and neutrophils along with the effects of bacteria and reactive oxygen species (ROS). Mechanisms related to the action of anticoagulants affecting coagulation factors including antiplatelet drugs have also been discussed. However, many aspects related to the pathogenesis of thrombosis still need to be clarified. A review of the drugs used to treat and prevent thrombosis and natural anticoagulants that occur in the plant world and are traditionally used in Far Eastern medicine has also been carried out.
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1. Introduction


Thrombosis can occur in either veins or arteries. In the veins, it leads to DVT and a pulmonary embolism, referred to as VTE. In turn, in the arteries, it most often causes myocardial infarction, ischemic stroke, and acute limb ischemia [1]. The term DVT usually refers to a blood clot that forms in a deep vein, most often in the large veins that run through the calf muscles and eventually leads to pain and swelling in the leg. If the thrombosis is not treated, a pulmonary embolism may occur [2].



Venous thrombosis is becoming more common and is associated with our lifestyle. It can occur very quickly within an hour or over a long period with worsening symptoms. Long hours of travel, e.g., by plane or car, contribute to thrombosis. Moreover, hormonal therapy, including contraception, is also a contributing factor. Other factors conducive to the development of thrombosis can also include surgery, immobilization as a consequence of a procedure or caused by a long-term treatment, delivery, infectious diseases, pre-existing vein diseases, excessive coagulation, high haematocrit (increase blood viscosity), the use of drugs that irritate the endothelium, and varicose veins [3].



Thrombosis may also occur in pregnant and postpartum women. It affects not only people sitting motionless but may occur after intensive effort as well, and it can also occur after dehydration of the body. It also applies to patients undergoing an orthopaedic surgery. Diabetes, hypertension, but also smoking and being overweight, are additional risk factors for thrombosis [4].



Other factors favouring thrombosis are the age of the patients, a sedentary or standing lifestyle, lack of physical activity, obesity, as well as existing cardiovascular diseases such as hypercoagulability of the blood and the presence of varicose vein and recent surgery but also rheumatism, diabetes, smoking, and others [5,6]. Cases of thrombosis are also associated with intravenous drug users (IDUs) in whom 22% of DVT cases were reported. It is estimated that the number of drug users in the world ranges from 11 to 21 million including 4–47.6% of people with DVT [7].



DVT is associated with the formation of a blood clot in a deep vein in the body. However, blood clots can occur most often in the large veins of the calf and thigh muscles. Depending on the size, a blood clot that forms in a vein can narrow the vessel or close it completely. The consequence is the appearance of pain and swelling in the leg, as well as of serious complications such as a pulmonary embolism when a blood clot travels to the lungs leading to the inhibition of blood flow [5].



The clots can also break away and be transferred from the flowing blood to the cerebral vessels leading to an ischemic stroke. Therefore, it is very important to quickly diagnose DVT and immediately start its treatment [2]. Essential in the formation of thrombosis are endothelial cells (ECs), which provide many haemostatic regulatory molecules. The normal endothelium has anticoagulant and antithrombotic properties. Damage to the vessel causes adhesion of the platelets with the participation of the von Willebrand factor (vWF) secreted by the cells. ECs also produce tissue plasminogen activator (t-PA), its inhibitor, and an inhibitor of the tissue factor (TF) pathway. The endothelial surface is additionally the site of thrombin inactivation by antithrombin (AT) and conversion of prothrombotic thrombin by thrombomodulin into anticoagulant protein. In addition, thrombomodulin cooperates with protein C, and the thrombin-activated fibrinolysis inhibitor maintains the endothelial microenvironment in an anti-inflammatory and anticoagulant state [8,9]. Additionally, platelet activation performs a pivotal role in both infection-induced thrombosis and the immune response against pathogens.



Common symptoms of venous thrombosis include swelling, red and tense skin, sometimes a bluish tinge, and an increase in temperature in the extremity. Other symptoms are pain in the foot, calf, and lower knee, which disappears when the limb is lifted. However, one of the dangers of this serious disease is that in many cases it develops asymptomatically, and the patient is unaware of thrombosis. This is the case when the clot is attached to the wall of the vessel and does not completely close the vessel lumen, and some of the flowing blood is taken over by the surrounding smaller vessels. In addition, the blood clot may shrink, which results in an increased blood flow. In the best situation, the blood clot dissolves, and the vessel is restored. Unfortunately, endogenous protective and repair mechanisms are not always sufficient, and the formation of blood clots often leads to complications.



This review describes the causes of vein thrombosis and the basic mechanism of clot formation regarding the intrinsic and extrinsic pathways. Then, we discuss the influence of platelets, endothelial cells, and microorganisms on the development of thrombosis. In the next chapter, we show the role of hypoxic conditions in endothelial dysfunction (ED) by different factors including ROS. The paper reviews available drugs commonly used to fight venous thrombosis. We discuss various treatment strategies used in thrombosis including FX inhibitors, thrombin, antiplatelet therapy (GP IIb/IIIa, GP VI, GP Ib, and other inhibitors), and emerging drugs such as PAR-1 and PAR-4 antagonists and protein disulphide-isomerase (PDI) and phosphatidylinositol 3 kinase β (PI3Kβ) inhibitors. In addition, we describe other natural compounds that have been shown to potentially reduce thrombosis. We present natural anticoagulants from the plant world and traditionally used in Far Eastern medicine.




2. The Basic Mechanism of Blood Clotting


This section presents blood coagulation pathways and the participation of various coagulation factors in haemostasis. Discussing this topic is important as the rest of the work will present drug-inhibitors of pathways and coagulation factors in thrombosis. Blood clotting is a natural physiological process that prevents blood loss in the case of a damaged vessel. The blood clotting process is one of the body’s defences when the continuity of the vascular bed is interrupted. The basis of the blood coagulation process is the formation of a clot from fibrin with the participation of thrombin [10].



Thrombin, an important molecule in the clotting process, cleaves fibrinogen, transforming it into fibrin, which is the main component of the clot. In a further stage, fibrin is cross-linked with the active FXIII to a form resistant to the action of fibrin-degrading enzymes (Figure 1) [11].



The external mechanisms are associated with TF, initiated by tissues or monocytes. TF is an integral type I membrane protein (glycoprotein). A fragment of this glycoprotein is exposed on the membrane surface and binds with very high affinity to FVII. Complex TF-FVII is rapidly converted by limited proteolysis to the activated form of FVII [12]. The internal mechanism occurs due to the action of FXII with the surface having a negative charge. Both mechanisms lead to the activation of the enzymatic transformation cascade FX. The spatial network of a clot is stabilised by transglutaminase, FXIII. In addition, damage to the vessel leads to the discovery of the subendothelial layer, to which the platelets of blood immediately adhere that, as a result of activation, form a clot, inhibiting bleeding from a damaged arteriole, small vein or capillaries. The formation of the clot is caused by the presence of adhesive proteins that participate in the bonding of the tiles between them. The most important protein involved in this process is the platelet integrin αIIbβ3 also called the glycoprotein (GP) IIb/IIIa receptor. In the blood coagulation cascade, other factors such as FVII, FIX, FX, FXI, FXII and activated forms are also involved: FVa, FVIIa, FVIIIa, FIXa, Fxa, FXIa, FXIIa, FXIIIa, and PolyP [13]. Briefly, the process of blood clotting under conditions of haemostasis has been described, taking into consideration the internal and external pathways and coagulation factors.




3. Causes of Vein Thrombosis


Already more than 100 years ago, Rudolf Virchow stressed that the cause of thrombosis is the damage to the sinus, endothelial damage, coagulation disorders that lead to an increase in blood viscosity and slow its flow. Arterial thrombosis occurs under conditions of severe shear and is associated with platelets. In contrast, venous thrombosis occurs with low shear flow and mainly around the intact endothelial wall. Arterial thrombosis is associated with the formation of platelet-rich clots in the arteries as a result of atherosclerotic plaque rupture. The detachment of the thrombus can lead to a heart attack, stroke, transient ischaemic attack and limb and intestinal ischemia. On the other hand, thrombosis is related to the formation of clots in the veins of blood cells, low in platelets but rich in fibrin and plasma clotting factors. In thrombosis under hypoxic conditions, a thrombus forms, which causes increased blood clotting activity. Unlike arterial thrombosis, thrombosis causes ischemia at the site of origin. Thrombosis is promoted by the presence of cancer, especially lung and pancreatic cancers, which is associated with disturbances in homeostasis and the clotting process [14].



Blood flow in deep veins is very slow and, hence, the most common thrombosis occurs in these vessels, where the main mechanism forcing blood flow is the spasm of the shins. However, this mechanism stops working when the muscles do not shrink for a long time. Such a phenomenon occurs most often after surgery, in diseases leading to being bedridden, and in people with lower-limb paralysis. The frequency of complications is higher in patients undergoing an orthopaedic surgery than in others; this applies to, for example, a hip fracture. DVT in operated people is initiated by several of factors, such as the release of TF in the operative field, the release and absorption of thrombin from the surgical wound, and imbalance in the fibrinolytic system [15]. Besides, intravenous administration of general anaesthetics leads to a decrease in blood flow. In turn, medications from the curare or succinylcholine group that cause immediate muscle relaxation, reduce the effect of the muscle on the venous vessels and lead to a slowdown in blood flow to a minimum [16].



In most patients, sepsis also leads to the activation of the coagulation system and, consequently, thrombosis. Inflammation in the vein wall initiates the formation of a thrombus in a normal vessel. The first stage of clot formation is the activation of ECs, platelets, and leukocytes associated with the induction of inflammation and the release of microparticles that trigger the coagulation system by induction of the TF [17,18]. The thrombus is formed when platelets and leukocytes adhere to the vessel wall, and it is further promoted by inflammation and tissue factor as well as proinflammatory cytokines that activate coagulation. Leukocyte adhesion occurs when P-selectin glycoprotein ligand-1 (PSGL-1) present on the surface binds P-selectin expressed on activated endothelial cells. When P-selectin is also exposed to the surface of blood platelets, it binds to leukocytes leading to inflammation. Furthermore, exposure of P-selectin to the surface of platelets leads to rapid exposure of TF in the blood through monocytes contributing to intravascular coagulation [19].



Thrombosis is not always associated with the occurrence of complications. Occasionally, the thrombus is partially or completely dissolved in the vessel. Sometimes this process may last longer before it is completely dissolved, displaying practically no symptoms. During this period, part of the function related to the blood flow will be taken over by the smaller vessels. DVT has typical signs and symptoms, including pain, swelling, heat, redness or discoloration, and distention of surface veins. However, about half of people with this disease have no symptoms [20]. The presence of a clot can be diagnosed with an X-ray or less invasive methods such as conventional contrast venography, ultrasound, computed tomography (CT), or magnetic resonance imaging (MRI) scans [5].



Thrombosis risk factors are summarized and the mechanism of thrombus formation and the symptoms accompanying this process are described.



3.1. Hypoxia and Thrombus Formation


It is believed that hypoxia is the main cause of the development of mechanisms that lead to thrombosis. Hypoxia regulates endothelial pro- and anticoagulant properties. Its function is also to regulate the expression of P-selectin on the endothelium. This process leads to the recruitment of leukocytes or leukocyte microparticles containing TF, which can be an impulse to initiate a thrombotic response [21]. It has recently been shown that hypoxia of the whole body causes venous thrombosis [22,23]. It was reported that 73% of mice developed a thrombus after one-hour stenosis of the inferior vena cava (IVC) [22].



As shown in the mouse models, the size of the thrombus reaches a maximum after 1–2 days, followed by the process of its fragmentation, which depends on the composition, the participation of leukocytes, cytokines, metalloproteinases, and T lymphocytes in it. Clot formation may be related to flow stagnation. The result of stagnation is hypoxia, which develops in the pockets of the venous valves [24]. Such a situation may be caused by a drop in blood pressure and insufficient efficiency of the muscle pump of the calf. In about 50% of patients in whom venous thrombosis occurs, it is impossible to determine the underlying causes. Such cases of VTE are defined as spontaneous or idiopathic. The cause of stagnation in the flow may also be a sitting position during long-haul flights or mountain climbing. In addition, blood stasis is positively correlated with age [25]. Reduced blood flow leads to local hypoxia of the veins. It is known that low oxygen pressure may be harmful to tissues [26].



Hypoxia has been shown to initiate exocytosis and the release of vWF and P-selectin, supporting neutrophil binding [27]. Low oxygen pressure leads to the expression of intercellular adhesion molecule (ICAM-1) and vascular cell adhesion molecule (VCAM-1), but also the expression of angiotensin-converting enzyme (ACE); metalloproteinases; and the activation of leukocytes, mast cells, and ECs in the venous wall, as well as the release of inflammatory mediators (Figure 2) [28]. The increase in the expression of adhesion molecules induced by proinflammatory cytokines such as tumour necrosis factor alfa (TNF-α), interleukin-1 (IL-1), and IL-6, interferon gamma (IFN-γ) leads to the proliferation of smooth muscle cells, which accumulate in the place of the damaged vessel causing an increase in the thickness of its wall. In this condition, recruit leukocytes and platelets lead to thrombosis. Moreover, Gupta et al. [23] showed on the model of venous thrombosis that hypoxia initiates the formation of thromboembolic systems. The same group of researchers reported that a marked, increased expression of inflammasome is a component of the innate immune system (NLRP3), caspase-1, and IL-1β in patients with clinically established venous thrombosis. It has been proved that the activation of this complex is an early response to low oxygen pressure and is regulated by hypoxia-inducible factor-1 alfa (HIF-1α). It was shown that activated macrophages lead to endothelial dysfunction (ED) in hypoxia. Under hypoxic conditions, macrophages release HIF-1α, HIF-2α, which leads to an increase in induced nitric oxide synthase (iNOS), endothelin converting enzyme (ECE-1), and cyclooxygenase 2 (COX-2) and a simultaneous decrease in prostacyclin synthase (SBSI) (Figure 2) [29].



