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Direct Oral Anticoagulants (DOACs) have simplified the treatment of thromboembolic disease. In addition to their established anticoagulant effects, there are indications from clinical and preclinical studies that DOACs exhibit also non-anticoagulant actions, such as anti-inflammatory and anti-oxidant actions, advocating overall cardiovascular protection. In the present study, we provide a comprehensive overview of the existing knowledge on the pleiotropic effects of DOACs on endothelial cells (ECs) in vitro and their underlying mechanisms, while also identifying potential differences among DOACs. DOACs exhibit pleiotropic actions on ECs, such as anti-inflammatory, anti-atherosclerotic, and anti-fibrotic effects, as well as preservation of endothelial integrity. These effects appear to be mediated through inhibition of the proteinase-activated receptor signaling pathway. Furthermore, we discuss the potential differences among the four drugs in this class. Further research is needed to fully understand the pleiotropic effects of DOACs on ECs, their underlying mechanisms, as well as the heterogeneity between various DOACs. Such studies can pave the way for identifying biomarkers that can help personalize pharmacotherapy with this valuable class of drugs.
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1 INTRODUCTION
Anticoagulant drugs constitute the mainstay of thrombus prophylaxis in individuals at high risk for thromboembolic events, most notably venous thromboembolism (VTE) and stroke in atrial fibrillation (AF) (Graf and Tsakiris, 2012). Vitamin K antagonists (VKAs) have been the standard anticoagulation treatment for over 60 years, providing significant therapeutic benefit and saving millions of lives. However, VKAs present several clinical drawbacks that necessitated the development of direct oral anticoagulants (DOACs). DOACs constitute a major innovation in the field, and since their introduction in clinical practice in 2008, they have gradually dominated over VKAs and have revolutionized anticoagulation treatment (Pirmohamed, 2006; Schwarb and Tsakiris, 2016; Lippi et al., 2017). Unlike VKAs, which target a gamut of clotting factors, DOACs directly inhibit specific factors, such as thrombin (dabigatran) or activated factor X (FXa) (rivaroxaban, edoxaban, and apixaban) within the coagulation cascade. DOACs provide a better safety and efficacy profile since they are short-acting, rapid agents, that reversibly bind to their targets (Graf and Tsakiris, 2012). Their main advantages over VKAs include simpler clinical use, fewer drug-drug and food-drug interactions, no need for routine monitoring, and a lower bleeding risk (Granger et al., 2011; Patel et al., 2011; Hart et al., 2012).
It is often the case that medications, including those for cardiovascular diseases (CVDs), turn out to have beneficial actions beyond those they were developed for, so-called “pleiotropic effects”. Statins, which were introduced in the early '90s to combat hypercholesterolemia, are a prominent example. Since then, their impact has surpassed cholesterol reduction, offering a plethora of diverse cardiovascular protective actions, including support of endothelial integrity and function (Marzilli, 2010).
However, whether DOACs have such pleiotropic effects remains a topic of ongoing investigation. It is conceivable that their actions can potentially extend beyond their conventional role in anticoagulation by controlling the activity of two serine proteases; factor Xa (FXa) and thrombin. It is well established that these proteases mediate several (patho)physiological processes such as inflammation, atherothrombosis and angiogenesis (Danckwardt et al., 2013; Esmon, 2014) by triggering the activation of proteinase-activated receptors (PARs). PARs are a family of G protein-coupled receptors located on the cell surface, also known as thrombin receptors (coagulation factor II thrombin receptor, F2R), and orchestrate a multitude of cellular responses (Coughlin, 2000; Borensztajn et al., 2009). The ability of DOACs to regulate PARs responses by inhibiting thrombin and FXa opens new insights into their actions beyond anticoagulation.
Endothelial cells (ECs) line the luminal surface of blood vessels, which consists of the direct contact of flowing blood with the vessels. They are guardians of vascular integrity by regulating blood pressure and secreting critical molecules such as nitric oxide and prostacyclin (Mitchell et al., 2008). Endothelial dysfunction due to mechanical damage or chronic inflammation leads to CVDs, such as atherosclerosis, thrombotic events, and stroke (Wu and Thiagarajan, 1996; Rajendran et al., 2013). Cultured ECs constitute a well-established in vitro model of the vasculature and since the '70s they have been used in a myriad of studies, providing valuable mechanistic insight on the full spectrum of CVDs. Considering that ECs express all four PARs, a potential link emerges between dysregulation of PAR signaling and ECs dysfunction, which may be modulated by DOACs (Grimsey and Trejo, 2016; Seki et al., 2017). Hence, it can be hypothesized that DOACs have the potential to modulate endothelial function and induce pleiotropic effects by regulating the activation of PARs in ECs.
This comprehensive review aims to present the current state of knowledge regarding the effects of DOACs in ECs in vitro. We further discuss the mechanisms by which DOACs exert their pleiotropic actions, as they can be extrapolated from these in vitro studies. This could be beneficial in identifying novel actions of DOACs and better understanding the entire range of their impact. An additional aim of this study is to identify potential differences between the four agents in this class. Currently, the choice of DOACs for each patient is based mostly in clinical criteria and clinical experience. Uncovering potential discriminatory factors could help in personalizing DOACs drug therapy.
2 METHODS
In March 2023, two reviewers independently screened the titles and abstracts of the retrieved studies through a literature search of the National Library of Medicine (PubMed). The literature search was conducted for the four commercially available DOACs (apixaban, rivaroxaban, dabigatran, and edoxaban). The keywords/strings used were (endothelial) AND (cells) AND (rivaroxaban) OR (apixaban) OR (dabigatran) OR (edoxaban) OR (DOACs) OR (NOACs) OR ((direct) AND (oral) AND (anticoagulants)) OR ((new) AND (oral) AND (anticoagulants)) OR ((direct) AND (thrombin) AND (inhibitor)) OR ((direct) AND (factor) AND (Xa) AND (inhibitor)) OR (in) AND (vitro) AND (studies). There was no publication or language limit in the initial search, and the search engine displayed results from 2008 until the present. Only studies in human ECs were included. Duplicates were removed. We only included papers published in English. Full-text manuscripts were retrieved and reviewed.
3 RESULTS
The number of studies reviewed in this article is shown in Figure 1. After an initial search in PubMed, 104 articles were retrieved. After title and abstract screening, 64 articles were considered ineligible. For the remaining 40 publications, the full texts were reviewed for eligibility, and finally, 35 articles were included in this review.
