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Antithrombotic drugs are widely used for primary and secondary prevention, as well as
treatment of many cardiovascular disorders. Over the past few decades, major advances
in the pharmacology of these agents have been made with the introduction of new drug
classes as novel therapeutic options. Accumulating evidence indicates that the benefi-
cial outcomes of some of these antithrombotic agents are not solely related to their abil-
ity to reduce thrombosis. Here, we review the evidence supporting established and po-
tential pleiotropic effects of four novel classes of antithrombotic drugs, adenosine diphos-
phate (ADP) P2Y12-receptor antagonists, Glycoprotein lIb/llla receptor Inhibitors, and Di-
rect Oral Anticoagulants (DOACs), which include Direct Factor Xa (FXa) and Direct Thrombin
Inhibitors. Specifically, we discuss the molecular evidence supporting such pleiotropic ef-
fects in the context of cardiovascular disease (CVD) including endothelial dysfunction (ED),
atherosclerosis, cardiac injury, stroke, and arrhythmia. Importantly, we highlight the role of
DOACSs in mitigating metabolic dysfunction-associated cardiovascular derangements. We
also postulate that DOACs modulate perivascular adipose tissue inflammation and thus,
may reverse cardiovascular dysfunction early in the course of the metabolic syndrome. In
this regard, we argue that some antithrombotic agents can reverse the neurovascular dam-
age in Alzheimer’s and Parkinson’s brain and following traumatic brain injury (TBI). Overall,
we attempt to provide an up-to-date comprehensive review of the less-recognized, benefi-
cial molecular aspects of antithrombotic therapy beyond reduced thrombus formation. We
also make a solid argument for the need of further mechanistic analysis of the pleiotropic
effects of antithrombotic drugs in the future.
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Introduction
) Hemostasis is maintained through various physiological mechanisms to preserve normal blood flow at the
These authors contributed site of vascular injury [1]. However, multiple triggers might lead to pathological activation of thrombotic
equally to this work. mechanisms. For instance, endothelial insult might evoke clot formation in arteries and veins manifesting
Received: 27 November 2020 in acute coronary syndrome (ACS) and venous thromboembolism (VTE), respectively [1]. Accordingly,
Revised: 07 April 2021 antithrombotic agents, including antiplatelet and anticoagulant drugs, are geared at the prevention and
Accepted: 13 April 2021 treatment of cardiovascular diseases (CVDs), the leading global cause of morbidity and mortality [2].
Version of Record published: Historically, anticoagulation was first achieved through the use of either naturally occurring unfraction-
21 April 2021 ated heparin (UFH) polymers or their breakdown derivatives called low-molecular weight heparins [3]
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or vitamin K antagonists [4]. While some of these drugs might have other effects unrelated to clotting factor inhi-
bition, the polar macromolecular nature of heparins dictated that these effects be confined to the vasculature [3],
and the inhibition of a specific hepatic target limited the action of vitamin K antagonists elsewhere. Newer classes
of antithrombotic drugs have been introduced including adenosine diphosphate (ADP)-P2Y12 receptor antagonists,
Glycoprotein (GP) IIb/IlIa receptor inhibitors and the direct oral anticoagulants (DOACs) comprising direct Factor
Xa (FXa) and direct thrombin inhibitors. These classes not only have solid indications in various cardiovascular disor-
ders, but also have gained recent attention in the management of thrombotic complications related to the coronavirus
disease of 2019 (COVID-19) pandemic [5]. With the majority of these drugs being small molecules with potential
significant extravascular distribution [6-8], it is not surprising that an accumulating body of evidence has demon-
strated pleiotropic effects of these drugs beyond the inhibition of thrombus formation in various organs and disease
conditions including CVDs such as stroke, atherosclerosis, cardiac injury, and arrhythmia. Importantly, antithrom-
botic agents were also shown to exert various effects unrelated to hemostasis in metabolic diseases. Despite the fact
that the antithrombotic activity of these agents is well-characterized, their pleiotropic effects require further investi-
gation in order to elucidate their underlying molecular mechanisms and clinical implications. The term pleiotropic
effects can be used for a broad description of outcomes varying from actions on targets other than those for which a
given drug was designed, to outcomes of the original target pathway but unrelated to the main labeled indication. In
the present context, we use this term to describe the effects of antithrombotic drugs that are not direct consequences
of interfering with hemostasis. Indeed, while the reporting of these effects has surged in the past decade [9,10], no
structured translational effort has been forthcoming. Herein, we touch bases on the fundamentals of hemostasis and
antithrombotic therapy before summarizing the present knowledge on the potential pleiotropic effects of these novel
antithrombotic drugs. We propose a framework whereby these drugs might modulate a common underlying mech-
anism that originates as an early consequence of metabolic impairment and possibly contributes to the initiation of
cardiovascular and neurological involvement in metabolic syndrome.