Additionally, hypoxia promotes inflammation. The accumulation of inflammatory cells in many organs, vascular leakage, an increase in the level of serum cytokines, and leukocyte activation have been demonstrated in mice exposed to low oxygen pressure [30,31,32]. The authors also provide evidence that HIF-1 may be involved in bacterial infections. It was shown that bacterial lipopolysaccharide (LPS) initiated the increase in HIF-1α transcription [33]. This problem is of particular importance because ischemia of organ transplants increases the risk of inflammation and failure of the transplanted organs or rejection of the transplant. Hypoxia leads to the migration of HIF-1α and the HIF-1β subunit into the cell nucleus where, after binding to the hormone response element (HRE), they induce transcription of many genes, including nuclear factor kappa B (NF-κB) and toll-like receptor (TLR), and deoxyribonucleic acid (DNA) damage. It was noticed that TLR4 contributes to the inflammation in the transplanted organ and its damage. Affecting the TLR4 signalling may be important in the prevention or treatment of acute renal transplant injury [34,35]. In turn, NF-κB and its family regulate inflammation and affect immune responses and control tissue homeostasis [36].



Hypoxia stimulates the production of ROS, which may initiate the activation of the ECs, leading to the expression of adhesion receptors and the recruitment and extravasation of leukocytes [34,37]. Moreover, the action of ROS leads to the formation of an immune complex, complement and neutrophil activation, and secondary production of oxygen free radicals and other reactive compounds. Activation of the complement system causes its deposition on the wall of the vessel, initiating the inflammation progression [38,39]. Hypoxia leads to oxidative stress in the cells, which is the cause of inhibition of the iron-sulphur (Rieske) protein in complex III of electron transport chain (ETC) by damaged cytochrome. Under this condition, ubiquinol is oxidised to ubisemiquinone, which enhances the oxidative stress [40]. In physiological conditions (normoxia), the cytochrome oxidase present in complex IV of ETC reduces oxygen to water but under hypoxia conditions, it produces nitrous oxide from nitrite [41].



Cytochrome c oxidase of the mitochondrial respiratory chain is one way of inactivating nitric oxide (NO•) in cells under hypoxic conditions [42]. Additionally, in hypoxia and inflammation, superoxide (O2•−) and hydrogen peroxide (H2O2) can be generated with xanthine oxidase [43]. In hypoxic conditions, NO• synthesis can be catalysed in the blood by haemoglobin (Hb), while in the tissues by xanthine oxidase, neuroglobin, myoglobin, and cytoglobin [44]. At low oxygen pressure, a strong peroxynitrite (ONOO−) oxidant can be produced instead of superoxide in the reaction of NO• with O2•− [40]. The influence of hypoxia on the release of various active substances leading to the formation of a vascular clot is shown.




3.2. Role of Patogens and Oxidtive Stress


ROS production is the response of the host’s innate immunity to microbial invasion. Oxygen free radicals are an effective weapon against pathogens that prevent tissue colonisation by microorganisms [45]. Generation of ROS can be stimulated by “danger signal molecules” such as extracellular adenosine triphosphate (eATP) released by cells infected or near death. Production of ROS in host cells via the eATP-P2X7 receptor has been shown to be an important modulator for controlling chronic infection and inflammation. This mechanism can explain the persistence of microbes through regulation of ROS signalling under physiological conditions [46].



Bacteria are involved in vascular thrombosis and their strategy is related to the release of various toxins, enzymes and other substances. For example, superantigens (type I toxins) produced by Staphylococcus aureus and Streptococcus pyogenes damage host cells. Haemolysins and phospholipases (type II toxins) destroy cell membranes. In contrast, type III toxins, also known as A/B toxins, interfere with host cell defence systems to allow dissemination in organs [47]. Streptococcal haemolysins, streptolysins, lead to complete lysis of red blood cells (RBCs). There are two streptolysins: streptolysin O (SLO) and streptolysin S (SLS). SLO exotoxin secreted by group A streptococci and Streptococcus dysgalactiae is sensitive to oxygen. Group A streptococci and Streptococcus dysgalactiae interact with membrane of red and white blood cells but also macrophages, and platelets. SLS, in turn, is also released by group A streptococci, but is resistant to oxygen. SLS also affects immune cells, including polymorphonuclear leukocytes and lymphocytes. In addition, SLS is thought to prevent the regeneration of the host’s immune system [48]. Shigatoxigenic Escherichia coli (STEC) produces Shiga toxin, but the pathogenic mechanism of this bacterium is also associated with the release of enterohaemolysin. This toxin causes cell lysis by a mechanism similar to that of a detergent action [49,50].



In turn, bacterium Staphylococcus aureus produces a cytolytic toxin that leads to the release of oxyhaemoglobin (oxyHb). The breakdown of oxyHb leads to the secretion of haem, which bacteria use as a source of iron for their growth. In the host organism both haemoglobin molecule and released haem exhibit bactericidal activity by catalysing the reaction with the production of ROS. Additionally, oxyhaemoglobin as a result of autoxidation turns into methaemoglobin (metHb) with superoxide generation. In turn, MetHb exhibits pseudoperoxidase activity capable of catalysing the production of O2•-, which is a precursor to other ROS [51,52,53].



On the other hand, release of ROS is bactericidal, but it is also associated with damage to the host’s tissues. However, the presence of glycoproteins such as haptoglobin (Hp), hemopexin (Hx) and apoplipoprotein A-I (apoAI) binding oxyHb inhibits oxidative stress [53]. Haemolysis, as a consequence of bacterial infection, releases oxyHb, which promotes proinflammatory and thrombotic reactions. The presence of free oxyHb in plasma leads to a disruption of homeostasis. In response to free oxyHb, TF, the initiator of blood coagulation by macrophages, is expressed. However, the binding of oxyHb to TF leads to the weakening of oxyHb’s pro-oxidative properties [54]. Bacteria release many toxins, which can lead to vein thrombosis.



In addition to bacteria, also viruses are involved in thrombosis. For example, the influenza A virus (IAV) that infects the respiratory tract of humans leads to uncontrolled thrombosis, disseminated intravascular coagulation, and formation of pulmonary microembolisms with consequent haemorrhage and pulmonary oedema [55]. However, over-activation of the clotting system can cause lung damages and cardiovascular disease. For example, IAV infections lead to an increased risk of deep vein thrombosis and pulmonary embolism, acute coronary syndromes, and acute myocardial infarction [56]. In turn, influenza A virus subtype H1N1 increases the expression of genes promoting haemostasis, increasing platelet aggregation and platelet signature genes related to acute myocardial infarction (AMI) [57]. Dramatically increased PE associated with abnormal coagulation profile has been observed in patients with COVID-19. These patients had a significantly higher inflammatory syndrome, a more distal thrombosis process involving the deep vein system of the shin, and a higher disease severity score on computed tomography SARSCoV-2. The authors hypothesized that COVID-19 patients may have local pulmonary thrombosis rather than an embolism [58].





4. Regulation of Cells Activation in Development of VTE


4.1. Platelets Activation


A blood platelet is sensitive to factors from the surrounding environment via a contact with receptors present on its surface and takes part in the interactions of the platelets between each other and with other cells. Activation of platelets by inflammatory signals or infection results in P-selectin exposure and expression of cluster of differentiation-154 (CD-154) and CD-40 and leads to interactions with blood cells such as neutrophils, eosinophils, T-cells, B-cells, and ECs. Interactions with ECs lead to the expression of E-selectin and release of ICAM-1 and VCAM-1 adhesion molecules and to leukocyte recruitment [59]. Moreover, activation of platelet leads to exposure of glycoprotein (GP) IIb/IIIa, which is a receptor for fibrinogen. In turn, the GP Ib-IX-V complex is involved in the binding of platelet to the damaged epithelium via vWF. In contrast, GPs from the protease-activated receptor (PAR) family participate in platelet stimulation by thrombin. Other receptors associated with platelet activation include the thromboxane A2 (TXA2) receptor and platelet activating factor (PAF) receptor and the platelet C-type lectin-like receptor (CLEC-2). In homeostasis, GP Ia/IIa and GP VI also have a crucial role, being involved in the platelet response to collagen [60].



Activated platelets (PLa) release a number of active substances from the α and β granules, which additionally intensify their activation. The platelets also liberate serotonin, which causes narrowing of the blood vessels in the wound [13]. In addition, stimulated platelets release other adhesive GPs from granules such as fibrinogen; thrombospondin; vWF; coagulation factors: FV, FXI, FXIII, protein S; mitogenic factors: platelet-derived growth factor (PDGF), transforming growth factor beta (TGF-β), epidermal growth factor (EGF); angiogenic factors: vascular endothelial growth factor (VEGF), PF4 inhibitor; chemokines: chemokine CXC ligand (CXCL7), CXCL4, CHCL1, CXCL5, CCL5 (RANTES), CCL3 and cytokines: IL-1β, TGF-β, fibrinolysis inhibitors, plasminogen activator inhibitor-1 (PAI-I) [61].



Numerous experimental and clinical studies confirm the key role of ROS in the mechanism of platelet stimulation. There are many activation pathways, one of which is an increased isoprostane formation. The main source of superoxide and other ROS is NADPH oxidase 2 (NOX2) [62]. One source is the arachidonic acid (AA) metabolism and associated lipoxygenase (LOX) expression, the other is NADPH oxidase (NOX) [63]. ROS form within PLa and regulate their responses to collagen-mediated thrombus formation [64].



It was shown that a platelet can be strongly stimulated by advanced glycation end products (AGEs) that result from the non-enzymatic reaction of amino acids with sugars in pathological conditions such as diabetes and/or uraemia, but also during aging, which lead to expression of CD62 and CD63. In addition, AGEs induce the expression of blood TF. It was shown that high TF expression on monocytes and vascular endothelium regulates the inflammatory response. The adhesion of PLa to leukocytes has a key role in thrombus formation [65].



Additionally, inflammation initiated by pathogens also leads to the activation of blood platelets, if accompanied by damage to the endothelium, then fibrin builds up and a clot forms [66]. Bacteria can also release substances that activate platelets. One of them is gingipain, an enzyme released by Porphyromonas gingivalis, which activates the thrombin receptor on platelets [67]. In turn, STEC strains Escherichia coli releases and the Shiga toxin activates platelets through platelet glycosphingolipid [68].



In veins and larger arteries, the flow is fast enough that the blood behaves like a Newtonian fluid, and the shear stress generated is proportional to the shear rate [69]. In the formation of thrombosis, an important role is held by shear forces induced by blood flow, because they contribute to the excessive activation of platelets, their aggregation leading to the formation of a clot. Studies have shown that in clogged blood vessels, shear forces can be up to two orders of magnitude higher than in healthy vessels [70]. Additionally, shear stress leads to activation and alterations in vWF structure. High shear stress and associated platelet activation is responsible for venous and arterial thrombosis. At low shear stress, the main role is held by fibrinogen, while at high shear stress, the adhesion and aggregation of platelets is determined by vWF, but not fibrinogen [71]. Higher level of vWF is a risk factor in acute coronary syndromes, and patients with vWF deficiency show resistance to thrombosis [72,73]. In in vivo studies, a significant increase in vWF levels occurred below the site of coronary occlusion and endothelial damage, which led to increased platelet reactivity to high shear stress. In vitro tests have revealed markedly increased platelet activity by doubling the vWF concentration, which indicates a link between vWF concentration and platelet reactivity [74].



Platelet hyperactivity promotes the pathogenesis of cardiovascular disease and may be affected by elevated levels of circulating growth factors, which include insulin-like growth factor-1 (IGF-1). Although IGF-1 cannot initiate platelet activation, in combination with physiological stimuli, it can intensify this process through a phosphoinositide 3 dependent mechanism [75]. During sluggish blood flow, the levels of coagulation factors and thrombin are locally very high, which promotes platelet adhesion and aggregation and, consequently, leads to the formation of a blood clot [76,77].



Both infection and inflammation can directly or indirectly activate platelets through different receptors, triggering aggregation and thrombi formation within the vasculature. However, many reviews based on current literature summarize the impact of potential risk factors related to the involvement of platelets in the pathogenesis of VTE, as well as in predicting the risk of VTE events [78]. Several platelet protein polymorphisms have been found to be associated with VTE and are considered hereditary risk factors. These include polymorphisms of glycoproteins GPIa/IIa, GPIIb/IIIa and GPVI as well as the Janus kinase 2 (JAK-2) mutation. Additional risk factors may be expression markers such as tissue factor containing microparticles and P-selectin, which is a platelet activation marker, enhances microparticle production, tissue factor expression, and platelet aggregation. Additional factors of thrombosis and recurrent VTE in antiphospholipid syndrome (APS) are the increased mean platelets volume (MPV) and their increased number [79].



Various mechanisms of platelet activation, release of ROS by these cells as well as the involvement of platelets and vWF in clot formation have been described.




4.2. Endothelial Cells Activation


Endothelial cells have a key role in homeostasis by having a direct contact between the blood and the vessel wall. They are involved in various functions such as regulation of blood flow, vascular permeability, recruitment of inflammatory cells, thrombosis, and angiogenesis. These cells secrete molecules that act on smooth muscle cells associated with vascular tone regulation and leukocytes that regulate inflammation state. ECs release prostacycline (PGI) and NO•, both substances that inhibit platelet adhesion and vasodilators (Figure 3) [8,80].



The classic factors leading to endothelium dysfunction include dyslipidaemia, smoking, hypertension diabetes mellitus, and aging. Other factors are infection inflammation, physical inactivity, high level of homocysteine, post prandial state, and obesity [80]. Excessive generation of ROS in the vascular wall is a common feature of many cardiovascular diseases (Figure 3). It was shown that EC-derived ROS have a key role in aortic wall susceptibility to dissection [81].



Endothelial dysfunction occurs in both varicose veins and DVT [82]. It has been shown that ECs can be damaged by the endotoxin part of outer membrane of Gram-negative bacteria in bacterial pathogenesis and endotoxic shock (Figure 4) [83]. Activation of ECs is associated with increased expression of cellular adhesion molecules VCAM-1 and ICAM-1, which causes ED and promotes monocyte adhesion [84]. This process can be triggered by ischemia, catecholamines, angiotensin II, cytokines (IL-1, IL-6, TNF-α, TGF-β), and endotoxins (Figure 4). The presence of adhesive molecules leads to increased interaction between inflammatory cells and the endothelium and their migration into the endothelial space [37,85,86].



Stimulation of ECs leads to the release of microparticles of endothelial cells (EMP). Their presence in plasma has been found in many immuno-inflammatory diseases such as atherosclerosis, sepsis, and others [87]. Other agents released by endothelium include PAF, vWF, thrombomodulin, TF, t-PA, ectonucleotidases, and type I PAF [8].