[image: Figure 1]FIGURE 1 | Flowchart of the results of the systematic review literature search. Only studies utilizing human endothelial cells (ECs) treated with direct oral anticoagulants (DOACs) in in vitro experiments were included.
4 IN VITRO EXPERIMENTS USING DOACS ON ECS
4.1 Dabigatran
Dabigatran is the first DOAC that was approved by the Food and Drug Administration (FDA) in 2008 and revolutionized the antithrombotic treatment. It is prescribed for the prevention of thromboembolic events in high-risk patients, such as patients with non-valvular AF (NV-AF), pulmonary embolism (PE), and VTE, while it is the first anticoagulant approved for VTE treatment in children (van Ryn et al., 2013; Kuehn, 2021). Dabigatran is a pro-drug, dabigatran etexilate, and it is 80% renally excreted. Since the introduction of dabigatran to the market, eight studies have examined its effects on human ECs. A summary of the pleiotropic effects of dabigatran on ECs in vitro is shown in Table 1.
TABLE 1 | Overview of the pleiotropic effects of dabigatran in endothelial cells (ECs) in vitro.
[image: Table 1]Atherosclerosis can be characterized as a chronic inflammatory disease of the vasculature, while there is a connection between atherosclerosis and disturbed hemostasis. In this notion, Gorzelak-Pabiś et al. (2022a) investigated the effects of dabigatran in an in vitro model of chronic atherosclerosis using 25-hydroxycholesterol (25-OHC)-induced human umbilical vein endothelial cells (HUVECs). Dabigatran reversed all oxysterol-induced effects. It enhanced endothelial integrity that had been damaged by 25-OHC. This was mediated by lessening mRNA expression of intercellular adhesion molecule 1 (ICAM1) and vascular endothelial growth factor A (VEGFA). Dabigatran was also able to stimulate the surface expression of cadherin 5 (CDH5, known also as VE-Cadherin) that had been reduced by 25-OHC and concurrently inhibited the transcription of 25-OHC-induced proinflammatory cytokines and chemokines interleukin 33 (IL-33), tumor necrosis factor (TNF), and C-C motif chemokine ligand 2 (CCL2). These results strongly suggest that dabigatran possesses anti-inflammatory effects and also enhances endothelial integrity (Gorzelak-Pabiś et al., 2022a).
Another study by Noguchi et al. (2021) was performed to mimic the damage to ECs caused by liver transplantation. They used, among others, sinusoidal ECs (SECs) to examine the effects of dabigatran in an in vitro hypoxia-reoxygenation (H-R) model. They found that dabigatran increased the protein expression of platelet and endothelial cell adhesion molecule 1 (PECAM1) and decreased high-mobility group box-1 (HMGB-1) secretion and lactate dehydrogenase (LDH) cytotoxicity levels in an H-R model. Dabigatran induced thrombomodulin (THBD) expression in cell lysates in both non-ischemic and H-R models, whereas in the H-R model, THBD levels in the supernatant of SECs pre-treated with dabigatran decreased. These findings suggest that dabigatran holds cytoprotective properties against hepatic ischemia and maintains vascular integrity, thereby preventing hepatic transplant rejection (Noguchi et al., 2021).
Two studies have been conducted to evaluate the effects of dabigatran on tumor growth and metastasis. In the study of Smeda et al. (2022), the impact of dabigatran on the pulmonary endothelial barrier and in metastasis spread was assessed both in vivo and in vitro. In the in vitro experiments, they used an inflammation model of human lung microvascular endothelial cell (HLMVEC) cultures. HLMVECs were stimulated by thrombin-activated platelet releasate, and, subsequently, their electrical resistance was measured throughout the induction process in both the presence and absence of IL-1β and dabigatran. These results revealed that dabigatran adequately abolished in vitro thrombin-activated platelet releasates’ ability to protect the pulmonary endothelial barrier against inflammatory stimuli (Smeda et al., 2022).
In the second study, the effect of dabigatran on tumor growth was evaluated. Among tumor cell lines, the team of Vianello et al. (2016) used also HUVECs to test the potential effects of thrombin and dabigatran in angiogenesis. HUVECs treatment with thrombin increased the mRNA expression of the angiogenetic proteins C-X-C motif chemokine ligand 1 (CXCL1, also known as GRO-α) and twist family bHLH transcription factor 1 (TWIST1), an effect that was restored by dabigatran. In tube formation assays in HUVECs, they also observed that thrombin alone stimulated tube formation, whereas the co-administration of thrombin and dabigatran reversed this effect. The ability of dabigatran to counteract thrombin-induced angiogenesis highlights its possible negative contribution to the vascularization of cancer metastasis (Vianello et al., 2016).
Endothelial integrity is a crucial factor in preserving the blood-brain barrier (BBB) from damage, potentially leading to intracerebral hemorrhage. From this perspective, the team of Choi et al. (2018) evaluated the effect of dabigatran on the endothelial barrier in thrombin-induced HUVECs. To assess endothelial permeability, they examined the monolayer of HUVECs by measuring the trans-endothelial electrical resistance (TEER), testing the morphological changes in the actin cytoskeleton, detecting myosin light chain (MLC) phosphorylation, and assessing the activity of Rho A GTPase. Dabigatran suppressed thrombin-induced effects on permeability, protecting and stabilizing endothelial barrier integrity, and elucidating a part of the underlying molecular mechanism (Choi et al., 2018).
There is a close connection between diabetes and neurodegeneration, as hyperglycemia can lead to neuroinflammation and microvascular dysfunction in the brain. To study the glucose-induced brain microvascular endothelial damage, Vittal Rao et al. (2021) treated human brain microvascular ECs (HBMVECs) with glucose, thrombin, dabigatran, and inhibitors of PAR-1, p38 mitogen-activated protein kinases (MAPK), matrix metallopeptidase 2 (MMP2), or MMP9. Glucose induced the expression of inflammatory proteins TNF, IL-6, MMP2, and MMP9, and of oxidative stress proteins nitric oxide synthase 2 (NOS2) and NADPH oxidase 4 (NOX4), which were attenuated by dabigatran. The addition of thrombin to HBMVECs resulted in overexpression of TNF, IL-6, p38, cAMP responsive element binding protein 1 (CREB1), MMP2, MMP9, NOS2, and NOX4, while the addition of dabigatran reversed this effect. These results show that dabigatran is efficient in neutralizing the effects of thrombin signaling through PAR-1 inhibition in damaged brain ECs by glucose and, thus, potentially protecting them from neurodegeneration (Vittal Rao et al., 2021).