Hemostasis

Hemostasis encompasses various well-maintained physiological processes to preserve normal blood flow in an inter-
play between platelets, coagulation factors, and vascular endothelium [1]. Indeed, this is achieved through a tight bal-
ance between opposing, procoagulant and anti-coagulant systems. Vascular endothelial injury results in the exposure
of the highly thrombogenic subendothelial matrix containing collagen, von Willebrand factor (vWF), and adhesion
proteins to blood. Subsequently, platelet activation and adhesion to the site of vascular injury form a platelet plug cul-
minating in primary hemostasis. During secondary hemostasis, platelet surface functions as a platform driving the
assembly of the activated coagulation cascade resulting in the conversion of fibrinogen into fibrin and stabilizing the
platelet plug [11]. The activated coagulation cascade includes 13 proteolytic coagulation factors that are implicated
in the intrinsic, extrinsic, and common coagulation pathways [12]. These factors are initially synthesized as inactive
zymogens and are sequentially and catalytically activated by cleavage [13]. The hemostatic pathway is summarized
in Figure 1.

Tissue factor (TF) is constitutively expressed in extravascular components such as fibroblasts and is inducible in
subsets of leukocytes including monocytes, T cells, eosinophils, neutrophils, and macrophages as well as endothelial
cells (ECs) and platelets [14]. Nevertheless, the exact cellular origin of TF and the contribution of cell-specific release
of TF is controversial particularly due to the contribution of intercellular microvesicle-mediated transport of TF [14].
Following vascular injury, TF, also known as factor IIla is released and FVII (Proconvertin) is activated into FVIIa ini-
tiating the extrinsic pathway of coagulation. FVIIa complexes with TF, where in the presence of calcium, the FVIIa/TF
complex activates FX into FXa. Subsequently, FXa generates thrombin, also known as FIla from prothrombin (FII)
in the presence of the cofactor FVa [15,16].

In the intrinsic pathway, FXII, also known as Hageman factor, is activated by activated platelet-released, negatively
charged polyphosphates into FXIIa [17]. FXIIa cleaves plasmathromboplastin (FXI) to form FXIa, which in the pres-
ence of calcium, activates Christmas factor (FIX) into FIXa. Additionally, FIX can be activated through the extrinsic
pathway by FVIIa. The antihemophilic factor (FVIII) is a cofactor produced by hepatic and ECs and is found bound
to circulating vWE. Following vascular injury, FVIIIa separates from vWF and interacts with FIX in the presence of
calcium and negatively charged membrane phospholipids, forming a complex that activates FX into FXa [18,19].

The intrinsic and extrinsic pathways culminate at FXa, which cleaves prothrombin, yielding thrombin. Throm-
bin is a serine protease that cleaves fibrinogen into fibrin and thus plays a crucial role in the coagulation cascade
[20]. Moreover, thrombin activates platelets by activating protease-activated receptors (PARs), PARI and PAR4 [21].
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Figure 1. The hemostatic pathway including platelet and the clotting cascade

Several stimuli including damaged vascular surfaces and vascular trauma induce both platelet aggregation and clotting factor acti-
vation culminating in the production of the fibrin mesh and blood clot. Newer antithrombotic drugs including ADP P2Y12-receptor
antagonists, GPlIb/llla receptor Inhibitors, and DOACs block different sites of the hemostatic pathways. Owing to their unique
pharmacokinetic properties, these drugs can exert extravascular effects in different tissues and organs expressing their receptors.
These effects can produce a positive pleiotropic impact in cardiovascular, metabolic, and neurodegenerative disease conditions
unrelated to their effect on blood clotting. Abbreviations: F, factor; PAR, protease-activated receptor.

Thrombin also activates FXI, which in turn activates FIX through the intrinsic pathway. Therefore, thrombin is re-
sponsible for a positive feedback activation of coagulation and for clot propagation [20]. Nevertheless, this scheme
explained in vitro does not explain the latest clinical advances in the past few decades and thus, the cell-based model
of coagulation was introduced to elaborate on the complex interactions between platelets, the coagulation system,
and the vessel wall [22]. In this model, the scheme is integrated, restructured, and is subcategorized into three phases,
initiation, amplification, and propagation [23]. Although being quite similar to the intrinsic and extrinsic pathways,
a level of complexity to coagulation initiation is present in the cell-based model of coagulation. In fact, the TF path-
way inhibitor (TFPI) can halt the production of thrombin through TF/FVIIa complex inhibition [24]. Additionally,
thrombin can be inhibited by anti-thrombin IIT (ATIII), which can also inhibit FXa, FIXa, and FXIIa [25]. During
the amplification phase, the small amount of thrombin produced during the initiation phase activates platelet PARs
and enhance its binding to collagen [26,27]. After thrombin activates FV, it dissociates from fully activated platelets
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[28]. Simultaneously, thrombin activates FXIa to activate FIX. Then, thrombin activates FVIII through its dissociation
from vWE. Both FVIIIa and FIXa form a complex that activates FX, which binds to FVa to activate more prothrombin
[29,30]. This thrombin feedback loop is known as the thrombin burst [31-33]. In addition to the cleavage of fibrino-
gen into fibrin [34], thrombin activates fibrin stabilizing factor (FXIII) into FXIIIa, which connects fibrin polymers
together, forming the fibrin mesh [35].