Inflammatory mediators promote the adherence of neutrophils to the endothelium and their activation. Activated neutrophils, being inflammatory cells, as a result of respiratory burst release large amounts of ROS such as superoxide, H2O2, hydroxyl radical (HO•), nitric oxide, and hypochlorous acid (HClO) (Figure 5). ROS produced during inflammation lead to oxidative stress but are also used to remove pathogens [88]. In addition, ED leads to increased production of O2•- and H2O2 catalysed by xanthine oxidase, which is accompanied by an increase in the synthesis of peroxynitrite, the factor responsible for damaging the biological material [43]. Activation of endothelial cells releases many active substances that may be involved in clot formation.





5. ROS and Oxidative Stress


The release of lower ROS levels by host cells is associated with their physiological function in regulating processes such as haemostasis, apoptosis, immune response, and microbial colonisation [46]. ROS are produced of numerous enzymatic reactions in various cell compartments, including the cytoplasm, cell membrane, endoplasmic reticulum, mitochondria, and reactions peroxisome as intra- and intercellular signalling molecules. The precursor of ROS is the superoxide anion radical (O2•−), which is formed as a result of a one-electron reduction of molecular oxygen. Superoxide anion radical is formed by the enzymatic process, autooxidation reaction, and by nonenzymatic electron transfer reactions in which an electron is transferred to molecular oxygen [89]. Superoxide is mostly produced within the mitochondria in electron transport chain during electron leakage. There are 11 sites in the respiratory chain in mammalian mitochondria where superoxide and/or hydrogen peroxide is formed [90]. Other enzymes that can produce superoxide are lipoxygenase, cyclooxygenase [91]. Superoxide can exist in two forms such as O2•− or hydroperoxyl radical (HO2•) at low pH [92]. Its reactivity with the biomolecules is low while the reactivity of hydroperoxyl radical is much higher. Hydroperoxyl radical can penetrate the phospholipid bilayer easier than the charged form (O2•−). Polymorphonuclear leukocytes (PMNs), monocytes, and macrophages perform an important role in the innate immune response to pathogens. They can produce and release ROS in significant amounts [93]. One of the main sources of peroxide in phagocytic cells is membrane NAD(P)H oxidase [94]. Spontaneous or enzymatic dismutation of superoxide leads to hydrogen peroxide. Hydrogen peroxide can diffuse through the mitochondrial membranes into the cytoplasm [95]. The superoxide produced during phagocytosis is transformed into other ROS, which are directed to the absorbed material in the phagolysosome. Depending on the way used to activate the NAD(P)H oxidase, the production of superoxide can also target the extracellular environment [96]. ROS perform a physiological role as signalling molecules; however, their increased production and/or failure of antioxidative systems may lead to oxidative stress, which is associated with damage/modification of life-important molecules such as DNA, proteins, and lipids. It has recently been shown that certain molecules produced during the blood clotting process can stimulate PMNs to produce ROS. Released ROS by PMNs can damage the endothelium and affect the coagulation process [97].



The release of high ROS levels due to acute infection or inflammation may lead to oxidative damage to the host’s biological material. ROS have a crucial role in vascular function. Redox balance is important in cell signalling and haemostasis. However, perturbation of redox state leads to ROS interaction with important vital macromolecules such as proteins, enzymes, nucleic acids that can lead to vascular pathology [98,99]. ROS are associated with the pathogenesis of many diseases, including cardiovascular diseases such as hypertension, ischemic heart disease, ischemia-reperfusion injury, and other vascular diseases including thrombosis. ROS may also lead to other pathological conditions, such as pulmonary fibrosis and vascular retinopathy [37,100].



In pathological conditions, there is a continuous recruitment of inflammatory cells that release ROS [101]. This process is observed, for example, in atherosclerosis and a long-term venous disease. Excessive ROS formation and/or a decrease of antioxidant potential leads to changes in the vessel wall [102]. Eukaryotic cells have numerous organelles in which ROS can be produced. The largest amounts of ROS are released in the ETC in the mitochondria [103].



In the vascular system, ROS are generated mainly by NOX but also uncoupled NOS, xanthine oxidase, COX, and myeloperoxidase (MPO). NOX occurs in the isoforms NOX1, NOX2, NOX4, and NOX5. It was shown that the expression of isoforms 1, 2, 4 is the cause of cardiovascular diseases [100,104,105]. NOX4 participates in the production of oxygen active compounds through internal mitochondrial channels, including ATP-dependent potassium channels and mitochondrial permeability transition pore (mPTP) through which ROS can flow from the mitochondria to the cytosol [106,107]. NOX4 induced by TGF-β lead to ROS production, inhibition of mitogen-activated protein kinases (MAPK), MKP-1, and activation of RhoA [108]. NOX4 expression leads to DNA damage by H2O2, which was also shown diffused through nuclei membrane [109]. NOX can be enhanced by exogenous factors such as ultraviolet (UV) radiation, smoking, high calorie diets, and diabetes [100]. All these enzymes are complexes present in the membrane and are expressed in vascular tissue only to produce ROS. For example, NOX2 and NOX4 produce ROS in cardiomyocytes and fibroblasts, while NOX1, NOX4, and NOX5 do so in vascular smooth muscle cells (VSMCs) [108]. Other sources of ROS include peroxisomes, endoplasmic reticulum, and lysosomes, where they are produced by NOX, xanthine oxidases, cytochrome P450 (CYP), etc. [110].



However, large amounts of ROS are released by neutrophils during respiratory burst in response to infection because they have a crucial role in host defence and inflammation (Figure 5). Neutrophils participate in the immune responses associated with bacterial invasion, and they also produce nitric oxide, which is synthesised by neutrophilic inducible nitric oxide synthase. In addition to various physiological functions, their participation is associated with pathology [111]. Neutrophils may participate in numerous pathologies such as glomerulonephritis, diabetes, stroke, septic shock, whooping cough, sepsis, encephalitis, and ulcerative colitis. NO• has been shown to mediate neutrophil extracellular traps (NETs) formation at the site of inflammation/infection by increasing ROS production. Activated neutrophils can form NETs, which include proteins, histones, chromatin, and DNA [90]. In turn, NETs increase coagulation by stimulating platelet aggregation, erythrocyte mobilization, and fibrin accumulation as well as endothelial activation and damage [112,113]. NO• is also a mediator of neutrophil response in a neurodegenerative disease (Parkinson’s disease, schizophrenia, depression) and cardiovascular diseases, thrombosis, and hypertension [111,114]. Higher iNOS activity in neutrophils was observed in patients with congestive heart failure that positively correlated with elevated levels of IL-6 and noradrenaline in circulation [115].



The mechanism of bacteria removal by ROS is associated with an attack on membranes, but also with their penetration into the interior of bacteria, where they can damage nucleic acids, proteins, and enzymes [116]. However, NOX function is crucial for the formation of NETs [117]. NETs formation is also induced by proteases, which can be activated by ROS. Neutrophils can generate more ROS by responding to AGEs through the NOX complex [118,119]. Additionally, superoxide may be also released in mitochondria by NAD(P)H-oxidase, cytochrome c peroxidase or xanthine oxidase (Figure 5). Myeloperoxidase located in neutrophil granules can, with the participation of H2O2, oxidise chlorides to HClO, which is a strong oxidising agent and bacteria killing agent. MPO can also directly convert superoxide to singlet oxygen (1O2). Singlet oxygen can also be produced in a reaction of hypochlorite with hydrogen peroxide. However, the released H2O2 can be reduced in the presence of iron II to the HO• (Fenton reaction). In addition, both ROS stimulate the production of proinflammatory cytokines as TNF-α and macrophage inflammatory protein 2 (MIP-2) [116,117,120].



Another important source of ROS in platelets are NOX occurring in various cell types, including ECs and other vascular cells. NOX expression can be triggered by hypoxia and endogenous factors, such as pro-inflammatory molecules, growth factors, PDGF, and hormones: angiotensin II and insulin [121,122]. ROS are also generated in the cells of VSMCs. This mechanism involves extracellular cyclophilin A (iCypA), which increases ROS production by angiotensin II [123].



Oxidative stress initiates the NF-κB transcription factor, which can cause the expression of AGEs and TNF-α [124]. Additionally, AGEs may promote oxidative stress which leads to the formation of oxidative protein products [125]. TNF-α is a pro-inflammatory cytokine that is released by active monocytes and macrophages and is associated with the inflammatory process in the host’s response to infection [126].



Proper functioning of the endothelium is also associated with the release of NO• by endothelial nitric oxide synthase (eNOS) in which calcium ions participate [124]. Nitric oxide characterised by a low reactivity, free of electric charge, easily penetrates through the membranes of ECs and other cells. However, it can react with oxygen, yielding a strong oxidant and a nitrating agent, nitric dioxide [127]. In turn, the reaction of NO• and the O2•− leads to formation of ONOO-, which is characterised by similar properties as nitrogen dioxide, both inflammatory agents [128,129]. The constant rate of reaction of NO• with O2•− is about three times higher than dismutation of superoxide by superoxide dismutase (SOD) [130,131,132]. This supports the thesis that higher levels of superoxide and nitric oxide are harmful and in pathology lead to a damage to biological material [133]. In turn, oxyHb released in plasma can react with NO• and produce ONOO− and metHb [134,135]. It was shown that treatment of RBCs with nitric oxide led to metHb formation and oxidative damage of lipids and proteins in these cells [136]. It was reported that the lipid peroxidation product, 4-hydroxy-2-nonenal (HNE), causes changes in cryptic TF on the surface of blood macrophages and monocytic cell line, THP-1, converting it to TF procoagulant [137].



ROS affecting the processes of coagulation, fibrinolysis, proteolysis and complement, as well as the activation of platelets, endothelial cells, erythrocytes, neutrophils, monocytes may lead to the formation of a venous thrombus [138]. Furthermore, ROS can initiate coagulation inducing increased expression of tissue factor (TF) in endothelial cells, monocytes, and vascular smooth muscle cells, but NOX enzymes are necessary for ROS production [139,140,141]. It has recently been shown that certain molecules produced during the blood clotting process can stimulate PMNs to produce ROS. Released ROS by PMNs can damage the endothelium and affect the coagulation process [97].



This section describes the various sources of ROS and their effect on cell activation and thrombus formation as well as on damage to biological material.




6. Advances in Treatment of Thromboembolism


Conservative therapy is based on the administration of anticoagulants that reduce the risk of a pulmonary embolism. Anticoagulants have become the basis of DVT therapy and are used to prevent PE progression and recurrence of thrombosis. It was reported than the 30-day mortality risk for VTE patients was 3% for DVT not treated with anticoagulants. However, mortality risk increases to 31% in patients who have developed PE. In addition, anticoagulants inhibit the growth of existing thrombi and prevent the emergence of new ones. These medicines include low molecular weight heparin (LMWH), acenocoumarol, aspirin, and other antiplatelet inhibitors [142]. In addition, natural phlebotropic drugs such as rutin, aescin, pycnogenol, Ruscus or Centella extracts, Ginkgo biloba, and others strengthen and protect the walls of venous vessels [143].



The therapy uses oral anticoagulants for 3–6 months. Discontinuation of treatment in patients after the first episode of idiopathic VTE causes recurrent thrombosis with a frequency of approximately 5–10% in the first 2 years and in the following 1–3%. On the other hand, the long-term use of anticoagulants is associated with haemorrhagic complications. It is very important to clarify in which patients there is an increased risk of VTE recurrence. It is connected with the decision to extend the therapy and the isolation of the group of patients with low risk of VTE relapse, in whom anticoagulant therapy can be safely discontinued [144].



The variety of anticoagulants is associated with their use for the treatment and prevention different disease such as atrial fibrillation, deep vein thrombosis, pulmonary embolism, Ischemic stroke, myocardial infarction (heart attack), hip or knee replacement surgery, and others. Some drugs do not dissolve thrombi but prevent the growth of those already formed and the formation of new ones. In contrast, another group of drugs called thrombolytics (“clot busters”) can dissolve a clot during a period of a few days.



6.1. Endovascular Treatment of DVT


Various methods are used to treat intravascular venous thrombosis, such as catheter-directed thrombolysis (CDT), catheter-directed pharmacomechanical thrombolysis (PCDT), percutaneous aspiration thrombectomy (PAT), vena cava filter protection, venous balloon dilatation, and venous stent implantation [145]. In addition, an intravascular PAT complementary technique is used, such as introducing a balloon to break up the thrombus, stent implantation and placement of a venous filter [145,146].




6.2. Anticoagulants


Drugs used to treat or prevent thrombosis can be divided into three groups: (1) anticoagulants that prevent the coagulation system and interfere with further plaque expansion, (2) antiplatelet agents that reduce platelet aggregation and inhibit blood clot formation, (3) fibrinolytic drugs that directly dissolve the resulting clot [147].



Under conditions of haemostasis, a balance is maintained through the interaction between platelets and vascular endothelium, which is also controlled by the cascade of roots and fibrinolysis. Continued cascade is associated with the transformation of prothrombin into thrombin, followed by the conversion of fibrinogen to fibrin, which forms a vascular clot with blood platelets (Figure 1). Additionally, thrombin activates other coagulation cascade factors like FV and FVIII, activates and releases FVIII from binding to vWF [148]. The standard pharmacological method of treating thrombosis is the use of anticoagulants, which reduce the formation of clots and prevent the further development of a thrombotic disease [149].



6.2.1. Inhibitors of FX


In thromboembolic syndromes, coagulation FXa has a key role in the blood coagulation cascade. Factor Xa participates in both the external and internal coagulation pathways and is important in conversion of prothrombin to thrombin. The advantage of FXa inhibitors is the predictable anticoagulant effect and no need for routine monitoring. The introduction of selective inhibitors for FXa may reduce thrombin production causing an anticoagulant effect leading to smaller disturbances of primary haemostasis [150,151].



A number of FX inhibitory drugs have been synthesised that have different effects. Their variety allows choosing the drug with the highest effectiveness and the smallest side effect depending on the type of disease and the patient’s condition [152]. Direct FXa inhibitors (Figure 6) may include: apixaban (1), betrixaban (2), darexaban (3), edoxaban (4), nokxaban (5), rivaroxaban (6) (BAY59-7939), and indirect FXa inhibitors: fondaparinux (7) and idraparinux (8) (antithrombin-binding pentasaccharide), dabigatran and LMWH. These drugs are used to reduce the risk of stroke and embolism in people with nonvalvular atrial fibrillation. They are also used to prevent deep vein thrombosis (DVT), which can lead to a pulmonary embolism (PE) in patients after a knee or hip surgery, as well as to treat DVT and PE, and to reduce the risk of both diseases coming back. Apixaban is metabolised by CYP mainly by CYP3A4, rivaroxaban by enzymes CYPA415, CYP2J2, in turn, nokxaban (GCC-4401C) by CYP2D6 and CYP2A4 [153,154,155].