Patients with obstructive sleep apnea can present endothelial damage in BBB due to chronic intermittent hypoxia. This event has been evaluated in the recent research work by Zolotoff et al. (2022) They used a co-culture of human astrocytes cell line and human brain endothelial cells (HBEC-5i) to assess the effects of intermittent hypoxia with thrombin on the BBB. Under intermittent hypoxic conditions, low doses of thrombin exerted a positive effect on the BBB, with significant PAR-3 cleavage. In contrast, high concentrations of thrombin harmed BBB permeability, by activating reactive oxygen species (ROS) and PAR-1 and led to the upregulation of the expression of hypoxia inducible factor 1 subunit alpha (HIF1A) and downregulation of tight junction protein 1 (TJP1). When brain ECs were pretreated with dabigatran, both of the aforementioned beneficial and harmful thrombin effects were inhibited. These outcomes illustrate the biphasic effects of dabigatran in high and low exposure to thrombin; specifically, dabigatran exhibits beneficial effects on endothelial permeability at high concentrations of thrombin (Zolotoff et al., 2022).
From a different perspective from the previous works, Chen et al. (2015) examined whether thrombin-bounded dabigatran is able to attach to PAR-1 and can thus affect the endothelial barrier permeability using human umbilical vein endothelial-derived EA.hy926 cells. They observed that endothelial permeability increased when PAR-1-agonist-treated cells were exposed to thrombin-bound dabigatran compared with dabigatran alone. They reported that, at normal levels, dabigatran inhibits the catalytic site of thrombin and its capacity to bind with substrates such as PAR-1 and may control their functions. However, prolonged exposure to catalytically inactive thrombin, treated with supratherapeutic concentrations of dabigatran, resulted in increased surface expression of PAR-1 and enhanced signaling (Chen et al., 2015).
4.2 Rivaroxaban
Rivaroxaban is the first direct FXa inhibitor approved by FDA in 2011 for stroke prevention in NV-AF patients and VTE and PE treatment. It has the shortest half-life of all DOACs (Yates, 2014) and it inhibits FXa by forming two hydrogen bonds with the amino acid Gly219 (Yang et al., 2017). Rivaroxaban is, by far, the DOAC that has been studied most extensively in vitro. Table 2 summarizes the in vitro effects of rivaroxaban on ECs.
TABLE 2 | Overview of the pleiotropic effects of rivaroxaban in endothelial cells (ECs) in vitro.
[image: Table 2]FXa has been extensively used to investigate the molecular mechanisms underlying the effects of rivaroxaban in ECs. Lange et al. (2014) compared the anti-angiogenic action of inactive and active forms of FX using tubule formation assay in endothelial EA.hy926 cells. They showed that the anti-angiogenic action of FXa, but not FX, was reversed by rivaroxaban. These findings suggest that rivaroxaban can promote angiogenesis by inhibiting FXa activity in ECs (Lange et al., 2014).
Sanada et al. (2016) extensively studied the underlying mechanism of how ECs respond to chronic FXa-induced inflammation and cellular senescence, common features of tissues impacted by long-lasting inflammatory disorders. They treated HUVECs with FXa for 14 days and found that ECs senescence and growth retardation were triggered, whereas cell proliferation was suppressed. Furthermore, the mRNA expression of four genes, cyclin dependent kinase inhibitor 2A (CDKN2A), cyclin dependent kinase inhibitor 1C (CDKN1C), early growth response 1 (EGR1), insulin like growth factor binding protein 5 (IGFBP-5), as well as four inflammatory cytokines IL-1β, IL-6, CCL2, ICAM1 were significantly enhanced. All of the above-mentioned FXa-induced actions were reversed by rivaroxaban. Additionally, they showed that ECs senescence is triggered by FXa through an IGFBP-5-dependent process. It appears that IGFBP-5 overexpression, which is not inhibited by rivaroxaban, leads to the upregulation of IL-1β, IL-6, and ICAM1. These results lead to the conclusion that rivaroxaban exhibits anti-inflammatory and angiogenic actions, that can reverse the effects of FXa, but not those of IGFBP-5, providing evidence that IGFBP-5 is a downstream regulator of FXa-PAR signaling (Sanada et al., 2016).
The study by Seki et al. (2017) examined the role of rivaroxaban in FXa-induced inflammation in HUVECs. Rivaroxaban alone did not affect the expression of PARs or other pro-inflammatory genes. The addition of FXa to the medium resulted in upregulation of the expression of PAR-1, -2, and -3 (but, notably, not −4), an effect that was reversed by rivaroxaban. Moreover, FXa stimulation led to mRNA overexpression of ICAM1, CCL2, and IL-8, all of which were inhibited by rivaroxaban. These results suggest that rivaroxaban can be beneficial in preventing FXa-induced progression of atherosclerosis by suppressing pro-inflammatory molecules (Seki et al., 2017).
The molecular mechanism behind the crosstalk of coagulation and inflammation and the potential beneficial effects of rivaroxaban were studied in cultured primary human aortic ECs (HaECs). FXa-induced mRNA upregulation of the inflammatory response genes MMP2, IL-1β, IL-6, IL-8, CCL2, ICAM1, and vascular cell adhesion molecule 1 (VCAM1) was abolished by rivaroxaban. In a monocyte-endothelial cell interaction assay, FXa induced monocyte adhesion to the endothelium, an effect that was also inhibited by rivaroxaban. These findings further support the idea that rivaroxaban possesses anti-inflammatory properties (Ding et al., 2021).
Another study on the effects of rivaroxaban in FXa-activated HUVECs was performed by Álvarez et al. (2018). Rivaroxaban alone boosted ECs viability, growth, and wound healing. It also led to differential expression of MMP2 and urokinase-type plasminogen activator (u-PA) genes and reversed FXa-induced overexpression of the pro-inflammatory genes endothelin 2 (EDN2), selectin E (SELE), VCAM1, and CCL5. Furthermore, rivaroxaban dose-dependently inhibited FXa-induced platelet adhesion to HUVECs and stimulated u-PA activation in cell lysates and overexpression in the supernatants. All of these actions were reversed by a u-PA inhibitor. These findings suggest that the beneficial anti-inflammatory effects of rivaroxaban may be mediated by the activation of u-PA (Álvarez et al., 2018).