As mentioned above, a balance between procoagulant and anti-coagulant pathways exists in hemostasis. Like the
coagulation cascade, fibrinolysis, that is the disruption of the fibrin mesh, is tightly regulated by different sets of recep-
tors, inhibitors, and cofactors. Plasmin is an anti-coagulation proteolytic enzyme that cleaves fibrin into soluble fibrin
degradation products (FDPs). Urokinase plasminogen activator (uPA) and tissue-type plasminogen activator (tPA)
activate plasminogen into plasmin. The uPA is produced by monocytes, macrophages, and urinary epithelium, while
tPA is produced by ECs. PAs have a short half-life in the general circulation due to the presence of plasminogen acti-
vator inhibitors (PAIs). Activated plasmin evokes PA activity by converting single chain PA into their double-chained
counterparts allowing for a positive feedback on plasmin activation [36-38]. Fibrinolysis can also be halted by the
thrombin-activatable fibrinolysis inhibitor (TAFI). TAFI is a zymogen that gets activated by the thrombomodulin
I/thrombin complex to form TAFIa [39]. TAFIa down-regulates fibrinolysis by inhibiting the formation of tPA, plas-
minogen/fibrin complex, and the formation of new plasmin [40].

Antithrombotic drug classes with potential pleiotropic effects
As mentioned in the ‘Introduction’ section, several classes of antithrombotic drugs have been introduced in the past
two decades. The peculiar properties of these agents make them more likely to produce off-target actions that might
be of beneficial outcomes. In this section, we summarize the basic pharmacological properties of four of these classes,
which might assist in the understanding of the underlying molecular pathways involved in their pleiotropic effects.
The pleiotropic effects of these drugs in different disease conditions are summarized in Figures 2-4.

ADP P2Y12-receptor antagonists

ADP-P2Y12 signaling in platelets stimulates their activation and aggregation, leading to thrombus formation [41].
The pharmacological targeting of P2Y12 receptors has proven effective in the treatment and prevention of thrombosis.
Indeed, dual antiplatelet therapy (DAPT), comprising aspirin and a P2Y12 receptor antagonist is a cornerstone ther-
apy in the treatment of recurrent ischemic events in patients with coronary artery disease (CAD) [42,43]. Clinically
used P2Y12 receptor antagonist are either reversible or irreversible receptor inhibitors. Thienopyridine derivatives, in-
cluding clopidogrel, prasugrel, and ticlopidine are prodrugs, that upon enzymatic activation, yield irreversible block-
ade of the receptor [44]. On the other hand, directly acting, non-thienopyridines, elinogrel, cangrelor, and ticagrelor,
produce reversible inhibition of the receptor [45,46]. The localization of the Gi-protein-coupled receptor P2Y12 is
not platelet-restricted, as this receptor is expressed in certain regions of the brain, vessels, heart, and blood cells and
hence the off-target effects arising from the receptor blockade [47]. Indeed, these pleotropic effects may also be linked
to P2Y12-independent actions. Particularly, ticagrelor was shown to augment plasma adenosine levels either by the
inhibition of adenosine uptake by red blood cells or through the inhibition of the sodium-dependent equilibrative
nucleoside transporter 1 [48-50], or through the induction of adenosine triphosphate (ATP) release from blood cells
and its subsequent degradation to adenosine [51].

GIPIIb/Illa receptor inhibitors

GPIIb/IIIa, also known as integrin «lIIb(33, is a calcium-dependent integrin complex localizing to the surface of
platelets. Under resting conditions, GPIIb/IIIa exhibits low affinity for soluble fibrinogen, which is the primary lig-
and for GPIIb/IIIa. Yet following vascular injury, platelet activation triggers a conformational change leading to an
enhancement of the binding affinity of GPIIb/IIIa to fibrinogen. These events eventually result in cross-linking of
platelets, thereby producing a platelet plug, which is followed by the coagulation cascade that converts soluble fib-
rinogen into insoluble fibrin, leading to thrombus formation [52].