Apixaban and other anticoagulants such as dabigatran, edoxaban, and rivaroxaban are effective, similar to warfarin in preventing haemorrhagic stroke in people with atrial fibrillation, and carry a lower risk of intracranial bleeding [156]. Apixaban is an anticoagulant medicine used to treat and prevent thrombosis, and it is also used to prevent stroke in patients with non-valvular atrial fibrillation. Apixaban is a drug that is more effective than aspirin or warfarin in reducing the risk of stroke and bleeding, reducing the mortality rate in this patient group. Apixaban, but also dabigatran or rivaroxaban, may be an effective alternative to warfarin in the prevention of stroke and thromboembolism, especially in women with paroxysmal or persistent atrial fibrillation [157]. However, patients should not have prosthetic heart valves, haemodynamic valvular disease, severe kidney failure, and advanced liver disease (impaired baseline clotting function). Factors such as individual risk of stroke and bleeding should be taken into consideration when choosing the appropriate anticoagulant, along with comorbidities, availability of agents that reverse the anticoagulant effect in the event of bleeding complications, international normalized ratio (INR) control possibility—a way of standardising prothrombin time (PT) measurement across labs [158]. Apixaban is also used in prevention of postoperative DVT in patients after total hip or knee arthroplasty [159].



Betrixaban, like apixaban, is used in the prevention of embolism following knee surgery and in the prevention of stroke following non-valvular atrial fibrillation and extended prophylaxis in high-VTE-risk [160].



Darexaban is an anticoagulant drug that is used in venous thromboembolism, after a major orthopaedic surgery, stroke in patients with atrial fibrillation, and in ischemic incidents in acute coronary syndrome [161,162]. Darexaban and its glucuronide or maleate specifically and competitively inhibit FXa. By inhibiting prothrombin at the sites where a blood clot (thrombus) forms, it leads to a reduction in the formation of blood clots in a dose-dependent manner [161]. Increasing the risk of myocardial infarction, unstable angina, venous thrombosis, and ischemic stroke [163].



Dabigatran (Dabigatran etexilate), an oral anticoagulant, is used in Europe and Canada for the prevention of stroke and secondary VTE following atrial fibrillation and joint replacement surgery [164].



Edoxaban is a medicine used to treat deep vein thrombosis and pulmonary embolism and to prevent the disease from coming back. Edoxaban is also used to prevent blood clots in patients with non-valvular atrial fibrillation who have at least one risk factor such as a history of stroke, high blood pressure, diabetes, heart failure, and age [165].



Rivaroxaban is a highly selective drug with a rapid onset of action that inhibits FXa by disrupting the internal and external pathways of the blood clotting cascade. In addition, it inhibits the formation of thrombin and the development of blood clots. This drug is used to prevent stroke and blood clots in patients with nonvalvular atrial fibrillation [156]. It is used together with aspirin to reduce the risk of heart attack and stroke in patients with coronary artery disease. This drug is also used to prevent VTE in some hospitalised patients who are at risk of blood clots due to reduced mobility and who do not have a high risk of bleeding. Rivaroxaban is associated with a lower frequency of severe and fatal bleeding than warfarin. However, rivaroxaban shows a higher rate of gastrointestinal bleeding [166].



Nokxaban is a new drug used to prevent VTE in patients who have undergone a hip or knee replacement surgery. An additional application of Nokxaban is the treatment of acute coronary syndromes for stroke prevention in patients with atrial fibrillation [167].



The risk of VTE with many anticoagulants has increased from low to high in the following order: rivaroxaban, apixaban, edoxaban, enoxaparin, darexaban, and betrixaban. In turn, the classification of clinically significant bleeding from low to high for the same drugs was as follows: betrixaban, enoxaparin, darexaban, edoxaban, apixaban, and rivaroxaban [168].



Another anticoagulant is c2 (NAPc2), an 85 amino acid peptide isolated from the nematode Ancylostoma caninum. NAPc2 binds to FX and FXa at a non-catalytic site and inhibits FVIIa. It has a half-life of almost 50 h, so it can be administered once every two days [169].




6.2.2. Thrombin Inhibitors


Thrombin inhibitors are another group of drugs that are involved in thrombus formation. Thrombin activates FV, FVIII, and FXI, which participate in the release of more thrombin and activate FXIII, a protein involved in fibrin cross-linking and clot stabilisation. Thrombin also participates in the transformation of soluble fibrinogen into insoluble fibrin. Thrombin is a strong platelet agonist, and activated platelets allow the formation of clotting factor complexes that increase thrombin production by more than 1000-fold [170].



Inhibitors that inhibit free thrombin are commonly used anticoagulants, heparins such as unfractionated heparin (UFH) and LMWH (9). Molar mass of natural heparin chains ranges from 5000–40,000. In contrast, LMWH obtained in the 1980s contains chains with an average molecular weight of approx. 8000. UFH, or briefly heparin (10), is a naturally occurring glycosaminoglycan that binds to AT III, changes its conformation, and leads to its activation.



The activated form of AT III causes strong inactivation of thrombin FIIa and FXa and to a lesser extent of IXa, XIa, and XIIa, preventing the formation of clots. In turn, LMWHs also show affinity for AT III and have a greater effect on FXa. Ultimately, both heparins inhibit thrombin activation. Heparin not only blocks the formation of fibrin but also inhibits the thrombin-induced activation of FV and FVIII [154,155].



Direct thrombin inhibitors can be divided into bivalent, monovalent, and allosteric depending on their interaction with the thrombin molecule. Bivalent inhibitors such as bivalirudin (11) and hirudin (12) form a bond with the active centre and the external site of thrombin molecule (Figure 7). In contrast, monovalent inhibitors dabigatran (13), argatroban (14), and ximelagatran (15) bind only to the active site (Figure 8). In turn, allosteric inhibitors represent a third group that has been developed recently.



Hirudin is a natural protein isolated from leech’s saliva which has a significant anticoagulant effect and has been used in many countries as a natural anticoagulant [171,172]. The use of hirudin in combination with LMWH for perioperative treatment of senile intertrochanteric fractures for the prevention of DVT was more effective than LMWH-calcium alone. In addition, the drug combination did not affect the platelet count during treatment [173]. Direct thrombin inhibitors like bivalirudin are used instead of unfractionated heparin in in the treatment of thromboembolic events [174]. Bivalirudin is a synthetic congener of the naturally occurring drug hirudin. Bivalirudin is a dual inhibitor that inhibits collagen-dependent thrombin and platelet aggregation [175]. However, it has also been shown that bivalirudin blocks the endothelial bioavailability of NO• and leads to vascular immobilization of MPO, a mediator of vascular function.



Dabigatran inhibits prothrombin but also inhibits the conversion of fibrinogen to fibrin. Table 1 presents the drugs used as anticoagulants in the treatment of thrombosis disease, the doses used and the mechanism of action. It has been shown that long-term use of Ximelagatran led to idiosyncratic liver toxicity and death, and it was withdrawn from the market [164].




6.2.3. Other Compounds


Another drug commonly used to treat blood clots such as deep vein thrombosis and a pulmonary embolism is warfarin (16) (Figure 9), a coumarin derivative, which is an antagonist of vitamin K. Warfarin is an inhibitor of the vitamin K epoxide reductase complex (VKORC1), which performs a key role in activating vitamin K in the body. Warfarin lowers vitamin K reserves, leading to a reduction in the synthesis of the active clotting factors such as II, VII, IX, and X. Warfarin is used in medicine as an oral anticoagulant preventing stroke in people who have atrial fibrillation. It is also used in valvular heart disease or artificial heart valves and to prevent stroke in people who have atrial fibrillation, valvular heart disease or artificial heart valves. Warfarin is used for long-term anticoagulation or after a thrombotic event. It is also used to prevent thrombosis in high-risk patients, as well as in postoperative conditions. Warfarin combined with other anticoagulants is an effective medicine for the prevention of DVT in patients who have undergone DVT. It is also an effective drug in the prevention of DVT in cancer patients, especially those treated with chemotherapy [176].



Recently, a fully human antibody MAA868 was prepared. It binds to the catalytic domain of both forms of the enzyme FXI (zymogen) and the FXIa with high binding affinity. The safe and well-tolerated effects of single subcutaneous doses of MAA868 have been demonstrated in healthy subjects. MAA868 resulted in dose-dependent and time-dependent sustained prolongation of partial thromboplastin time after activation and FXI suppression to 4 weeks or more. Clinical trials have shown the possibility of a potential subcutaneous anticoagulant therapy once a month [177].





6.3. Antiplatelet Therapy


In thrombosis, pathological activation of platelets occurs, which in turn leads to uncontrolled clot growth, embolism, or blockage of the blood vessel. The corollary of this is organ ischemia. In the treatment of thrombosis, antiplatelet drugs (Table 2) are used, which include: COX-1 inhibitors, adenosine diphosphate (ADP) P2Y12 receptor antagonists, GP IIb/IIIa inhibitors, GP VI, GP IB/IX/V, prostaglandin E (PGE) synthase inhibitors, serotonin receptor 2A (5HT2A), PAR, and TXA2 inhibitors [191,192].



The most commonly used antiplatelet agents (Figure 10) include acetylsalicylic acid (ASA) and clopidogrel as well as dipyridamole and cilostazol as phosphodiesterase inhibitors [3,193,194]. Dipyridamole (27), antithrombotic drug, enhances the potential of endogenous anticoagulants and the patency of small vessels and capillaries, thereby preventing further tissue damage. In addition, it has a protective effect against oxidative stress [195]. Dipyridamole inhibits the release of proinflammatory cytokines and monocyte chemoattractant protein (MCP-1), matrix metalloproteinase (MMP-9), and leads to a decrease in high-sensitivity C-reactive protein (hsCRP) in patients [196].



Cilostazol (26) belongs to phosphodiesterase type 3 (PDE3) inhibitors, and its use causes an increase in cyclic adenosine monophosphate (cAMP). In turn, the increase in cAMP leads to an increase in protein kinase A (PKA), which directly affects the inhibition of platelet aggregation. In addition, PKA inhibits the activation of the myosin light chain kinase, which has an important role in the contraction of smooth muscle cells, which ultimately leads to vasodilatation [197]. It was shown that cilostazol was more effective in long-term use than aspirin and clopidogrel alone in patients with a previous ischemic stroke and had a significantly lower risk of bleeding. Cilostazol can be used in patients without heart failure to treat intermittent claudication [198].



ASA (25) inhibits platelet aggregation by inactivating COX through irreversible acetylation, which is involved in the metabolism of AA. Additionally, ASA inhibits the synthesis of MCP-1, inhibits the increased expression of matrix metalloproteinase-9, and attenuates the nuclear translocation of NF-κB [199].



Clopidogrel (17), prasugrel (18), and ticlopidine (19) are active antiplatelet drugs, irreversible, competitive, thienopyridine P2Y12 receptor antagonists. In contrast, ticagrelor (23), cangrelor (24), and ACT246475 (selatogrel) belong to the competitive reversible P2Y12 receptor blockade group. The P2Y12 receptor is G-protein coupled that binds ADP. ADP receptor binding results in inhibition of adenyl cyclase and cAMP secretion which leads to activation of the intracellular signal and alteration of glycoprotein conformation IIb/IIIa, enhancing fibrinogen affinity [200,201].



In addition to the P2Y12 inhibitors that initiate ADP-induced platelet aggregation in the study phase, there are other very potent inhibitors such as ACT246475 (20), AZD1283 (21), and SAR216471 (22) [202,203]. For example, ACT246475 undergoing phase II testing was characterised by less bleeding, higher selectivity, and ticagrelor-like anticoagulant activity. One of the methods used in anticoagulation therapy is blocking the P2Y12 receptor. In turn, P2Y1 antagonists show similar anticoagulant efficacy as P2Y12 inhibitors. BMS-884775 (28) is an antiplatelet drug, reversible and potent receptor antagonist of human P2Y1 receptors, it has good anticoagulant efficacy with less bleeding compared to prasugrel (P2Y12 antagonist) [202,204,205]. SAR216471 is a potent highly selective and reversible inhibitor, which has higher therapeutic index than clopidogrel, prasugrel, and ticagrelor [206]. AZD1283 inhibitor of P2Y12 has high potential almost 2-fold higher than ticagrelor and 4-fold higher than clopidogrel [206,207].



Glycoprotein IIb/IIIa has an important role in the adhesion and aggregation of platelets and occurs quite abundantly on the surface of platelets being fibrinogen binding site. Eptifibatide (Figure 11) is a cyclic natural heptapeptide that inhibits platelet aggregation found in the venom of the rattlesnake, Sistrurus miliarus barbouri. Eptifibatide is characterised by its antithrombotic activity, which selectively and reversibly binds to the platelet GP IIb/IIIa receptors by blocking the binding of fibrinogen, vWF and other adhesive molecules [208].



Tirofiban (Figure 11) belongs to L-tyrosine derivatives in which the hydroxyl group in the ring is involved in the binding of piperidine residue, and in the amino group of the amino acid there is a butylsulfonyl residue. Tirofiban is an antiplatelet drug that inhibits aggregation of platelets and belongs to the reversible antagonists of GP IIb/IIIa receptors. The drug blocks the binding of fibrinogen molecules to GP IIb/IIIa receptors [192,208].




6.4. Emerging Drugs


6.4.1. RUC-1, RUC-2, and RUC-4


In turn, the new drugs under study are RUC-1 (31), RUC-2 (32), and RUC-4 (33) (Figure 12), which are inhibitors of fibrinogen binding, specific for the α(IIb)β subunit of the GP IIb/IIIa receptor. These drugs, interacting with the receptor, prevent fibrinogen from binding. RUC-1 is an α(IIb)β inhibitor that binds selectively to the α(IIb) subunit. In contrast, RUC-2, which is a derivative of RUC-1, has approximately ~ 100-fold higher affinity for binding to the same subunit α(IIb) as RUC-1 [220]. RUC-2 additionally forms a bond with the β residue of metal ion-dependent adhesion site (MIDAS) of glutamic acid 220. In turn, RUC-4 showed approximately 20% greater inhibition of ADP-induced platelet aggregation than RUC-2. The reaction of RUC-4 with the receptor does not depend on whether it is in an active state or not, which is why it affects the entire platelet population. Both RUC-2 and RUC-4 have a unique mechanism of action consisting in blocking the receptor in its inactive conformation. In general, other drugs can lead to a conformational change and can contribute to thrombocytopenia in a small percentage of treated patients who have developed antibodies to the altered conformation [221,222].