Benelhaj et al. (2019) used human coronary artery primary ECs (HCAEC) and human dermal blood-microvascular ECs (HDBEC) to study the effect of rivaroxaban on endothelial permeability. When treated with FXa, the ECs permeability in both models was reduced in the first 30 min and then increased at 60 min; rivaroxaban reversed both effects. Additional experiments revealed that these actions were mediated through PAR-1/-2 signaling pathways. These results indicate that rivaroxaban can maintain endothelial permeability at its physiological state (Benelhaj et al., 2019).
Hyperglycemia and diabetes are conditions that are closely related to microvascular inflammation and endothelial dysfunction. Several studies have been performed to investigate the effects of rivaroxaban in in vitro diabetic models. Ishibashi et al. (2014) assessed rivaroxaban’s effect in HUVECs exposed to advanced glycation end products (AGEs). Rivaroxaban reduced the production of citrated plasma-induced ROS in HUVECs in a dose-dependent manner. Additionally, AGEs exacerbated plasma-induced ROS production in HUVECs, which was diminished by treatment with rivaroxaban. Rivaroxaban reduced the upregulation of MOK protein kinase (MOK), CCL2, and ICAM1 mRNA expression in HUVECs induced by citrated plasma and AGEs. Finally, 30 nM rivaroxaban minimized the effect of citrated plasma, which promoted THP-1 cell adhesion to HUVECs. These results reveal that rivaroxaban possesses anti-inflammatory and antioxidant properties on cultured ECs models of diabetes (Ishibashi et al., 2014).
The team of Yang et al. (2017) used a similar in vitro diabetic model of AGE-induced HUVECs to assess the occurrence of bleeding events of rivaroxaban co-administered with angiotensin II (Ang II). They found that this combination elevated tissue factor pathway inhibitor (TFPI) gene expression and activity, an effect that could not be produced by either treatment alone. Overall, their results suggest that TFPI is presumably a crucial mediator of Ang II enhancement of rivaroxaban anticoagulant actions via angiotensin II receptor type 2 (AT2R) and Mas signaling, implying an interaction between coagulation and the renin-angiotensin-aldosterone system (Yang et al., 2017).
Maeda et al. (2019) investigated the effects of rivaroxaban on a diabetic endothelial senescence model. When HUVECs were treated with high glucose, the cellular senescence-related proteins p53, p21, and CDKN2A were upregulated; rivaroxaban co-administration inhibited the overexpression of p53 and p16 (but not CDKN2A). When HUVECs were exposed to high glucose levels, telomerase activity, and telomere length were significantly decreased; rivaroxaban co-exposure mitigated these effects. Furthermore, rivaroxaban significantly reduced the protein expression of ICAM1, VCAM1, and p22phox, which were all upregulated by hyperglycemia. Rivaroxaban also diminished the ability of high glucose to increase ROS. In addition, it increased the concentration of products related to nitric oxide and nitric oxide synthase 3 (NOS3) protein expression caused by high glucose levels. Finally, rivaroxaban also mitigated hyperglycemia-induced PAR-1 protein levels. These findings suggest that rivaroxaban possesses anti-atherosclerotic and anti-senescence properties in HUVECs (Maeda et al., 2019).
Zekri-Nechar et al. (2022a) investigated the effects of the co-administration of rivaroxaban and aspirin in glucose-induced Human Coronary Artery Endothelial Cells (HCAECs) on mitochondrial mitophagy. Glucose-induced HCAECs had increased expression of FXa and tissue factor (TF), enhanced ROS production, and reduced mitochondrial membrane potential. Rivaroxaban reversed only FXa expression. Aspirin, on the other side, reversed all of these effects. Glucose also inhibited the protein expression of mitophagy proteins parkin RBR E3 ubiquitin-protein ligase (PRKN) and PTEN-induced kinase 1 (PINK1); an action that was reversed by aspirin but was unaffected by rivaroxaban alone. Interestingly, co-administration of rivaroxaban enhanced the effect of aspirin. These findings show that rivaroxaban and aspirin combined can potentially support the endothelium from hyperglycemic conditions due to mitochondrial mitophagy protection (Zekri-Nechar et al., 2022a).
Wu et al. (2015) by using in vivo and in vitro models of diabetes aimed to examine the impact of rivaroxaban in angiogenesis. They carried out scratch injury, tube formation, and senescence assays using human endothelial progenitor cells (EPCs) that had been preconditioned with a hyperglycemic medium. Cell viability assay showed that rivaroxaban alone enhanced EPCs proliferation compared to untreated control. Rivaroxaban also stimulated EPCs migration and tube formation, both of which were inhibited by high glucose conditions. Under the same conditions, rivaroxaban stimulated NOS3 phosphorylation, AKT serine/threonine kinase 1 (AKT1), and VEGFA protein expression in EPCs. These findings imply that rivaroxaban can support vascular function and has angiogenic properties at high glucose levels (Wu et al., 2015).
Hypoxia is a deficiency of oxygen supply in tissues and can occur in a range of CVDs and pulmonary diseases, such as ischemic heart disease, heart failure, obstructive sleep apnea, and pulmonary arterial hypertension. In both in vivo and in vitro models, hypoxia has been linked with fibrosis, inflammatory response, endothelial dysfunction, and other pathological conditions. Imano et al. (2018) have examined the potential pleiotropic effects of rivaroxaban in intermittent hypoxia, utilizing Human Cardiac Microvascular ECs (HCMECs). They showed that the mRNA and protein expression of PAR-2, mitogen-activated protein kinase 1/2 (MAPK1/2), and nuclear factor kappa-light-chain-enhancer (NF-kB) were upregulated under hypoxia compared to normoxia, and rivaroxaban, as well as PAR-2 antagonists, were able to restore their expression. These findings suggest that rivaroxaban can protect HCMECs from oxidative stress by blocking PAR-2-mediated activation of the ERK and NF-kB pathways (Imano et al., 2018).
Another study by this team assessed the impact of rivaroxaban on pulmonary arterial hypertension in the same hypoxia model. By treating HCMECs with sugen5416, a multi-kinase inhibitor of the VEGF receptor, under hypoxic settings, the investigators produced a model of rapid right ventricular remodeling. They found that PAR-2, phosphorylation of JNK, and SMAD family member 3 (SMAD3), as well as of mitogen-activated protein kinase 1/3 (MAPK1/3), and NF-kB were increased in this model, and the presence of rivaroxaban alleviated it. These results imply that rivaroxaban may be able to prevent fibrosis, ventricular hypertrophy, and RV remodeling by suppressing the MAPK and NF-kB pathways (Imano et al., 2021).