The identification of GPIIb/IIIa as a therapeutic target has led to the development of drugs that include abciximab,
and the small-molecule GPIIb/IIIa inhibitors (GPIs) (eptifibatide, tirofiban), which are parenterally administered
agents that target different binding sites on GPIIb/IITa. Abciximab, a monoclonal antibody formerly known as C7E3
Fab, is a non-competitive irreversible GPI with a short half-life. Tirofiban and eptifibatide, which are non-peptide
and peptide GPIs respectively, are competitive inhibitors with a relatively longer half-life [53]. GPIs are indicated for
the short-term prevention of thrombosis in ACSs and percutaneous coronary interventions (PCls). The pleiotropic
effects of GPI have been investigated in several diseases, and these effects either stem from a non-hemostatic activity
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Figure 2. The proposed pleiotropic effects of novel antithrombotic drugs in different vascular disorders
(A) Endothelial dysfunction: different classes of novel antithrombotic drugs mitigate endothelial impairment by ameliorating inflam-
mation, blocking PAR signaling, or induction of endothelial repair. (B) Ischemic stroke: inhibitors of thrombin and FXa mitigate focal

and behavioral outcomes of stroke by interfering with neuronal inflammation. (C) Atherosclerosis: FXa and P2Y12 inhibitors inter-
fere with inflammatory pathways promoting atherosclerosis. Abbreviations: Angll, angiotensin Il; CD34, cluster of differentiation 34;
EGF, epidermal growth factor; eNOS, endothelial nitric oxide synthase; ER, endoplasmic reticulum; FXa, activate factor Xa; hsCRP,
high-sensitivity C-reactive protein; ICAM-1, intercellular adhesion molecule 1; IL, interleukin; KDR, kinase insert domain receptor;
MCP-1, monocyte chemoattractant protein-1; NF-xB, nuclear factor kB; NO, nitric oxide; p-Akt, phospho-protein kinase B; ROS,
reactive oxygen species; VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor 2, VSMC, vascular smooth muscle

cell.
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Figure 3. The proposed pleiotropic effects of novel antithrombotic drugs in different cardiac disorders

(A) Cardiac injury: several classes of novel antithrombotic drugs modulate a number of inflammatory and signaling pathways to
ameliorate cardiac remodeling following injurious stimuli. (B) Ischemia-reperfusion injury: antithrombotic drugs reduce inflammation
and oxidative stress post-reperfusion. (C) Arrhythmia: DOACs might harbor an anti-arrhythmogenic effect owing to the interference
with ionic currents and cardiac inflammation. Abbreviations: «Mp2, integrin « M (3 2; AF, atrial fibrillation; Akt, protein kinase B;
APD, action potential duration; AMPK, AMP-activated protein kinase; ERK1/2, extracellular signal-regulated kinase 1/2; FX, factor
X; hsCRP, high-sensitivity C-reactive protein; iC3b, opsonin; ICAM-1, intercellular adhesion molecule 1; IL, interleukin; IP3, inositol
triphosphate; LPC, lysophosphatidylcholine; Mac-1, macrophage-1 antigen; NLRP3, NLR family pyrin domain containing 3; NHE1,
sodium-hydrogen antiporter 1; NOS, nitric oxide synthase; PLA2, phospholipase A2; RAP-1, Ras-related protein 1; ROS, reactive
oxygen species; TGF-f, transforming growth factor f3.
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Figure 4. The proposed pleiotropic effect of novel antithrombotic drugs in neurodegenerative disorders

(A) Alzheimer’s disease: Dabigatran inhibits the thrombin-induced fibrin production, cerebrovascular dysfunction, and neuronal tox-
icity. (B) Parkinson’s disease: dabigatran decreases thrombin-mediated PAR1 signaling leading to reduced microglial activation and
neuronal inflammation. (C) Traumatic brain injury: thrombin inhibitors can potentially mitigate post-TBI neuronal inflammation as they
improve cerebrovascular function following different types of brain hemorrhage. Abbreviations: BBB, blood-brain barrier; BDMV,

brain-derived cellular microvesicle; CDK4, cyclin-dependent kinase 4; COX1, cyclooxygenase 1; ERK1/2, extracellular signal-reg-
ulated kinase 1/2; IL, interleukin; iINOS, inducible nitric oxide synthase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated
protein kinase; MK2, MAPK-activated protein kinase 2; ROCK, Rho-associated protein kinase; ROS, reactive oxygen species.

of fibrinogen receptors, a complex modulation by other factors, or the presence of GPIIb/IIIa receptors on various
cells [54].