6.4.2. PAR-1 and PAR-4 Antagonist


Protease-activated receptors (PAR) have a special role in the development of chronic inflammatory diseases. The PAR family is conjugated to the G protein through the G domain. Activated receptors are involved in the transmission of signals by the recruitment of G proteins [223]. Thrombin, which is one of the key mediators of blood coagulation, activates a specific G-protein coupled receptor, called PAR-1. Vorapaxar (34) (himbacine analogue from Galbulimima baccata) is a drug that inhibits thrombin-mediated platelet activation (Figure 13). Its mechanism of action is related to the inhibition of protease-activated receptor-1. It is used in patients at high risk of ischemia, with an ischemic heart disease, and with a history of myocardial infarction. Moreover, it is characterized by a low risk of bleeding [224].



BMS986120 (37), which belongs to PAR4 antagonists, is a novel, selective and reversible drug that reduces the platelet aggregation during high shear stress [202,225].



A strong antithrombotic activity by F16618 (35), antagonist of PAR1, was demonstrated both in in vivo and ex vivo studies [226]. In addition, F16618 after oral or intravenous treatments reduced by 30 and 50%, respectively, the expression of the inflammatory cytokine TNF-α, 24 h after angioplasty [227].



In turn, SCH79797 (36), the PAR1 antagonist, was effective in reducing thrombi of fibrin-rich platelets at high shear rates (Figure 11). SCH79797 studies on experimental animals have shown a high potential for PAR1 antagonism in the treatment of diseases such as vascular thrombosis [228]. The antithrombotic effect of SCH79797 was significantly increased in combination with aspirin [229].




6.4.3. Inhibitors of PDI and PI3Kβ


In the process of haemostasis and thrombosis, the PI3Kβ/protein kinase B (Akt) signalling pathway associated with platelet activation and aggregation is important. The family of phosphoinositide 3-kinases (PI3Ks), which catalyse the phosphorylation of the inositol ring of phosphatidylinositol, acts as regulator of cellular function supporting platelet activation and thrombus formation. PI3K enzymes are also involved in cardiovascular diseases including angiogenesis, hypertension, and heart failure, and are the target of promising treatment for the prevention of thrombosis [219].



The use of drugs that inhibit this pathway can be a method of treating thrombosis in patients with implanted blood contacting medical devices [230]. A promising anticoagulant is isoquercetin (38), inhibitor of PDI found on the surface of PLa. Preliminary studies using this flavonoid have shown a reduction in platelet aggregation and limitation of thrombus formation. Isoquercetin reduces platelet-dependent thrombin production by blocking the production of platelet factor (PF) Va (Figure 14) [202].



TGX221 (39) related pyrido[1, 2-a]pyrimidin-4-one belongs to a new target for antithrombotic therapy, and it is a PI3Kβ inhibitor. In platelets, PI3Kβ is an effector of various cell surface receptors including GP Ib, GP VI, and P2Y12. TGX221 is a potent and selective inhibitor [231]. The TGX-221 p110β inhibitor blocked IGF-1 initiated phosphorylation of Akt in platelets deficient in p110α, indicating that both p110α and p110β were involved in IGF-1 mediated phosphorylation of Akt [75]. Additionally, TGX221 has a particular role in shear stress conditions, becoming a new anticoagulant drug aimed at PI3Kβ [232]. In vivo studies have shown that inhibition of PI3Kβ provides protection against arterial thrombosis, with a limited effect on normal haemostasis [233].



AZD6482 (40), is an improved structural analogue of TGX-221 and is also PI3Kβ inhibitor that underwent preclinical and early clinical examination (phase I). AZD6482 exhibited antithrombotic effects without any increase in bleeding time [234,235]. AZD6482 inhibited agonist-induced platelet aggregation and shearing, showing concentration-dependent anticoagulation in vivo in dogs, with no detectable increase in bleeding time or blood loss [219]. Research conducted on healthy volunteers showed that the properties of the drug in inhibiting platelet activation placed it at levels between aspirin and clopidogrel. However, the maximum antiplatelet effect was evaluated clinically in combination of AZD6482 with ASA and clopidogrel [202].



ML355 (41) is a drug that inhibits platelet aggregation in humans. ML355 is a selective inhibitor of platelet 12-LOX, an enzyme in the AA pathway that leads to the formation of 12-HPET (Figure 14). It does not affect the activity of COX-1 and COX-2. ML355 inhibited dose-dependent aggregation of human platelets. ML355 treatment impaired thrombus growth in an arteriole in the mouse model [236,237].




6.4.4. Other Compounds


During trauma and/or high shear stress, the GP Ib/IX/V receptor, which binds to vWF, has a key role, resulting in platelet adhesion to the endothelium. The drug that binds the A1 domain of vWF is aptamer ARC1779, 40-mer modified DNA/RNA oligonucleotide. Additionally, ARC1779 is the ligand for GP Ib receptor on platelets [238,239]. In people with acute myocardial infarction, the level of vWF was 2 times higher than in healthy people. ARC1779 blocks binding of the vWF A1 domain to GP Ib receptors. Aptamer inhibited vWF activity and shear-dependent platelet function. Unlike GP IIb/IIIa antagonists, ARC1779 did not inhibit platelet aggregation induced by ADP, collagen, or AA [240]. Compared with abciximab, ARC1779 showed comparable anticoagulant efficacy, however, with less prolonged bleeding time.



In a partial phase I/II clinical trial, ARC1779 used in patients with congenital thrombocytopenic purpura (TTP) inhibited vWF-induced platelet aggregation and stabilized platelet counts without any associated bleeding [241].



The next anticoagulant was the AJvW-2n monoclonal antibody directed against human vWF A1 domain, which inhibited platelet aggregation induced by high shear stress in vitro. Antibody also counteracted clot formation in vivo in photochemically induced thrombosis in the carotid artery of guinea pigs without affecting bleeding time [242].



Another aptamer of the second generation inhibiting vWF activity, as a result of shearing forces, and as a consequence suppressing plate aggregation, was ARC15015. This compound inhibited platelet adhesion stimulated in whole blood by ristocetin at 90% in the aortic segment under strong shear conditions [243].



A promising drug seems to be the humanised, bivalent Caplacizumab nanobody (ALX-0081) that binds to GP Iba on vWF. ALX-0081 has been approved by FDA in the treatment of adult patients with TTP [244,245]. The bivalency of ALX-0081 results in higher affinity for vWF. In vitro studies in the perfusion chamber using blood of healthy individuals and patients after percutaneous coronary intervention (PCI) receiving a standard therapy (aspirin, clopidogrel, and unfractionated heparin) showed inhibition of platelet adhesion to type III collagen by Caplacizumab under arterial shear conditions (high shear stress) without side effects under low shear conditions. Caplacizumab has recently been approved and is a new drug for the treatment of TTP. This drug specifically binds to the A1 domain of vWF, which blocks vWF from binding to platelets. Caplacizumab is the first drug in its class to show significant efficacy in the treatment of TTP and its complications in clinical trials [244].



Another vWF-binding drug, which is also a GP Iba antagonist, is the snake venom anfibatide of Agkistrodon acutus, which inhibits the interaction between vWF and PLa and consequently blocks platelet adhesion and aggregation [246]. In turn, the tripeptide of the isolated venom Agkistrodon acutus successfully inhibited the binding of fibrinogen to GP IIb/IIIa [247]. In addition, anfibatide had also a protective effect on cerebral ischaemia and reperfusion injury and its use could be beneficial for the treatment of ischaemic stroke [248,249]. Anfibatide is currently undergoing a clinical trial in acquired TTP which ends in 2021.



Recently, a new therapeutic antibody against platelet GP VI, ACT017, has been shown to have a strong and selective antiplatelet activity. GP VI present on the surface of the platelets is a physiological collagen receptor. The interaction of collagen with the GP VI receptor leads to the release of ADP and TXA2, which in turn causes the activation and adhesion of platelets and the activation of the GP IIb/IIIa receptor. Studies in healthy volunteers have shown that antibody ACT017 is well tolerated and safe to use [250]. Despite the wide variety of drugs used in thrombosis, they are characterised by bleeding risk, cardiovascular complications, and mortality. The introduction of new stronger antiplatelet agents is associated with an increased risk of bleeding. In vivo research related to haemostasis and thrombosis has revealed significant differences between these phenomena that have been helpful in developing new antiplatelet drugs that would not lead to increased bleeding. Preclinical therapies have been introduced in preclinical studies that inhibit thrombosis but do not affect the haemostasis process. This group of drugs includes PI3Kβ inhibitors, protein disulphide isomerase, activated GP IIb/IIIa, receptors activated by protease, and platelet-mediated adhesion pathways [192].



An interesting method to reduce the possibility of vascular thrombus formation is the use of CX3C chemokine receptor 1 (CX3CR1) and fractalkine (CX3CL1) receptor inhibitors. Monocyte-endothelial cells interactions are partly mediated by expression of monocyte CX3CR1 protein and endothelial cell CX3CL1. CX3CL1 is a membrane protein synthesized in ECs. ECs produce CX3CL1 after stimulation with TNF-α, IL-1, IFN-γ, and LPS. It was shown than the weakening of interaction between the pair CX3CL1-CX3CR1 receptor can reduce monocyte binding to the endothelium [251,252,253].



A new strategy in the treatment of thrombosis is to use FXI and FXII inhibitors. Both factors are important in thrombosis but not in haemostasis. Factor FXI has a much more important role in thrombosis than FXII. In addition, the anti-FXI antibody inhibits the activation of platelets and fibrin deposition more than in the case of FXII [254]. However, FXII may be a possible, therapeutic, and safe target to reduce platelet adhesion and fibrin formation during medical interventions [255]. One of the methods of action is to inhibit FXI by antisense oligonucleotides (ASO), which inhibit FXI synthesis in liver [256]. In turn, monoclonal antibodies may block FXI activation or FXIa activity [177,257], whereas aptamers binding to FXI or FXIa and small molecules block the active site of FXIa or/and induce allosteric alterations [258,259].



This section summarises the various anticoagulants such as FX inhibitors, thrombin inhibitors, antiplatelet drugs, emerging drugs, PAR antagonists, and PDI and PI3K inhibitors as well as other active compounds.






7. Natural Compounds


There is an abundance of drugs used in thrombosis; however, they lead to non-desirable side effects, mainly bleeding. The increase in cardiovascular incidents requires the introduction of new drugs that would be effective in the treatment and prevention of thrombosis and at the same time be free of side effects. Many plant compounds such as saponins, flavonoids, and others have an important role in preventing various diseases. Oxidative stress promotes thrombotic complications. Therefore, various substances of natural origin reduce the level of oxidative stress and may be important in the treatment of thrombotic complications [260]. Inactivation of ROS and alleviation of oxidative stress can reduce the risk of platelet hyperactivation, which leads to cardiovascular diseases including thrombosis [261]. Numerous works have shown that compounds of natural origin can reduce the risk of cardiovascular diseases including thrombosis. In Far Eastern medicine, medicines of vegetable origin have been used that have good healing properties and no side effects. These substances affect the mechanisms of thrombosis in various ways, affecting the coagulation system and platelet activation and aggregation and changing blood rheological conditions.



Drugs used in anticoagulation therapy with anticoagulation, inhibiting platelet aggregation and associated with fibrinolysis, have been presented.



7.1. Flavonoids


Natural products such as dietary supplements are important in ensuring health but have an important role in the prevention of cardiovascular and other diseases. Flavonoids as antioxidants reduce ROS levels and thus inhibit platelet aggregation/function or prothrombotic effects [262]. Flavonoids can alleviate ED, which is one of the factors leading to thrombosis, by inhibiting the excessive availability of TF in the endothelium [261]. Flavonoids can inhibit platelet activity by inhibiting the AA pathway [263] or may bind to the TXA2 platelet agonist and this way inhibit their aggregation.



Natural dietary supplements including flavonoids are widely distributed in the plant world, especially in a variety of fruits, coffee, tea, cocoa, legumes, and other plant foods. The most popular flavonoids, including quercetin and its derivatives, and tea flavonoids, such as catechin, epictechin, epigallocatechin, and epigallocatechin gallate, have antioxidant, anti-inflammatory, anti-cancer, and anticoagulant properties, and are found in green tea [264]. But other less popular flavonoids have such properties as well like wogonine (42) from Scutellaria baicalensis Georgi and flavonoid wogonoside (43), which is a metabolite of wogonine isolated from Scutellaria baicalensis (Figure 15) [265].



7.1.1. Antithrombotic Properties of Flavonoids


Anticoagulant activity associated with inhibition of platelet aggregation initiated by AA, ADP, and collagen as well as elongation of activated partial thromboplastin time (aPTT), PT, was shown using the extract of persimmon (Diospyros kaki) leaves, whose main ingredients are flavonoids such as catechins, epicatechin, and epicatechin gallate [266,267]. Similar results, associated with inhibition of platelet aggregation, were obtained using propolis, whose main ingredients are caffeic acid and its phenethyl ester, ferrulic acid; galangin (44); apigenin; quercetin; kaempferol; rutin; chrysin; pinostrobin; and pinocembrin (45) (Figure 15). The process of inhibiting platelet aggregation was induced by ADP, thrombin receptor activator peptide (TRAP), and collagen and was dose-dependent, which led to inhibition of thrombus formation [268].



Another flavonoid (Figure 15) with anti-inflammatory, antioxidant, anticancer, and anti-platelet inhibiting properties was nobiletin (46), a polymethoxylated flavone isolated from citrus fruit. Its mechanism of action is associated with inhibition of phosphorylation of phospholipase Cγ2 (PLCγ2), protein kinase C (PKC), Akt in mitogen stimulated MAPK protein kinase in collagen activated human platelets. In addition, nobiletin significantly reduced intracellular calcium mobilisation and hydroxyl radical generation, ultimately leading to inhibiting platelet activation [269].