Guillou et al. (2020) carried out hypoxia-reoxygenation experiments in HUVECs in order to assess the potential effects of rivaroxaban in acute myocardial infarction. Rivaroxaban did not affect hypoxia-reoxygenation modulation of gene expression of ICAM1, VCAM1, THBD, and protein C receptor (PROCR). Thus, rivaroxaban appears to have no protective effect on ECs under hypoxia/reoxygenation conditions (Guillou et al., 2020).
A study addressing the effects of rivaroxaban on endothelial integrity and inflammation due to atherosclerosis was performed by Gorzelak-Pabis et al. (2021). Exposure of HUVECs to 25-OHC enhanced the mRNA expression of TF, ICAM1, VEGFA, TNF, IL-33, and CCL2, as well as endothelial permeability, and decreased CDH5 protein expression; all these effects were reversed by rivaroxaban. Thus, rivaroxaban can protect against atherosclerosis through its anti-inflammatory actions and protection of endothelial integrity (Gorzelak-Pabis et al., 2021).
In order to investigate how coagulation contributes to acute lung injury, Shi et al. (2018) treated HUVECs with lipopolysaccharide (LPS) -a microbial sepsis mediator- and FXa. Their experiments showed that rivaroxaban enhanced cell viability, inhibited apoptosis, and protected HUVECs from LPS-induced injury in vitro. In a wound healing assay, they demonstrated that LPS and FXa promoted HUVECs migration, whereas the addition of rivaroxaban considerably slowed this process. Additionally, LPS and FXa aggravated ECs permeability, which was reduced by rivaroxaban. In response to LPS and FXa treatments, HUVECs also secreted the cytokines IL-1b, TNF, and IL-6, while rivaroxaban suppressed this inflammatory response. Finally, they showed that rivaroxaban inactivates PAR-2 signaling and subsequent NF-B pathway activation, by deterring mitogen-activated protein kinase kinase 7 (MAP3K7) and p65 from being phosphorylated in LPS-induced HUVECs. These results suggest that rivaroxaban inhibits acute lung damage and LPS-induced inflammation through inactivation of the PAR-2/NF-B signaling pathway (Shi et al., 2018).
Zekri-Nechar et al. (2022b), studied the effects of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and FXa on mitochondrial metabolism in human pulmonary microvascular endothelial cells (HPMEC). LPS- and FXa-treated HPMECs were incubated with SARS-CoV-2 spike protein subunits S1 and S2, leading to a reduction in mitochondrial membrane potential, an effect that was partially reduced by rivaroxaban. Under the same conditions, the activities of cytochrome C oxidase and LDH, and the expression of uncoupling protein 2 (UCP2) were increased; the addition of rivaroxaban reduced both effects. These findings show that rivaroxaban lessens the SARS-CoV-2 spike S1 and S2 subunits-induced mitochondrial modification to anaerobic metabolism under pro-inflammatory settings via the participation of FXa inhibition (Zekri-Nechar et al., 2022b).
From a different perspective, Puech et al. (2018) established the HBEC-5i ECs as a model to investigate the mechanism of drug penetration through the human BBB. They found that rivaroxaban is transported by two ATP-binding cassette (ABC) transporters in their BBB model, namely, human breast cancer resistance protein (BCRP) and P-glycoprotein (P-GP). It appears that BCRP and P-GP transporters hold a significant role in how rivaroxaban is distributed in different tissues and are significant contributors to rivaroxaban pharmacokinetic variability (Puech et al., 2018).
4.3 Apixaban
Apixaban is a direct FXa inhibitor, approved by FDA in 2012 for stroke prevention in NV-AF, for VTE and PE treatment, and for VTE prevention after knee or hip replacement surgery (Frost et al., 2013). Apixaban appears to be superior in terms of safety and effectiveness, as it is the only DOAC to be associated with a lower risk of major bleeding or stroke compared to warfarin (Gupta et al., 2019). Additionally, it is also the oral anticoagulant of choice for patients with advanced chronic kidney disease, since it is the least dependent DOAC on renal metabolism (Xu et al., 2021). Apixaban binds to the active site of FXa, and its metabolism is influenced by CYP3A4 (Stacy et al., 2016). To date, only two studies have investigated the effects of apixaban on cultured human ECs, which are briefly presented in Table 3.
TABLE 3 | Overview of the pleiotropic effects of apixaban in endothelial cells (ECs) in vitro.
[image: Table 3]Simmers et al. (2016) studied the effect of apixaban on fibrin deposition in a human ECs AF hemodynamic model. This model consists of a monolayer of HaECs cultured in a trans-well setup, exposed to AF hemodynamic flow, which allows the observation of images within a Z-stack at the surface of the trans-well until the top of the fibrin deposition. They found that apixaban lessens the fibrin deposition thickness while raising the fibrin density at the surface of ECs in this in vitro ECs AF hemodynamic model. These results indicate that apixaban can help mitigate the increased thrombotic risk associated with AF (Simmers et al., 2016).
Since apixaban is a safe choice for patients with end-stage kidney disease, Torramade-Moix et al. (2021) examined the protective role of apixaban in uremia-induced inflammation in an in vitro model of human dermal microvascular ECs (HMEC-1) and HUVECs. They exposed both ECs in uremic sera that caused endothelial dysfunction by increasing VCAM1, ICAM1, and ROS production, and reducing NOS3 and von Willebrand factor (VWF) expression, platelet adhesion, and phosphorylation of p38MAPK and p42/44. Apixaban abolished all these effects. These observations suggest that apixaban acts as an anti-inflammatory and antioxidant agent, can counteract uremic serum-induced endothelial cell dysregulation, and can be beneficial for patients with renal dysfunction (Torramade-Moix et al., 2021).
4.4 Edoxaban
Edoxaban, a direct Xa inhibitor, is the last DOAC approved by FDA in 2015 for stroke prevention in AF patients and VTE and PE treatment. Edoxaban acts by binding to the FXa active site and forms hydrogen bonds with Gly218 (Du et al., 2020). The effects of edoxaban on ECs are briefly presented in Table 4.
TABLE 4 | Overview of the pleiotropic effects of edoxaban in endothelial cells (ECs) in vitro.