DOACs

Aside from the traditional options for anticoagulation including UFH, low molecular weight heparin, and the vitamin
K antagonist, warfarin, a dire need for novel anticoagulants was driven by the drawbacks of these drugs. Heparin and
UFH are exclusively parenterally administered, and patients on heparin treatment require strict monitoring rendering
long-term treatment inconvenient [55]. Moreover, warfarin has a narrow therapeutic index, along with a delayed onset
of action, and multiple drug and food interactions [56]. Novel DOACs were approved for the prophylaxis and man-
agement of thrombosis, replacing heparin and warfarin. DOACs offer major advantages such as oral bioavailability,
rapid onset and offset of action, reduced bleeding risk, wide therapeutic index, minimal drug and food interactions,
and predictable coagulation response requiring less need for frequent monitoring [57-59].

Direct FXa inhibitors

FXa is a vitamin K-dependent coagulation serine protease that cleaves prothrombin into thrombin resulting in the
conversion of fibrinogen into fibrin and subsequent clot formation. Indeed, the intrinsic and extrinsic pathways of
coagulation culminate in the activation of FXa, thereby constituting an effective target of anticoagulant therapy [60].
A novel class of small molecules that reversibly inhibits FXa has been developed, consisting of rivaroxaban, apixa-
ban, and edoxaban. Indeed, the predictable pharmacokinetic and pharmacodynamic profiles of direct FXa inhibitors
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in addition to their oral bioavailability and superior efficacy and safety in comparison with traditional anticoagu-
lants have urged their utility as the main stay for the prophylaxis and treatment of deep vein thrombosis (DVT) and
surgery-associated embolism [61-63]. Importantly, these molecules display high selectivity towards FXa in compar-
ison with other coagulation proteases. In particular, rivaroxaban binds free, prothrombinase-bound, and clot-bound
FXa [64,65].

In addition to the activation of prothrombin, FXa proteolytically cleaves the N-terminus of cellular receptors. In-
deed, this process is of particular significance to PARs, which are G-protein coupled receptors (GPCRs) activated
as a result of the cleavage of their N-terminus, revealing a tethered ligand [66]. PAR-mediated FXa signaling was
shown to be implicated in a myriad of diseases, such as atherosclerosis, neurodegeneration, and inflammatory disor-
ders [67]. Therefore, the coagulation-independent activities of FXa and the widely reported functions of PARs have
driven investigations into a wide range of pleiotropic effects of FXa inhibitors.

Direct thrombin inhibitors

Direct thrombin inhibitors, including hirudin, argatroban, bivalirudin, and dabigatran, inhibit both free and
clot-bound thrombin. Hirudin and bivalirudin have been FDA approved for the management of heparin-induced
thrombocytopenia, while bivalirudin is used as an alternative to heparin in PCIs [68]. Moreover, Dabigatran is used
for the prevention of venous thromboembolism, stroke in patients with atrial fibrillation (AF), and in long-term co-
agulation treatment [68-70]. As discussed before, the interaction between exposed TF and plasma FVII triggers the
activation of the coagulation cascade and the production of thrombin following vascular injury. Thrombin is a serine
protease that catalyzes the conversion of soluble fibrinogen into insoluble fibrin [71], activates FV, FVIII, FXI, and
FXIII, and stabilizes the clot. Similar to FXa, thrombin activity is mediated by its interactions with PARs [72]. In
particular, thrombin-induced activation of PAR-1 triggers multiple transcription-regulated, cell-specific events [9].
Therefore, directly inhibiting thrombin formation, activation, or interaction with its substrates will diminish cellular
signaling beyond the attenuation of fibrin clot formation [73].

Pleiotropic effects of anticoagulant drugs in CVDs

Endothelial dysfunction: a prodrome for CVD

The endothelium has emerged as a key regulator of vascular homeostasis whereby it acts as an active paracrine, en-
docrine, and autocrine organ of high importance in regulating vascular function [74,75]. Endothelium activation re-
sults in the expression of chemokines and cytokines as well as adhesion molecules that in turn attracts and provokes
immune cells extravasation [75]. Endothelial dysfunction (ED) reflects a pathogenic phenotype prone to atherogen-
esis and cardiovascular events [76]. ED is characterized by a reduction in the bioavailability of vasodilators (as nitric
oxide, NO) and increase in endothelium-derived contracting factors [77]. As such the endothelium switches from
NO to reactive oxygen species (ROS) signaling. Sufficient NO bioavailability is required for proper vascular function,
inhibition of pro-inflammatory cytokine production, immune cell invasion, thrombosis as well as prevention of vas-
cular leakage [78]. On the other hand, ROS production promotes nuclear factor kB (NF-«B) signaling and therefore
an inflammatory profile [79]. Knowing that ED lies at the origin of the different atherosclerotic CVDs (ASCVDs)
[80], it is important to shed light on the effect of anticoagulant agents on halting endothelial insult and enhancing
overall endothelial function. The beneficial effects of the different drug classes on these processes are summarized in
Figure 2A.