The use of wogonins and wogonoside led to inhibition of thrombin and FXa activity and inhibited thrombin production in human umbilical vein endothelial cells (HUVEC), as well as resulted in prolonged aPTT and PT. Furthermore, both flavonoids inhibited thrombin-catalysed fibrin polymerisation and platelet aggregation and showed anticoagulant activity in vivo in mice. Wogonin and wogonoside reduced the ratio of PAI-1 to t-PA. These properties testify to the good anticoagulant effect of both flavonoids [270].



Flavonoids and their derivatives inhibited thrombus formation in vivo. For example, pentamethyl quercetin (PMQ), a methylated quercetin derivative, inhibited thrombus formation in mice with acute pulmonary thrombosis, leading to 90% of the mice surviving. It has also been shown that PMQ significantly improved blood flow in mice with damaged carotid artery showing an inhibitory effect on thrombus formation [271].



Diosmin (diosmetin 7-O-rutinoside), a disaccharide derivative that consists of diosmetin is a natural flavonoid found in the Rutaceae family or the Citrus family. Diosmin has the properties of an antioxidant, antihyperglycemic, anti-inflammatory, antimutagenic, and antiulcer agent and is commonly used to treat varicose vein [143]. Diosmin isolated from Galium verum also showed anticoagulant properties, and its mechanism of action was associated with regulation of centrosome-associated protein 350 (CEP 350), which is related to spindle assembly. Its use led to the improvement of venous thrombosis [272].



Another bioactive flavonoid with anticoagulant properties is morin. Morin (47) belongs to the flavonol group and is found in old fustic (Chlorophora tinctoria), osage orange (Maclura pomifera), almond, mill (Prunus dulcis), fig (Chlorophora tinctoria), onion, and apple. This flavonoid is a compound that prevents inflammation and apoptosis of cells and also has antioxidant activity (inhibits xanthine oxidase activity). Morin significantly inhibited human platelet aggregation stimulated by collagen, but not stimulated by other agonists. In collagen PLa, morin was shown to inhibit ATP release, intracellular Ca2+ ions mobilisation, P-selectin expression, PLCγ2 phosphorylation, PKC, and Akt [273].



The anticoagulant properties of the extract from Chaenomeles sinensis have been shown. Thirteen flavonoids were isolated from fruit of Chaenomeles sinensis, and five of them, including hovertrichozide (48), luteolin-7-O-β-D-glucuronide, hyperin (quercetin-3-O-galactoside), avicularin (49) (quercetin 3-alpha-L-arabinofuranoside) (Figure 16), and quercitrin, were active in inhibiting TF expression induced by calcium ions in rat plasma in vitro. The activity of the hovertrichozide benzofuran derivative was higher than that of classic flavonoid derivatives of chroman, such as luteolin-7-O-β-D-glucuronide, hyperin, avicularin, and quercitrin [274].




7.1.2. Isoflavonoids


In addition to flavonoids, isoflavonoids (Figure 17) also show antiplatelet activity. Isoflavonoids include genistein (50) and daidzein (51), which are COX-1 inhibitors and functional TXA2 receptor antagonists, affecting the platelet aggregation cascade. COX-1 inhibition by these isoflavonoids is similar to that of acetylsalicylic acid. The use of both isoflavonoids may have a positive inhibitory effect on the aggregation of human platelets in cardiovascular diseases in which they are associated with increased platelet activity [275].



Silymarin is the mixture of substances derived from Silybum marianum seed that exhibits antioxidant, anticancer, anti-inflammatory, and antiviral properties [276]. Silymarin inhibits cell proliferation and induces apoptosis, while also having anti-angiogenic properties. Silymarin consists mainly of silybin A (52) and silybin B (53), and other compounds. Both isomers of flavonoids belong to the group of flavonolignans. Silybin has been shown to be a signal transducer and activator of transcription 3 (STAT3) protein inhibitor whose function is to control the expression of genes that are involved in cell survival, proliferation, chemo-resistance, and angiogenesis. Silybin is also an inhibitor of expression of the programmed death-ligand 1 (PD-L1) checkpoint immune regulator as well as epithelial-mesenchymal transition (EMT) regulators, and it can be a promising adjuvant in non-small-cell lung carcinoma (NSCLC) [277].



Another flavonolignan, silychristine (54), is a 1-benzofuran derivative isolated from Silybum marianum or from silymarin. Silychristine also has antioxidant properties and is an inhibitor of lipid peroxidation in vivo and in vitro, LOX, and prostaglandin synthetase [276]. Silybin and silychristine inhibited collagen-initiated platelet activation. Significant decreases in platelet aggregation and microparticle aggregation were observed, as well as reduced expression of P-selectin and activation of αIIbβ3 integrin but also reduced adhesion and secretion of PF-4. Both can be used to prevent primary and secondary thrombotic events [278]. Strong inhibitors effects of silybin and silychristine on platelet activation induced by ADP have been shown [279].



This chapter discusses the anticoagulant mechanisms of action of popular flavonoids and isoflavonoids.




7.1.3. Traditional Korean and Chinese Medicine


Lindera obtusiloba (LLE) is used in traditional Korean and Chinese medicine for the treatment of blood stasis and inflammation. Additionally, the leaf extract showed various physiological effects. The main flavonoids in the extract are afzelin (55) (Figure 18) and quercetrin. Leaf extract was shown to significantly inhibit agonist-induced platelet aggregation in vitro and ex vivo and to inhibit collagen-induced TXA2 production in blood platelets. In addition, in vivo, the extract showed a protective effect on clot formation induced by intravenous injection of a collagen and adrenaline mixture. Further studies showed that the extract did not significantly affect PT and aPTT [280].



Buds and fruits of Sophora japonica (Leguminosae) plants widely distributed in Korea, China, and Japan have been used as haemostatic agents in traditional Korean medicine. Sophora japonica extract has antiplatelet activity. Four flavonoids and six flavonoid-glycosides were isolated from the extract, such as: biochanine A (56), eriodictyol, genistein, taxifoline, sophorabioside (57), genistin, tatectoridin (58), apigenin (59), quercetin, kaempferol, and its 3-O-rutinoside and 8-metoxykaempferol, isorhamnetin glucosides (60), rutin (61), and six derivatives of quercetin (Figure 18) [281].





7.2. Saponins


New natural substances with anticoagulant properties are currently being sought that would be free of side effects such as bleeding that may occur when using classic anticoagulants. Natural anticoagulants occur in the world of plants, which are traditionally used in Chinese medicine, but they also may be substances of animal origin [282]. The group of natural compounds with anticoagulant properties includes saponins, which occur in the world of plants and are produced by some marine organisms, including star fish and sea cucumbers. Saponins belong to amphipathic glycosides, which have one or more hydrophilic glycosides linked to a lipophilic triterpene or a steroid derivative [283]. Molecular weight depending on the basic backbone of the saponins and the number of sugar residues. We have corrected the molecular weight of saponins. Saponins have a high molecular weight ranging from 741 to 1808 g/mol [284].



7.2.1. Plant to the Genus Panax


Ginseng is a plant belonging to the genus Panax, which has long been known for its medicinal properties that help alleviate disease symptoms and prevent potential diseases. Ginseng contains many bioactive components, mainly saponins, most of which are glycosides of triterpenoid aglycons, also known as ginsenosides [285].



Saponins Panax notoginseng (PNS) are part of a traditional herb used in Chinese medicine to treat blood clotting, swelling, and pain relief. The main components of Panax notoginseng are ginsenoside Rg1 (64), ginsenoside Rb1 (62), and notoginsenoside R1 (67) (Figure 19). Panax saponins inhibit platelet aggregation, preventing thrombosis, but also regulate many signalling pathways by acting on cardiovascular protection. In addition, they show anti-inflammatory effects mediated by peroxisome proliferator-activated receptor γ (PPAR-γ) in human endothelial cells. In vitro inhibited platelet aggregation induced by thrombin overexpression of PPAR-γ increased expression of PI3Kβ/Akt/eNOS pathway in platelets. In vivo studied saponin Panax notoginseng reversed thrombin-induced hypercoagulable state saponins Panax induced PPAR-γ activation and also had a key role in the PI3Kβ/Akt/eNOS pathway [286]. Other PNS saponins have anti-inflammatory, antioxidant action, they inhibit platelet aggregation, regulate glucose and blood pressure, inhibit neuronal apoptosis, and provide neuronal protection [287].



The platelet aggregation inhibiting properties have been demonstrated by the next two saponins (Figure 19) isolated from Panax bipinnatifidus, a plant used in traditional Vietnamese medicine. These include araloside A methyl ester (68) and stipuleanoside R2 (69), which are the main components isolated from this plant [288]. However, their mechanism of action has not yet been described. In turn, ginsenoside Ro (66), Panax ginseng oleanane-type saponin, inhibiting IIb/IIIa mediated fibrinogen binding by preventing platelet aggregation may be an effective anticoagulant [285].




7.2.2. Liriope muscari


Anticoagulant properties were demonstrated by natural saponin D39 (70) (Figure 20) isolated from Liriope muscari, and the mechanism of its action is associated with the non-muscle myosin heavy chain IIa (NMMHC IIA). In turn, NMMHC IIA is important in the expression of TF and, consequently, venous thrombosis. Using HUVEC cells has been shown that saponin D39 inhibits TF expression and has anticoagulant activity. In addition, saponin D39 inhibited thrombus formation by affecting the Akt/GSK3β and NF-κB signalling pathways by NMMHC IIA. It was suggested that D39 could be a potential therapy for DVT and other cardiovascular diseases [289].



The steroid saponin DT-13 isolated from Liriope muscari has been used in traditional Chinese medicine to treat a variety of diseases such as pharyngitis, bronchitis, pneumonia, cough, and cardiovascular diseases. DT-13 also shows anticoagulant properties as demonstrated in vivo in the classical model of IVC ligation thrombosis in mice and rats. DT-13 inhibits venous thrombosis partly by reducing gene expressions of TF and decreasing IL-6 expression [290].




7.2.3. Steroidal Sapogenin


Ruscogenin (RUS) (71) (Figure 21), a steroidal sapogenin isolated from Ruscus aculeatus, is also the main component of the traditional Chinese herb Radix Ophiopogon japonicus, showing significant anti-inflammatory and anti-coagulant effects [291,292]. In addition, ruscogenin significantly inhibits leukocyte adhesion to the human umbilical vein endothelial line (ECV304). It has been used for thousands of years in the treatment of acute and chronic inflammatory and cardiovascular diseases [293].



Diosgenin and other steroidal saponins isolated from this plant are demonstrated to have anti-thrombotic activity. From few isolated saponins, especially Diosgenyl saponin, which has the linkage of the sugar chains at the C-3 position of diosgenin, had anti-thrombotic activity and significantly inhibited platelet aggregation in vitro and in vivo. This saponin did not act via the extrinsic coagulation pathway but rather by inhibiting molecular targets in intrinsic coagulation pathways. Diosgenyl saponin protected mice against pulmonary thromboembolism induced by collagen and epinephrine. It demonstrates anti-thrombotic activity through inhibiting FVIII activities and platelet aggregation [294].




7.2.4. Other Saponins


Polygala fallax Hesml root saponin extract (PTS) significantly prolonged coagulation time in mice, reduce thrombus length and inhibited carrageenan-induced inflammation without affecting thrombus formation. PTS had anticoagulant and anticoagulant effects, probably via the endogenous coagulation system [295]. Seeds of chestnut (Aesculus hippocastanum L., Sapindaceae) contain approx. 3–5% saponins and flavonoids: quercetin and derivatives of kaempferol, proanthocyanidins, and sterols. They are used to isolate escin, a saponin used to treat chronic venous insufficiency. Escin has a positive effect on venous tone, rheological properties, and blood clotting. In addition, it has anti-inflammatory and anti-oedema properties [296]. This chapter describes the different classes of saponins found in plants and their antithrombotic properties.





7.3. Stevioside and Derivertes


Plant-derived diterpenoids (Figure 22) demonstrate a wide range of biological activity and exhibit antitumor, antibacterial, antihyperglycemic, anti-inflammatory and immunomodulatory, antifungal, antiparasitic, antiviral, antiallergic, antispasmodic, antihyperglycemic, and other effects [297]. Stevioside (72) is diterpenoid found in significant amounts in the leaves of the herb Stevia (Stevia rebaudiana Bertoni) [298], which is native to the region of South America. Stevia belongs to the Asteraceae chrysanthemum family. Stevioside is a sweet non-toxic and non-mutagenic drug used in patients with metabolic problems in type II diabetes, phenylketonuria, and obesity [299]. Stevioside (Figure 22) reduces the influx of calcium, lowers blood pressure, increases the insulin signal, increases the antioxidant potential in the aorta, and inhibits the process of atherosclerosis. The antioxidant properties and the reduction of oxidative damage were previously well documented in many studies [300,301]. Recently, the mechanism of its action has been explained, which is associated with the enhancement of the endogenous related pathway with nuclear factor erythroid 2-related factor 2 (Nrf2), which is one of the key transcription factors in the human body. Nrf2 also regulates the expression of enzymes to counteract oxidative stress [302].



In contrast, isosteviol (74) caused an increase in vasodilatation, a decrease in angiotensin II, and cell proliferation, as well as a decrease in the concentration of reactive oxygen and endothelin-1. A decrease in extracellular signal-regulated kinase (ERK), hyperplasia, and hypertrophy were also observed in vascular smooth muscle cells [303]. Stevioside has been shown to inhibit the expression of IL-6, IL-1β and TNF-α and LPS-induced initiation, NF-κB, inhibitor of kappa B (IκBα) degradation, c-Jun N-terminal kinase (JNK), p38 and ERK phosphorylation in a dose-dependent manner. In addition, it was shown that the anti-inflammatory activity can be exerted by inhibiting NF-κB activation and MAPK and expression of pro-inflammatory cytokines [304]. Stevioside inhibited the release of proinflammatory cytokines and inhibited LPS-induced COX-2 and iNOS expression in mice in vivo [305].



Steviol (73), similar to stevioside, significantly inhibited TNF-α induced IL-8 expression in human colon cancer cells, Caco-2, T84 10 and HT29 [155]. Steviol’s immunomodulatory activity was associated with NF-κB signalling [306]. In turn, Boonkaewwan et al. [304] conducting studies on the colon carcinoma Caco-2 cell line showed that stevioside and steviol inhibited LPS-induced release of IL-6, TNF-α and IL-1β by affecting the expression of the cytokine gene through the signal pathway IκBα/NF-κB.