[image: Table 4]There is a dearth of publications investigating the effects of edoxaban on ECs in vitro. In the only available study, the actions of edoxaban on HUVECs proliferation, migration, angiogenesis, inflammation, and coagulation were assessed. Edoxaban alone promoted cell viability and growth. Fibrin formation was not affected by edoxaban in a cell-free assay but was considerably enhanced when HUVECs were present. In FXa-treated ECs, edoxaban showed anti-inflammatory properties by blocking peripheral blood mononuclear cell (PBMC) and platelet adhesion to HUVECs, while effectively reversing the transmigration of PBMCs through HUVECs monolayers caused by FXa. Edoxaban also protected the endothelium by attenuating FXa-induced migration in a wound healing assay and by partially neutralizing the anti-angiogenic effects of FXa. In protein expression analysis, edoxaban compared to control led to VEGFA, EPCAM, MMP2, amphiregulin (AREG) downregulation and dickkopf-related protein 1 (DKK1), delta-like protein 1 (DLL1), mammalian STE20-like protein kinase 1 (MST1), erb-b2 receptor tyrosine kinase 4 (ERBB4), and interleukin-2 receptor subunit alpha (IL2RA) upregulation. The addition of edoxaban to FXa-treated ECs led to the underexpression of several proteins, including VCAM1, granulin precursor (GRN), plasminogen activator urokinase (PLAU), and serpin family E member 1 (SERPINE1), and overexpression of several other proteins, including colony stimulating factor 1 (CSF1), ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2), and ERBB4. In cells treated with FXa, edoxaban downregulated the gene expression of ICAM1, VCAM1, SELE, and PAI-1 and upregulated PI3K. Both protein and expression analyses revealed molecules associated with the PI3K/AKT signaling pathway, interleukin signaling, or the immune system. These findings suggest that edoxaban exerts anti-inflammatory effects on the endothelium and enhances ECs growth while also controlling hemostasis, actions mediated mainly via the PAR-1-2/PI3K/NF-kB pathway (Almengló et al., 2020).
4.5 Comparative studies of DOACs
Several studies have compared DOACs with one another in ECs in vitro models to evaluate their potential differences and similarities. Considering that FXa inhibitors share the same mechanism of action, the majority of studies have compared dabigatran, which acts through the inhibition of thrombin, with the other three agents that inhibit FXa. The pleiotropic effects of DOACs in comparative studies on in vitro ECs are presented in Table 5.
TABLE 5 | Overview of the pleiotropic effects of DOACs in endothelial cells (ECs) in vitro.
[image: Table 5]Most comparative studies of DOACs have been performed with dabigatran and rivaroxaban. Papadaki et al. (2020) studied the impact of these two DOACs on ECs activation by thrombin and FXa. In human late-outgrowth ECs (OECs) and HUVECs, both FXa and thrombin promoted ICAM1 expression and CCL2 secretion. Dabigatran and rivaroxaban ameliorated thrombin and FXa-induced effects respectively, in a dose-dependent manner. Additionally, rivaroxaban treatment promoted thrombin-induced ICAM1 expression and CCL2 secretion. Altogether, these observations reveal that both dabigatran and rivaroxaban exert similar anti-inflammatory properties (Papadaki et al., 2020).
Another study assessed the impact of these two DOACs on endothelium-induced inflammation. They induced HUVECs with thrombin with and without a PAR-1 antagonist (vorapaxar) and performed microarray experiments to identify the top 20 differentially expressed genes in response to this stimulus. The most strongly upregulated thrombin-induced genes were SELE, VCAM1, ICAM1, CCL2, IL-8, CXCL1, and CXCL2. When plasma from patients who had received rivaroxaban and dabigatran was added, the expression of these inflammatory genes was attenuated in a dosage-dependent manner. However, it should be noted that dabigatran at very low doses stimulated the expression of CXCL1, CXCL2, IL-8, ELAM-1, CCL2, and TF. These findings suggest that while both DOACs are equally effective in alleviating the pro-inflammatory responses caused by PAR-1 activation, some differences in their actions may exist (Ellinghaus et al., 2016).
Gorzelak-Pabiś et al. (2022b) also evaluated the effects of the same DOACs in a HUVECs inflammation model. Stimulation of HUVECs with 25-OHC caused downregulation of transforming growth factor beta 1 (TGFB1) and IL-37, and upregulation of IL-18, IL-23, and IL-35, which were counterbalanced when ECs were pre-incubated with rivaroxaban or dabigatran. Thus, both drugs exert anti-inflammatory properties (Gorzelak-Pabiś et al., 2022b). The same team also looked into the effects of dabigatran and rivaroxaban on DNA oxidative damage in HUVECs induced by 25-OHC. They found increased DNA oxidative damage using the comet assay, while they also measured enhanced ROS generation using flow cytometry. Both actions were reduced by rivaroxaban and dabigatran, with the latter exhibiting a stronger effect at higher doses than rivaroxaban. These results indicate that both drugs indirectly protect DNA by suppressing the formation of ROS, with dabigatran having a stronger antioxidant effect than rivaroxaban (Woźniak et al., 2020).
Intracerebral hemorrhage is one of the major and life-threatening complications of DOACs. A study investigated the impact of dabigatran, rivaroxaban, and apixaban in a BBB model of HBEC-5i ECs impaired by thrombin by measuring permeability, junction protein expression, such as tight junction protein 1 (TJP1) and CDH5, and PAR-1 cleavage. All three DOACs blocked the modification of endothelial permeability by sparing the thrombin-inhibited reduction of TJP1 and CDH5 expression and hindered PAR-1 cleavage. Overall, it appears that DOACs protect BBB from damage brought on by thrombin-induced PAR-1 activation (Puech et al., 2019).
From a different angle, von Drygalski et al. (2020) examined a novel agent that counteracts the hemorrhagic effects of DOACs. When all FDA-approved DOACs (rivaroxaban, apixaban, edoxaban, and dabigatran) were added to EA.hy926ECs as part of an endothelial thrombin generation assay, they discovered that thrombin generation was dramatically reduced (7-to-8-fold change) compared to the absence of ECs. Next, they added antibodies against THBD, endothelial protein C receptor (EPCR), and activated protein C (APC), which increased the production of thrombin in ECs treated with rivaroxaban, edoxaban, and apixaban, but not dabigatran. These findings point out the involvement of the APC coagulation cascade only in FXa inhibitor-associated bleedings (von Drygalski et al., 2020).
5 CONCLUSION AND PERSPECTIVES
It is well-established that endothelial dysfunction is a principal cause of CVDs. In cardiovascular research, cultured ECs have been used extensively in the past and continue to provide a useful and reliable in vitro model for the study of the pathophysiological mechanisms of CVDs. Additionally, cultured ECs can be used to aid in the development of novel drugs targeting the vasculature and in the study of the pleiotropic effects of drugs already on the market. DOACs are highly effective anticoagulants that offer a range of untapped potentials in modulating vascular functions (Rogula et al., 2022). Thus, assessing the effects of DOACs in cultures of ECs can provide valuable knowledge on their effects beyond anticoagulation in vitro, generating hypotheses that will eventually lead to the identification of the full spectrum of their protective and/or damaging behavior in the millions of patients receiving them.