ADP P2Y,,-receptor antagonists

The significant superiority of ticagrelor over clopidogrel in patients with ACS in the Platelet Inhibition and Patient
Outcomes (PLATO) trial, in addition to the ticagrelor-specific side effects, including dyspnea, bradycardia, brad-
yarrhythmia, and asymptomatic ventricular pauses, that are known to be mediated by adenosine, suggested that tica-
grelor could possibly exhibit extra-platelet effects [81]. As such, the ability of ticagrelor to enhance adenosine plasma
levels developed an interest to investigate the off-target effects of ticagrelor, particularly on vascular function [82].
The observed clinical benefit for ticagrelor in ED could possibly be mediated by adenosine, whereby the activation
of adenosine receptor A2A on ECs was associated with an improvement in vasorelaxation responses and NO pro-
duction [83]. The adenosine-mediated effects of ticagrelor were supported by a study conducted on healthy male
subjects where ticagrelor enhanced coronary vasodilatory responses, which was reversible by theophylline, a nonse-
lective competitive adenosine-receptor antagonist [84]. Other studies confirming the endothelial effect of ticagrelor
are summarized in Table 1. However, a study demonstrating that ticagrelor, at certain plasma levels, does not always
affect plasma adenosine transport, triggered the search for other potential mechanisms for treatment of ED [85].
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Table 1 Main findings of studies reporting pleiotropic effects of ADP P2Y,,-receptor antagonists in cardiovascular disorders

Molecule Conducted in Main findings References
ED Ticagrelor Patients with stable CAD and | Apoptosis of ECs 1+ NO [340]
concomitant chronic obstructive production
pulmonary disease
Diabetic patients with NSTEMI 4 Brachial artery flow-mediated [341]
ACS requiring coronary stenting dilation
Healthy male subjects 1 Adenosine-induced coronary [84]
blood flow
Patients with stable CAD and | EGF, 1 eNOS activity [342]
concomitant chronic obstructive
pulmonary disease, HUVECs
Angiotensin ll-infused rats | ER stress, | ROS [343]
Patients with ACS 1+CD34*/KDR* progenitor cells, [344]
endothelial recovery
New Zealand white rabbits Endothelial regeneration [345]
Clopidogrel HUVECs Inhibition of NF-kB [88]
HUVECs | MCP-1, | ICAM-1 [89]
Healthy male and female + EDH [90]
subjects
Atherosclerosis Ticagrelor Western diet-fed ApoE~~ mice 1 ACh-mediated relaxation, | [118]
inflammatory markers, |,
atherosclerotic lesions
HFD-fed LDLr~/~Apobect "/~ 1 Paraoxonase-1 [116]
mice
Mouse bone marrow-derived J DC activation by inhibition of [346]
dendritic cells (DCs) P2Y12-dependent PISK activity
Clopidogrel Atherogenic diet-fed ApoE~/~ | Atherosclerotic lesions, | [114]
mice leukocyte infiltration
Cardiac Injury Ticagrelor Pigs with coronary artery |} Structural/functional changes [136]
occlusion-induced Ml in myocardial tissue, +AMPK
and Akt/PKB activation, |
aquaporin-4 and | edema
Pigs with coronary artery | Edema, adenosine-mediated [137]
occlusion-induced Ml
Patients with STEMI, Ticagrelor superior to clopidogrel [138]
HEALING-AMI trial for LV-remodeling
Clopidogrel Patients undergoing stenting | Inflammatory markers [134]
Angiotensin ll-infused mice | Inflammatory markers, | [135]
fibrosis
Ischemia/reperfusion injury Ticagrelor Rat model of I/R 4 Adenosine, tactivation of [160]
pro-survival Akt and ERK1/2, 4
eNOS, | infarct size
Diabetic ZDF rats with induced 4 Adenosine, | NLRP3 [161]
I/R inflammasome
Rat model of I/R J NF-kB signaling [162]
Rat model of I/R 1 regenerative cells, cardiac [163]
healing
Clopidogrel Patients with acute STEMI | Reperfusion Injury [164]
New Zealand white rabbits J Infarct size in reperfused heart, [165]
cardioprotective
Healthy volunteers Protective against induced I/R in [166]

upper arm, no change in
flow-mediated dilation

Several such effects including reducing circulating epidermal growth factor (EGF), attenuating the expression of en-
doplasmic reticulum stress molecular markers and ROS, improving endothelial recovery by enhancing the number

of CD34*/KDR" progenitor cells thereby promoting endothelial regeneration are also summarized in Table 1.