Isosteviol (ent-16-oxobeyran-19-acid) is a tetracyclic skeletal diterpenoid of the Beyerene type, obtained by acid hydrolysis of stevioside [307]. Isosteviol has biological activity, including anti-inflammatory, antihypertensive, controlling blood lipids, immunoregulation, antiviral, antibacterial, and others [308]. It has been reported that steviol significantly inhibited proliferation of cancer cells by induction of apoptosis. In addition, steviol leads to the generation of ROS in cancer cells. Isosteviol also showed strong antithrombotic properties by selectively inhibiting FXa against a serine protease panel and anticoagulant activity by significantly prolonging PT and aPTT time as well as inhibiting ADP-induced platelet aggregation [309].





8. Conclusions


This paper reviews the pathophysiology of clot formation involving blood cells and cell components, critical factors released from activated cells and damaged cells as well as all already known drugs and methods to prevent or cure thromboembolism in all stages.



A new insight into the physiology of platelets and their involvement in inflammatory response and activation of clotting has been presented. These two processes have an important role in defending the host from infection. Their role in innate immunity in recognising pathogens, signal transduction, and cytokine/chemokine release is essential in thrombus formation, preventing the spread of microorganisms. In addition to platelets, other blood morphotic components such as leukocytes, erythrocytes, and vascular endothelial cells, along with activation of the coagulation system, have a significant role in the development of blood clots.



We considered the specific and key role of ECs in signalling mechanisms in which cyclophilin A (CypA) is secreted and ROS are generated. Both factors are sufficient to initiate vasculitis, secret MMPs, and induce changes in the structure of the vessel wall. The studies presented thus far show the role of platelets in the stages of inflammation, which indicates that they can be the target of an appropriate group of drugs. Undoubtedly, antiplatelet agents are effective in the treatment of thrombosis, but the problem is an increased risk of bleeding. However, a more accurate understanding of the processes associated with thrombosis and haemostasis has allowed the adoption of new strategies that are tested on animal models. Those are antiplatelet agents that inhibit thrombosis but do not affect haemostasis. In addition to antiplatelet drugs, there are also new strategies targeting clotting factors. An example is FXI, the inhibition of which may prove to be safer than the use of FXa inhibitors or thrombin. The FXI factor is important for the stabilisation and growth of the thrombus, but less important for haemostasis.



Even though modern medicine has a wide range of anticoagulant drugs, thrombosis still leads to cardiovascular diseases, myocardial infarction, and stroke. While significant advances have been made in understanding the mechanisms of thrombus formation and the pathophysiology of thrombosis, current prevention or treatment drugs that have been used for many years have been replaced by newer ones that show greater potential for the prevention and treatment of thrombosis with modest but gradual improvement. High hopes are associated with compounds of natural origin, which show a strong anticoagulant effect both at the experimental and clinical stage and can be used in the prophylactic or supportive methods of treatment of thrombotic diseases.
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	AA
	Arachidonic acid



	ACE
	Angiotensin-converting enzyme



	ADP
	Adenosine diphosphate



	AGEs
	Advanced glycation end products



	Akt
	Protein kinase B



	AMI
	Acute myocardial infarction



	aPTT
	Activated partial thromboplastin time



	apoAI
	Apoplipoprotein A-I



	APS
	Antiphospholipid syndrome



	ASA
	Acetylsalicylic acid



	ASO
	Antisense oligonucleotides



	AT
	Antithrombin



	ATP
	Adenosine triphosphate



	cAMP
	Cyclic adenosine monophosphate



	CAT
	Catalase



	CCL
	Chemokine (C-C motif) ligand



	CD
	Cluster of differentiation



	CDT
	Catheter-directed thrombolysis



	CEP
	Centrosome-associated protein



	CHCL1
	Chemokine induces the infiltration of neutrophils



	CLEC
	C-type lectin-like receptor



	COX
	Cyclooxygenase



	CT
	Computed tomography



	CX3CL1
	Fractalkine



	CX3CR1
	CX3C chemokine receptor 1



	CXCL
	Chemokine CXC ligand-1



	CYP
	Cytochrome P450



	CypA
	Cyclophilin A



	DNA
	Deoxyribonucleic acid



	DVT
	Deep vein thrombosis



	eATP
	Extracellular ATP



	ECE
	Endothelin converting enzyme



	ECs
	Endothelial cells



	ED
	Endothelial dysfunction



	EDCF
	Endothelium-derived contracting factor



	EDGF
	Endothelium-derived growth factor



	EDHF
	Endothelium-derived hyperpolarizing factor



	EGF
	Epidermal growth factor



	EMP
	Microparticles of endothelial cells



	EMT
	Epithelial-mesenchymal transition



	eNOS
	Endothelial nitric oxide synthase



	ERK
	Extracellular signal-regulated kinase



	ETC
	Electron transport chain



	FGF
	Fibroblast growth factor



	GP
	Glycoprotein



	GSK
	Glycogen synthase kinase



	H2O
	Water



	H2O2
	Hydrogen peroxide



	Hb
	Haemoglobin



	HClO
	Hypochlorous acid



	HIF
	Hypoxia inducible factor



	HNE
	4-hydroxy-2-nonenal



	HO•
	Hydroxyl radical



	HO2•
	Hydroperoxyl radical



	Hp
	Haptoglobin



	HRE
	Hormone response element



	HsCRP
	High-sensitivity C-reactive protein



	5HT2A
	Serotonin receptor 2A



	HUVEC
	Human umbilical vein endothelial cells



	Hx
	Hemopexin



	IAV
	Influenza A virus



	ICAM
	Intercellular adhesion molecule



	iCypA
	Extracellular cyclophilin A



	IDUs
	Intravenous drug users



	IFN
	Interferon



	IGF
	Insulin-like growth factor



	IL
	Interleukin



	iNOS
	Induced nitric oxide synthase



	INR
	International normalized ratio



	IVC
	Inferior vena cava



	IκBα
	Inhibitor of kappa B



	JAK-2
	Janus kinase 2



	JNK
	C-Jun N-terminal kinase



	LMWH
	Low molecular weight heparin



	LOX
	Lipoxygenase



	LPS
	Lipopolysaccharide



	MAPK
	Mitogen-activated protein kinases



	MCP
	Monocyte chemoattractant protein



	metHb
	Methaemoglobin



	MHC
	Major histocompatibility complex



	MIDAS
	Metal ion-dependent adhesion site



	MIP-2
	Macrophage inflammatory protein 2



	MKP-1
	Mitogen-activated protein kinases phosphatase 1



	MMP
	Matrix metalloproteinase



	MPO
	Myeloperoxidase



	MPV
	Mean platelets volume



	mPTP
	Mitochondrial permeability transition pore



	MRI
	Magnetic resonance imaging



	NAD+
	Nicotinamide-adenine dinucleotide phosphate (oxidised form)



	NADPH
	Nicotinamide-adenine dinucleotide phosphate (reduced form)



	NAPc2
	Nematode anticoagulant protein c2



	NETs
	Neutrophil extracellular traps



	NF-κB
	Nuclear factor kappa B



	NLRP3
	Inflammasome is component of the innate immune system



	NMMHC IIA
	Non-muscle myosin heavy chain IIa



	NO•
	Nitric oxide



	NOX
	NADPH oxidase



	Nrf2
	Nuclear factor erythroid 2-related factor 2



	NSCLC
	Non-small-cell lung carcinoma



	O2
	Oxygen



	1O2
	Singlet oxygen



	O2•−
	Superoxide anion radical



	ONOO−
	Peroxynitrite



	ox-L
	Oxidised lipids



	ox-P
	Oxidised proteins



	oxyHb
	Oxyhaemoglobin



	PAF
	Platelet activating factor



	PAI-I
	Plasminogen activator inhibitor-1



	PAR
	Protease-activated receptor



	PAT
	Percutaneous aspiration thrombectomy



	PCDT
	Catheter-directed pharmacomechanical thrombolysis



	PCI
	Percutaneous coronary intervention



	PD-L1
	Programmed death-ligand 1



	PDE3
	Phosphodiesterase type 3



	PDGF
	Platelet-derived growth factor



	PDI
	Protein disulfide-isomerase



	PE
	Pulmonary embolism



	PF
	Platelet factor



	PGE
	Prostaglandin E



	PGG
	Prostaglandin G



	PGH
	Prostaglandin H



	PGI
	Prostacycline



	PI3Kβ
	Phosphatidylinositol 3 kinase β



	PKA
	Protein kinase A



	PKC
	Protein kinase C



	PLa
	Activated platelets



	PLA
	Phospholipase A



	PLC
	Phospholipase C



	PLCγ2
	Phospholipase Cγ2



	PMN
	Polymorphonuclear leukocyte



	PMQ
	Pentamethyl quercetin



	PNS
	Saponins Panax notoginseng



	PPAR-γ
	Peroxisome proliferator-activated receptor γ



	PSGL-1
	P-selectin glycoprotein ligand-1



	PT
	Prothrombin time



	PTS
	Polygala fallax Hesml root saponin extract



	RBCs
	Red blood cells



	RNA
	Ribonucleic acid



	ROS
	Reactive oxygen species



	SBSI
	Simultaneous decrease in prostacyclin synthase



	SLO
	Streptolysin O



	SLS
	Streptolysin S



	SOD
	Superoxide dismutase



	STAT3
	Signal transducer and activator of transcription 3



	STEC
	Shigatoxigenic Escherichia coli



	TF
	Tissue factor



	TGF-β
	Transforming growth factor beta



	TLR
	Toll-like receptor



	TNF-α
	Tumour necrosis factor alfa



	t-PA
	Tissue plasminogen activator



	TRAP
	Thrombin receptor activator peptide



	TTP
	Thrombocytopenic purpura



	TXA2
	Tromboxan A2



	UFH
	Unfractionated heparin



	UV
	Ultraviolet



	VCAM
	Vascular cell adhesion molecule



	VEGF
	Vascular endothelial growth factor



	VKORC1
	Vitamin K epoxide reductase complex



	VSMCs
	Vascular smooth muscle cells



	VTE
	Venous thromboembolism



	vWF
	Von Willebrand factor
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Figure 1. A blood coagulation cascade including the internal and external paths. The former of these pathways is initiated by the contact of FXII with a negatively charged surface or indirectly through the involvement of polyP and blood platelets (PL). In contrast, the external pathway is initiated by FVII activation by tissue factor (TF) on the surface of monocytes, microparticles, activated endothelial cells (ECs), or cells in the damaged vessel wall, which exhibit TF. Both pathways lead to the activation of FX factor (prothrombinase), which converts inactive prothrombin into thrombin. The next stage is the transformation of fibrinogen to fibrin, which forms a fibrin clot; abbreviation: activated platelets (PL-a), angiotensin-converting enzyme (ACE). 
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Figure 2. Neutrophils, platelets, and endothelial cells interactions in hypoxia lead to blood cell response. Activation of neutrophils causes a respiratory burst and an increase in myeloperoxidase (MPO) activity. Release of ROS initiates the oxidation of proteins, lipids, and DNA. In contrast, activation of ECs leads to the secretion of procoagulant factors (PGI, AT III, thrombomodulin), growth factors (EDGF, FGF, IGF, PDGF), inflammatory mediators (IL-1, IL-6, IL-8, TNF-α, MHCII), factors regulating vascular wall tension (ROS, NO•, PGI2, EDHF, ACE, TXA2, EDCF) as well as release of anticoagulant agents (vWF, FV, thromboplastin), endothelial cell-adhesion molecules (VCAM-1, selectins, MCP-1). In turn, activation of blood platelets leads to the release of PGG2, PGH2, TXA2. Abbreviation: angiotensin-converting enzyme (ACE), antithrombin III – (AT III), deoxyribonucleic acid (DNA), endothelial cells (ECs), endothelium-derived contracting factor (EDCF), endothelium-derived growth factor (EDGF), endothelium-derived hyperpolarizing factor (EDHF), fibroblast growth factor (FGF), insulin-like growth factor (IGF), interleukin (IL), monocyte chemoattractant protein 1 (MCP-1), major histocompatibility complex II (MHCII), myeloperoxidase (MPO), nitric oxide (NO•), platelet-derived growth factor (PDGF), prostaglandin G2 (PGG2), prostaglandin H2 (PGH2), prostacycline (PGI), reactive oxygen species (ROS), tumour necrosis factor α (TNF-α), tromboxan A2 (TXA2), vascular cell adhesion molecule (VCAM), von Willebrand factor (vWF). 
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Figure 3. ROS release and oxidative biological material damage in endothelial cell. Abbreviations: catalase (CAT), water (H2O), hydrogen peroxide (H2O2), endothelial nitric oxide synthase (eNOS), nitric oxide (NO•), NADPH oxidase (NOX), oxygen (O2), superoxide anion radical (O2•−), peroxynitrite (ONOO−), oxidised lipids (ox-L), oxidised proteins (ox-P), superoxide dismutase (SOD). 
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Figure 4. Factors leading to the development of endothelium dysfunction. These include ROS, proinflammatory cytokines (IL-1, IL-6, IF-8, TNF-α), TGF-β, Hb and oxyHb, Th-1 lymphocytes, sepsis, macrophages, and neutrophils. 
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Figure 5. ROS can destroy phagocytized pathogens. Respiratory burst of neutrophil, which leads to the activation of NADPH-oxidase producing O2•−, precursor of other ROS, such as, H2O2, which can oxidize chloride to HClO in the presence of MPO, HO• release in Fenton reaction. 
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Figure 6. Direct factor Xa inhibitors: apixaban (1), betrixaban (2), darexaban (3), edoxaban (4), nokxaban (5), rivaroxaban (6), fondaparinux (7), and idraparinux (8). 
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Figure 7. Direct bivalent thrombin inhibitors: low molecular weight heparin (LMWH) monomer structure (9), heparin (10), bivalirudin (11), and hirudin (12). 
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Figure 8. Direct monovalent thrombin inhibitors: dabigatran (13), argatroban (14), ximelagatran (15). 
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Figure 9. Chemical structure of warfarin (16). 
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Figure 10. Antiplatelet drugs: clopidogrel (17), prasugrel (18), ticlopidine (19) as well as novel compounds ACT246475 (selatogrel) (20), AZD1283 (21), and SAR216471 (22) are active antiplatelet drugs irreversible, competitive, thienopyridine P2Y12 receptor antagonists, while ticagrelor (23) and cangrelor (24) are reversible P2Y12 receptor antagonists. ASA (25) inactivates cyclooxygenase (COX) by irreversible acetylation in the metabolism of arachidonic acid (AA). Cilostazol (26) inhibits the platelet aggregation induced by collagen, ADP, epinephrine, and AA. Dipyridamole (27) the potential of endogenous anticoagulants and the patency of small vessels and capillaries. BMS-884775 (28) and P2Y1 antagonist demonstrated similar anticoagulant properties such as prasugrel. 
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Figure 11. Antiplatelet drugs which selectively and reversibly bind to the platelet IIb/IIIa receptor glycoprotein: eptifibatide (29) and tirofiban (30). 
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Figure 12. Chemical structures of RUC-1 (31), RUC-2 (32), RUC-4 (33). 
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Figure 13. PAR-1 and PAR-4 antagonists: vorapaxar (34), F16618 (35), SCH79797 (36), BMS986120 (37). 
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Figure 14. Inhibitors of PDI and PI3Kβ: Isoquercetin (38), TGX221 (39), and AZD6482 (40); inhibitor of 12-lipoxygenase ML355 (41). 
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Figure 15. Chemical structures of flavonoids: wogonine (42) wogonoside (43), galangin (44), pinocembrin (45), nobiletin (46), and morin (47). 
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Figure 16. Chemical structure of hovertrichozide (48) and avicularin (49). 