DOACs have been used in clinical practice for more than a decade as a standard per os anticoagulation therapy. Following the examples of statins, metformin, and several other widely used cardiovascular drugs, a search for additional (pleiotropic) effects is currently underway in several preclinical and clinical studies. As it collectively derives from the studies reviewed herein, DOACs have several pleiotropic actions in ECs; it appears that apart from anticoagulation, they exert several additional beneficial actions on the endothelium (depicted in Figure 2), including anti-oxidant (Torramade-Moix et al., 2021), anti-inflammatory (Álvarez et al., 2018), atheroprotective (Gorzelak-Pabiś et al., 2022b), anti-senescence (Sanada et al., 2016), and anti-fibrotic effects (Imano et al., 2021). Moreover, they preserve endothelial integrity (Benelhaj et al., 2019; Gorzelak-Pabiś et al., 2022a; Zolotoff et al., 2022) and reduce thrombogenicity (Torramade-Moix et al., 2021). The non-anticoagulant effects of DOACs on ECs have also been evaluated in vivo. Specifically, studies in rodents have suggested that DOACs exert pleiotropic effects on ECs through PAR mediation confirming their existence (Lee et al., 2012; Pingel et al., 2014; Villari et al., 2017; Rahadian et al., 2020; Ito et al., 2021). Furthermore, ongoing investigations in clinical settings (Di Santo et al., 2023) have shed additional light on the pleiotropic effects of DOACs, and evidence has already emerged from clinical studies, indicating that DOACs improve cardiovascular health beyond their primary anticoagulant function (Pistrosch et al., 2021; Lin et al., 2023).
[image: Figure 2]FIGURE 2 | Beneficial pleiotropic effects of direct oral anticoagulants (DOACs) on in vitro human endothelial models. The main pleiotropic effects of DOACs are anti-oxidant, anti-inflammatory, anti-fibrotic, and anti-senescence effects, as well as decreased permeability.
Efforts to develop safer and more effective DOACs are currently underway. The most promising class of compounds is FXIa inhibitors, which target the coagulation cascade upstream of the currently existing DOACs. Some of these compounds, such as asundexian and milvexian, are currently in phase 3 clinical trials, and there is evidence that they can inhibit thrombosis while preserving hemostasis (Schumacher et al., 2010; Muscente and De Caterina, 2023; Wichaiyo et al., 2023). Emerging preclinical evidence suggests that FXIa inhibitors may exert pleiotropic effects, such as anti-inflammatory and anti-atherogenic (Ngo et al., 2021). Pointing to this direction, a recent study has demonstrated that in cultured vascular smooth muscle cells, FXIa induces cellular responses through the activation of PARs (Liu et al., 2019). However, to the best of our knowledge, there are no published studies with FXIa inhibitors on in vitro ECs. Further research is needed to explore the potential effects of these agents on ECs and better understand their non-anticoagulant actions.
As previously mentioned, thrombin is a serine protease generated by the proteolytic activation of the zymogen prothrombin with the participation of FXa (Krishnaswamy, 2013). Thrombin mediates cellular responses through proteolytic activation of PAR signaling by cleaving the amino-terminal extracellular domain (exodomain) and uncovering new N-terminal peptides that function as tethered ligands for G protein-dependent receptors, thereby promoting signal transduction (Coughlin, 2000; Heuberger and Schuepbach, 2019). The pleiotropic actions of DOACs, such as anti-inflammatory, anti-oxidant, anti-fibrotic, and BBB integrity protection, are mediated mainly through the PAR signaling pathway. PARs trigger the transduction of several intracellular signals, through activating PI3K/Akt and NF-kB signaling pathways, and by extension leading to various cellular responses, including inflammation, endothelial integrity, and migration (Ishibashi et al., 2014; Sanada et al., 2016; Shi et al., 2018; Imano et al., 2021).
PAR signaling inhibition has been proven through the use of PAR inhibitors such as vorapaxar, siRNA, or antagonist peptides (Ellinghaus et al., 2016; Benelhaj et al., 2019; Maeda et al., 2019; Puech et al., 2019; Papadaki et al., 2020; Vittal Rao et al., 2021). Additionally, some studies have demonstrated the involvement of PARs through experiments evaluating PARs activation (Zolotoff et al., 2022) or expression (Imano et al., 2021). Nevertheless, there are some indications that DOACs may act beyond PAR signaling. Several studies have evaluated the actions of DOACs in the absence of stimulators and showed that ECs can be stimulated by DOACs and exert non-anticoagulant effects on endothelium off-target (Wu et al., 2015; Álvarez et al., 2018; Almengló et al., 2020). Several hypotheses can be suggested to explain these phenomena. They may act either through the activation of receptors and subsequent signaling transduction by DOACs, or by the binding of DOACs to off-target factors on the endothelium. Alternatively, they could be a result of the suppression of the constitutive expression of thrombin in endothelial cells through inhibition of the coagulation cascade. The underlying mechanisms and molecular pathways should be further investigated to determine the potential contribution of PAR-independent pathways.
Compared to VKAs, DOACs offer an advantage by inhibiting both thrombin and PAR signaling activation. On the other hand, VKAs can attenuate coagulation, but also lead to the production of coagulation factors known as proteins induced by vitamin K antagonism or absence (PIVKA). PIVKA are inactive as coagulation factors because they lack the Gla domain but retain their proteolytic activity, which can modulate PAR signaling (Spronk et al., 2014). The dual action of DOACs, which inhibits both the coagulation process and PAR-mediated signaling, provides a more comprehensive and efficient approach to anticoagulation, contributing to the beneficial therapeutic profile of the cardiovascular system compared to VKAs.
Four DOACs are currently in use worldwide. Clinicians are striving to personalize their clinical use by identifying factors that can distinguish the four compounds and provide information for optimal selection for each patient. Some pharmacokinetic differences are known and considered, but there is a lack of biomarkers for precision medication. Although most of the effects of all DOACs are similar, some indications of heterogeneity have emerged in the present detailed analysis of their effects on ECs in vitro, which we discuss below.