P25Y12-receptor antagonism was shown to suppress inflammation, which is a characteristic of ED that triggers en-
dothelial apoptosis [86,87]. In this context, incubation of ticagrelor and clopidogrel with human umbilical vein ECs
(HUVECs) was associated with an attenuation of LPS-induced cellular dysfunction by inhibition of NF-kB signaling
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pathway and enhancement of cell viability [88]. In TNF-«-induced HUVECs, clopidogrel decreased the expression
of monocyte chemotactic protein-1 (MCP-1) and intercellular adhesion molecule 1 (ICAM-1), which mediate the
recruitment and adhesion of inflammatory cells to the endothelium [89]. Interesting findings by Dahmus et al. pro-
posed a possible effect of clopidogrel on endothelium-dependent hyperpolarization (EDH) [90]. In order to evaluate
cutaneous microvascular function in healthy human subjects, both cutaneous reactive hyperemia and slow local skin
heating methods were used. Each method recruits a distinctive mechanism for vasodilation. Whereas reactive hy-
peremia induces cutaneous vasodilation that is EDH-dependent with little contribution from NO, the exact opposite
is true with regard to local skin heating. In this study, oral clopidogrel produced a significant increase in cutaneous
reactive hyperemia response, suggesting a potential benefit for clopidogrel on EDH-mediated cutaneous microvascu-
lar function. Altogether, evidence supporting that the pleiotropic effects of P2Y12-receptor inhibitors, beyond their
antiplatelet activity, could potentially justify their preferential clinical selection in patients with vascular diseases.

FXa inhibitors

FXa and PAR signaling are implicated in ED, a hallmark of many diseases including diabetes [91]. In a mouse model
of diabetes, it was shown that PAR-2 expression increased in the aorta and that FXa promoted JNK phosphorylation
and reduced endothelial nitric oxide synthase (eNOS) phosphorylation levels. Interestingly, mice deficient in PAR-2
did not exhibit ED. Rivaroxaban administration for 3 weeks to diabetic mice attenuated ED and promoted eNOS
phosphorylation in the aorta [92].

GPIib/llla receptor inhibitors

Given the beneficial effects of GPIIb/IIIa blockade on coronary stenting safety, studies have focused on identify-
ing whether these drugs can prevent ED [93]. A clinical study conducted on patients with ED due to PCI con-
firmed the ability of tirofiban to enhance endothelial function [94]. Similar conclusions were reached for another
GPI, abciximab, which was shown to enhance coronary blood flow response to acetylcholine, hence microvascular
endothelial function, in patients who underwent coronary stenting [95]. The mechanism by which GPIIb/IIIa in-
hibition can improve endothelial function depends on the enhancement of the Akt/eNOS signaling pathway, hence
endothelium-dependent NO-cGMP signaling [96,97]. On the other hand, multiple lines of evidence support an en-
dothelial regenerative role for tirofiban, besides its antiplatelet effects, via the vascular endothelial growth factor
(VEGF)/VEGEF receptor 2 (VEGFR2)/pAkt axis that counteracts endothelial apoptosis [98] as summarized in Table
2.

Ischemic stroke

Not only is stroke the leading cause of death and disability worldwide, but also its prevalence is expected to increase
dramatically by 2030 [99,100]. As such, proper care and improved recurrent stroke prevention strategies are prudent.
Ischemic stroke results from reduced cerebral blood flow due to several causes such as cardiac embolism, occlusion
of cerebral vessels, or atherosclerosis affecting the cerebral circulation [101]. Thrombin levels increase following is-
chemia which could further induce neural damage [102]. Moreover, several inflammatory biomarkers are identified
as predictors of stroke incidence and prognosis thereafter [103,104]. High-sensitivity C-reactive protein (hsCRP),
a marker of inflammation, is strongly associated with stroke and is considered an independent predictor for acute
ischemic stroke [105,106]. Potential pleiotropic effects of antithrombotic drugs on these pathways are depicted in
Figure 2B.

Direct thrombin inhibitors

The pleiotropic effects of dabigatran were assessed in acute ischemic stroke, a condition where inflammatory re-
sponses and platelet activity are amplified [107]. Significantly, when given to patients post-stroke, dabigatran pro-
duced an anti-inflammatory effect where both levels of IL-6 and hsCRP were reduced in patients’ serum [107]. In-
terestingly, an additional study on bivalirudin, another direct thrombin inhibitor, confirmed this anti-inflammatory
effect. Bivalirudin attenuated hemostatic activation in rats following cardiopulmonary bypass with a trend towards
lower IL-6 and IL-10 levels [108].