Figure 16. Chemical structure of hovertrichozide (48) and avicularin (49).



[image: Ijms 21 07975 g016]







[image: Ijms 21 07975 g017 550] 





Figure 17. Chemical structure of isoflavonoids: genistein (50), daidzein (51), silybin A (52), silybin B (53), and silychristine (54) flavonoid. 
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Figure 18. Chemical structure of afzelin (55), biochanine A (56), sophorabioside (57), tatectoridin (58), apigenin (59), isorhamnetin glucosides (60), and rutin (61). 
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Figure 19. Chemical structure of saponins: ginsenoside rb1 (62), ginsenoside rb3 (63), ginsenoside rg1 (64), ginsenoside rg3 (65), ginsenoside Ro (66), notoginsenoside R1 (67), Panax bipinnatifidus, araloside A methyl ester (68), and Panax bipinnatifidus stipuleanoside R2 (69). 
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Figure 20. Chemical structure of saponin D39 (70). 
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Figure 21. Chemical structure of ruscogenin (RUS) (71). 
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Figure 22. Chemical structure of diterpenoids: stevioside (72), steviol (73), and isosteviol (74). 
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Table 1. Effect of drug anticoagulants for atherothrombotic diseases.
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Anticoagulants




	
Drug

	
Formulation

	
Mechanisms of Action

	
Route of Administration

	
References






	
Apixaban

BMS-562247

	
10 mg twice daily for 1 week, then 5 mg twice daily

2.5 mg twice daily for 2–5 weeks

	
FXa inhibitor

	
oral anticoagulant

	
[155,178,179,180]




	
Edoxaban

DU-176

	
15, 30, and 60 mg daily

	
FXa inhibitor

	
oral anticoagulant

	
[178,179,181,182]




	
Rivaroxaban

BAY59-7939

	
20 mg daily

15 mg BD for 3 weeks,

then 20 mg

10 mg daily for 2–5 weeks

	
FXa inhibitor

	
oral anticoagulant

	
[155,178,179,180]




	
Low molecular weight heparin (LMWH)

Anti-Xa

	
Dosing of LMWH depends on the drug used:

Dalteparin: 200 U/kg OD or 100 U/kg BID

Enoxaparin: 1.5 mg/kg OD or 1 mg/kg BID

Tinzaparin: 175 U/kg OD

Nadroparin: 171 U/kg OD

	
Indirect FXa inhibitor

	
parenteral formulation

	
[155,183]




	
Fondaparinux

	
- Under 50 kg: 5 mg once a day

- 50 to 100 kg: 7.5 mg once a day

- Over 100 kg: 10 mg once a day

	
Indirect FXa inhibitor

	
parenteral formulation

	
[155,169,184]




	
Idraparinux

SR34006

	
2.5 mg once weekly

	
Indirect FXa inhibitor

	
parenteral formulation

	
[169]




	
Darexaban

YM-150

	
30 mg or 60 mg daily

	
FXa inhibitor

	
oral anticoagulant

	
[155,185]




	
Betrixaban

	
15 mg twice daily or

40 mg twice daily

	
FXa inhibitor

	
oral anticoagulant

	
[155]




	
Nokxaban

GC-2107

GCC-4401C

	
20 mg and 40 mg

administered in a fasted state is comparable to rivaroxaban 10 mg and 20 mg in a fed state

2.5–80 mg single dose

	
FXa inhibitor

	
oral anticoagulant

	
[155,186,187,188]




	
Hirudin

	
1.75 mg/kg/h

	
Thrombin inhibitor

	
parenteral formulation

	
[169]




	
Bivalirudin

	
0.75 mg/kg intravenous bolus dose followed immediately

1.75 mg/kg/h intravenous infusion for the duration of the procedure

	
Thrombin inhibitor

	
parenteral formulation

	
[169]




	
Argatroban

	
2 µg/kg/min administered as a constant infusion

	
Thrombin inhibitor

	
parenteral formulation

	
[169]




	
Unfractionated heparin

UFH

	
80 units/kg

	
Indirect FXa inhibitor, thrombin inhibitor

	
parenteral formulation

	
[169,189]




	
Dabigatran

BIBR 1048

BIBR 953

	
150 mg twice daily (after 5 days of parenteral anticoagulation)

110 mg loading dose

then 220 mg daily for 9–34 days

	
FIIa, thrombin inhibitor

	
oral anticoagulant

	
[155,169,178,179,190]




	
Warfarin

	
5–10 mg daily

	
FIIa, FVIIa, FIXa, FXa inhibitor

	
oral anticoagulant

	
[155,178]
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Table 2. Antiplatelets drugs in the treatment of atherothrombosis, the doses used, and the receptor inhibitors/antagonists.
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Antiplatelet Drugs




	
Drug

	
Formulation

	
Mechanisms of Action

	
Route of Administration

	
References






	
Abciximab

	
Bolus 0.25 mg/kg injection then 0.125 µg/kg/min infusion

	
Glycoprotein IIb/IIIa inhibitor

	
parenteral formulation

	
[202,209]




	
Eptifibatide

	
180 µg/kg before the start of percutaneous coronary intervention followed by a continuous infusion of 2 µg/kg/min with another 180 µg/kg IV bolus given 10 min

	
Glycoprotein IIb/IIIa inhibitor

	
parenteral formulation

	
[202,210]




	
Tirofiban

	
0.15 µg/kg/min for 24–36 h

	
Glycoprotein IIb/IIIa inhibitor

	
parenteral formulation

	
[202,211]




	
Clopidogrel

	
300 mg–600 mg loading dose followed by 75 mg daily, in conjunction with aspirin, ideally for up to 12 months

	
P2Y12 receptor antagonist

	
oral anticoagulant

	
[202,212]




	
Prasugrel

LY-640315

	
60 mg loading dose

10 mg once-daily maintenance dose

	
P2Y12 receptor antagonist

	
oral anticoagulant

	
[202,213]




	
Cangrelor

	
Bolus 30 µg/kg injection then 4 µg/kg/min infusion

	
P2Y12 receptor blockade

	
parenteral formulation

	
[202,214]




	
Acetylsalicylic Acid

ASA

	
In Europe loading dose 300 mg, maintenance dose 75 mg

	
Irreversible acetylation and inhibition of COX enzyme

	
oral anticoagulant

	
[202,213]




	
Ticagrelor

	
180 mg loading dose 90 mg twice-daily maintenance dose

	
P2Y12 receptor blockade

	
oral anticoagulant

	
[202,213]




	
Cilostazol

	
100 mg twice daily

	
PDE inhibitor

	
oral anticoagulant

	
[215]




	
Dipyridamole

	
ASA 25 mg and dipyridamole 200 mg

225 mg with 1000 mg ASA

	
PDE inhibitor

	
oral anticoagulant

	
[216]




	
Ticlopidine

	
250 mg twice daily for 4 weeks 300 mg daily

	
ADP receptor inhibitor

	
oral anticoagulant

	
[217]




	
Selatogrel

ACT-246475

	
8 mg or 16 mg

single dose

	
P2Y12 receptor antagonist

	
oral anticoagulant

	
[218,219]

















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











© 2020 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 (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Interaction by
PAF

P-selectin
ICAM-1

ros} mpo }

e

Protein —= Protein hydroperoxide

SN\ X

Bicyclic proxide v]r

Monocyclic proxide
Protein fragmentation
MDA 4-HNE ....
Carbonels
Protein adducts
Biomolecules damage
Cell death
5-LOX
™ ey
12-7 \
Lipoxin A4 (LX A4) Leucotriens
Lipoxin B4 (LX B4) (LTB,, LTC,, LTD,. LTE,)
Neutrophils adhesion Vascular permeability f

and chemotaxis

Membrane lipid
(phospholipids)

l PLA,

Arachidonic acid
(AA)

COX-1
COX-2

Prostacycelin PG,

PL agregation l

—= Inflammatory mediators

TNFa, IL-1, IL-6, IL-8, MHC-2
———————————>  Procoagulant factors

PGI,, AT 1L thrombodulina
——=>  Antvcoagulant factors

vWF, FV, thromboblastin
> Growth factors

EDGF, PDGF, FGF, IGF
———————>  DNAdamage
—— > (ell adhesion molecules

(VCAM-1, selections, MCP-1)
———— > Factors affecting the wall vassels ROS,

NO, PGL,. EDHF, EDCF, TXA2. ACE

| wictron)

TBXASI
Prostaglandins PGE; Tromboxan TXA2
Vascular tone t PL agregation "





media/file39.jpg
70)





media/file18.png
(16)





media/file21.jpg
o0





media/file44.png
HO

(74

(73)

(72)





media/file26.png
(34)

N

(33)

(36)





media/file7.jpg





media/file28.png
(38)

(39

o

(40)

OH

NH-5—=0C
i\

=

(41)

NH

OH





media/file10.png
Arginine
iNOS /nNOS |

Cytruline

membrane






media/file11.jpg





media/file6.png
NOX

0,

//

ko, coupled eNOS

I

NO

N\

ONOOr

biological material damage
(lipad.,

®)

H+

/

I car
HZOZ— Hzo + 02
0, soD /
\/

/.
\\

7

protein, DNA)

\N

changes in membrane fluidity and permeability





media/file36.png
OH

. i HO ©
OH
0 OH
OH O o
0
OH ’
(55)
0 -
| 0
OH
HO I
OH O
. OH ’
HO

(58)

OH

(61)

(60)

(59)





media/file15.jpg





nav.xhtml


  ijms-21-07975


  
    		
      ijms-21-07975
    


  




  





media/file2.png
INTRINSIC PATHWAY EXTRINSIC PATHWAY

. MONOCYTES | ACE ( TISSUE )<—|( ECs
FXII > FXIIa ‘ TlF
FXI > FXIa L AL
FIX .. FIXa + FVIlIa
Y )
FX > FXa + FVa
prothrombin > thrombin
fibrinogen > fibrin

FXIII > FXIIla —>*






media/file23.jpg





media/file24.png
(32)

(33)





media/file29.jpg
@

)
o
_o.
o o
» ]

(46)

)

oH o
on

@7





media/file1.jpg





media/file12.png
0
NH, ~
NH ™S
A
N ; - 0 NH
5 N
| /@/ I NH
N
o 0
) (2)
Cl
/ —
N N
’;> \ 7/
N NH
0
o}
HN
o)
N
NH OH ,/'"@S>—< e
o) /ﬁN\
I o}
Q) (4)
0 o}

(6)

{ONa
Oxl°
o O
wON A pO 20
| ~ONa
\\‘\.‘ D \O
> O ‘
0 |
ONa

(8)





media/file9.jpg





media/file42.png
(71)

W™

Y
)





media/file38.png
62}

{63)

a0

(63}

{66}

HOH,C

(B7)





media/file17.jpg
(16)





media/file30.png
HO

(42) (43)

(46) (47)





media/file35.jpg
o

)

o

o

on

3

o

\ 7/

)

)

)





media/file27.jpg
O

s oﬁ%k

o

Joanas





media/file3.jpg





media/file22.png
O
OH
4//”'0
HN
m
O N

(29)

(30)





media/file19.jpg





media/file40.png
HO

HO

HO

OH

HO

(70)





media/file33.jpg
o0 o1

o o @ o
m N
Hor o on o o

) )






media/file32.png
(48) (49)





media/file14.png
(9) (10)

(11)

O CH

)J\/ NH
NH, O.. _OH
O  HN 2 O o
0 0. _OH HN 0 OH
HO o 0 x /
HN NH 0
NH NH o HN
o

HO 0 0

(12)





media/file41.jpg
@)





media/file37.jpg





media/file16.png
(13)

OH
Na. NH,
N
O O :
NH ﬁ?f’: NH
)ﬁ\ wNH
HaN N/\/l )
N O N
o) —0QO

(14) (15)





media/file20.png
(17)

" (19)

: ()
w Ty NG 0 o:$<> .
o) p
I g \ ? N M/ N Y /
N N
—_—
r/«aN NH \ N C ) /I:;:E(”
|
° N“M/J 1o 0% o | S
W T P/ D D y
I
0 o)
" @ (22}
HOxP<OH
0 cl ™0
Sp C
HO™ |
OH OKP/OH
o0~ |
0 {/o
_ OH CE:C"‘\Z:_,..(}H 5 o
E \ O
/xﬂxwx&\T/ﬁ\ 1 OH F S NN o \Tr/
| N \KF\/ Y > O
N/ L Pw
NH /J/NH
I
(;\F
F
(23) " .
“ )
N/\ N (\OH O
“ O N N OH
N—N
m Nl T Y \/\‘OH }—NH y
N O
H

F
(26) - N





media/file5.jpg
NO

NOX

coupled eNOS

| Reconi]

e o\ /I .

bmlnpcxl material damage
(lipid. protein, DNA)

lvx~l. l oxP

changes in membrane fluidity and permeability






media/file31.jpg
(48) 49)





media/file25.jpg





media/file0.png





media/file8.png





media/file43.jpg





media/file34.png
(50) (51)

(52) (53)

OH

(54)