Extensive research has thoroughly assessed the clinical concentrations of DOACs for anticoagulation in AF patients, showing a wide therapeutic index. Daily administration of dabigatran results in peak plasma levels within the range of 62–447 ng/mL (approximately 100–712 nM) (van Ryn et al., 2010; van Ryn et al., 2013). Similarly, for rivaroxaban, patients exhibit peak serum levels ranging from 184 to 343 ng/mL (approximately 423–788 nM) (Mueck et al., 2014). In the case of apixaban, patients' serum levels vary between 14 and 716 ng/mL (approximately 30–1,558 nM) (Frost et al., 2013), whereas edoxaban yields peak serum levels ranging between 60 and 250 ng/mL (approximately 109–455 nM) (Weitz et al., 2010). The majority of studies in cultured endothelial cells presented in this review used concentrations of DOACs within the range of the achieved concentrations in patients’ serum levels in anticoagulation (100–500 nM) (Tables 1–5). However, there are studies evaluating lower levels to assess the onset of pleiotropic actions (0.1 nM), as well as studies investigating very high levels of DOACs to evaluate their potential toxicity (20 μM). DOACs can manifest non-anticoagulant actions at undertherapeutic levels (10, 30 nM) (Ishibashi et al., 2014; Vianello et al., 2016). Simultaneously, at hypertherapeutic concentrations (5–20 μM), they do not harm the endothelium and retain their beneficial actions (Wu et al., 2015; Sanada et al., 2016; Papadaki et al., 2020).
Thrombin has a dual role in ECs, and its low concentrations have beneficial effects on endothelial function, controlling the equilibrium of hemostasis-hemorrhage (García et al., 2015). Complete inhibition of thrombin on ECs with dabigatran compromises the endothelium (Smeda et al., 2022). Instead, FXa inhibitors function upstream in the coagulation cascade and may not block the low constitutive expression of thrombin, which is pivotal for ECs function. Furthermore, dabigatran appears to possess biphasic actions, promoting proinflammatory stimuli at very low concentrations, whereas FXa inhibitors do not have this function (Ellinghaus et al., 2016). Besides, very high doses of thrombin-bound dabigatran stabilized PAR-1 membrane expression and modulated its function (Chen et al., 2015). Concurrently, the thrombin-induced inflammatory response was enhanced by an FXa inhibitor (Papadaki et al., 2020), whereas FXa inhibitors do not fully suppress thrombin generation, enabling the activation of APC (von Drygalski et al., 2020). Previous studies have shown that direct thrombin inhibitors, such as dabigatran and melagatran, but not FXa inhibitors, enhance thrombin generation and hypercoagulability via thrombin-induced negative-feedback system through inhibition of the protein C system (Furugohri et al., 2011; Perzborn et al., 2014; Furugohri and Morishima, 2015). Both negative effects of dabigatran on ECs suggest that maintaining a delicate balance of thrombin activity is crucial for endothelial function. DOACs may have distinct effects on thrombin expression, endothelial function, and coagulation regulation, necessitating further investigation.
Furthermore, the angiogenic effects of DOACs on ECs are inconsistent. Three distinct studies using FXa inhibitors have documented increased tube formation, leading to improved angiogenesis (Lange et al., 2014; Wu et al., 2015; Almengló et al., 2020). In contrast, dabigatran, a direct thrombin inhibitor, was found to cause decreased tube formation (Vianello et al., 2016). This interesting observation deserves further study.
Some differences between DOACs in ECs have also been observed in relation to their effect on migration. The study by Shi et al. (2018) reported that rivaroxaban reduced FXA- and LPS-induced migration in HUVECs (Shi et al., 2018). Similarly, edoxaban neutralized FXa-induced migration of HUVECs (Almengló et al., 2020). In contrast, in hyperglycemia-suppressed EPCs, migration was slowed, and the addition of rivaroxaban enhanced migration (Wu et al., 2015). Also, in non-induced HUVECs, Álvarez et al. reported enhanced migration after rivaroxaban treatment (Álvarez et al., 2018). Although there are conflicting findings on the wound-healing abilities of FXa inhibitors, it seems that DOACs can counteract the effects of stimulants.
DOAC-related enhancement of cell growth is debatable. Studies are showing that DOACs promote cell growth and proliferation (Wu et al., 2015; Sanada et al., 2016; Shi et al., 2018; Álvarez et al., 2018; Almengló et al., 2020), while in other studies no such effect was found (Woźniak et al., 2020; Gorzelak-Pabis et al., 2021; Gorzelak-Pabiś et al., 2022a). These contradictory effects may uncover real differences or be the result of different experimental settings. Further investigation is necessary to answer this question.
Another contentious finding is the THBD expression after DOACs treatment. Noguchi et al. reported that dabigatran enhanced THBD protein expression on ischemia/reperfusion injury in SECs (Noguchi et al., 2021). Under the same conditions, on HUVECs, Guillou et al. found no significant effects of rivaroxaban on THBD and other genes (ICAM1, VCAM1, EPCR) (Guillou et al., 2020). This difference may be related to the different cell types and/or DOAC used and requires further evaluation.
Remarkably, dabigatran and rivaroxaban have been used so far in the majority of investigations conducted to study the effects of DOACs on ECs, whereas there is a dearth of studies regarding apixaban and edoxaban. Especially for apixaban, which has been introduced in the clinic at about the same time as rivaroxaban, this is difficult to comprehend. It would be an oversimplification to argue that since all three FXa inhibitors have identical targets and presumably identical mechanisms of action, no comparative studies are necessary. We suggest that more research should be conducted to determine how also apixaban and edoxaban affect ECs.
Likewise, further research is warranted to gain adequate knowledge of the mechanisms and the long-standing effects of DOACs on the vasculature, facilitating the translation of these findings into clinical relevance, and helping identify non-responders and individuals at risk of DOAC-related adverse effects (Palmirotta, 2022). Additionally, a more comprehensive understanding of the precise downstream cell signaling mechanisms can be achieved by employing pharmaco-omics approaches that go beyond transcriptomic and phenotypic changes (Ragia and Manolopoulos, 2022).
In conclusion, ECs offer valuable tools for studying the effects of DOACs beyond their anticoagulant properties. DOACs exhibit pleiotropic actions on ECs, such as anti-inflammatory, anti-atherosclerotic, and anti-fibrotic effects, as well as preservation of endothelial integrity. Further research is needed to fully understand the pleiotropic effects of DOACs on ECs, their underlying mechanisms, as well as potential differences between the various DOACs. Such studies can pave the way for identifying biomarkers helping to personalize pharmacotherapy with this very valuable class of drugs.
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