FXa inhibitors

In light of the favorable outcomes in stroke patients receiving oral anticoagulants, researchers investigated the poten-
tial pleiotropic effects of FXa inhibitors administration prior to or in the early phase of stroke occurrence. The results
of studies conducted on several animal models in this context are summarized in Table 3.
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Table 2 Main findings of studies reporting pleiotropic effects of GPIIb/llla receptor inhibitors in cardiovascular and
metabolic disorders

Disease Molecule Conducted in Main findings References
ED Tirofiban Patients with CAD undergoing 1 Flow-mediated vasodilation in [94]
PCI forearm vessels
Patients with CAD undergoing 4 Acetylcholine-induced [96]
PCI vasodilation
Male Wistar rats, HUVECs 1 PI3K/Akt/eNOS pathway [97]
HUVECs 1 VEGF, 1 endothelial layer [347,348]
proliferation/migration
HUVECs 1 VEGF/VEGFR2/pAkt, | [98]
endothelial apoptosis
HUVECs 4 Growth on vascular scaffolds [349]
Abciximab Patients undergoing PCI 4 Coronary blood flow response [95]
to acetylcholine
Cardiac injury Tirofiban Patients with ACS J Serum hs-CRP, IL-6 and [142,143]
sICAM-1
Patients with STEMI 4 Cardiac function [144]
Sprague-Dawley with 1 Activation of cardiac PKCe, [145]
ischemia/reperfusion PI3K, Akt, p38 MAPK, and
ERK1/2
Abciximab Patients with acute Ml | Mac-1 on leukocytes [139]
THP-1 cells Binds to Mac-1/prevents Mac-1 [140]
interaction with different ligands
Eptifibatide ACS patients undergoing PClI | sCD40L and RANTES [146,147]
Ischemia/reperfusion injury Abciximab Isolated perfused rat heart model 4 Cardiac contractile function, [167]
of ischemia inhibition of inhibition of
leukocyte—EC interactions
Isolated rat heart model of | Platelet-mediated myocardial [168]
ischemia/reperfusion injury following I/R
Metabolic diseases Eptifibatide Human aortic smooth muscle J Insulin-induced VSMC [211]
cells (HASMCs) proliferation, suppress
insulin-mediated increase in focal
adhesions
Atherosclerosis

Previously regarded as a simple obstruction of the arterial wall by fatty deposits, atherosclerosis is now viewed as
a disease characterized by chronic inflammation that involves interactions between platelets, leukocytes, vascular
smooth muscle cells (VSMCs), and ECs [109]. Figure 2C depicts the effects of different antithrombotic drugs on the
atherogenic processes.

ADP P2Y,-receptor antagonists

Platelets were identified as key players in immunity linking inflammation to atherogenesis [110], a process that is
highly driven by platelet P2Y12 receptor [111]. Nonetheless, extensive evidence supported that vascular P2Y12 re-
ceptors also play a role in regulating the inflammatory response that contributes to the progression of atherosclerosis.
P2Y12-deficient vessels demonstrated a protective phenotype against the development of atherosclerotic lesions in
comparison to P2Y12-expressing vessels, independent of platelet activation [112]. Moreover, ADP-P2Y12 signaling
in VSMC:s is responsible for up-regulation of MCP-1 and enhancing monocyte recruitment, which eventually leads to
vascular inflammation [113]. Therefore, various studies on P2Y12-receptor antagonists exhibited marked efficacy in
reducing atherogenesis. Clopidogrel significantly prevented the development of atherosclerotic lesions and leukocyte
infiltration in aortic vessels of ApoE~'~ mice on a high-fat diet [114]. However, the use of such antiplatelet therapy
alone might not be effective in reversing the remodeling of atherosclerotic lesions, hence suggesting a prophylactic
benefit of clopidogrel. Likewise, treatment with ticagrelor reduced ED and atherogenesis in ApoE ~/~ mice manifested
by an enhancement in acetylcholine-mediated relaxation and a reduction in the number of atherosclerotic lesions,
respectively. Such effects were thought to be mediated by a down-regulation of inflammatory molecules [115]. The
superiority of ticagrelor compared to clopidogrel in decreasing atherogenesis was attributed to its unique ability to
up-regulate paraoxonase-1, an anti-atherosclerotic molecule, even though platelet inhibition was exerted equally by
both drugs [116]. Additional anti-inflammatory effects of ticagrelor in the context of atherosclerosis are summarized
in Table 1.
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Table 3 Main findings of studies reporting pleiotropic effects of FXa inhibitors in cardiovascular and metabolic disorders

Disease Molecule Conducted in Main findings References
ED Rivaroxaban STZ-induced diabetic and | ED, ? aortic eNOS [92]
PAR2~/~ mice and HCAECs phosphorylation
Glucose-stimulated HUVECs 1 Cell viability, | glycemic [207]

excursion-induced apoptosis
and ROS production

Ischemic stroke Apixaban Acute ischemic stroke patients J Serum IL-6 and hsCRP [107]
newly prescribed anti-thrombotic
agents
Mouse model of focal cerebral | Thrombin activity in the [102]
ischemic stroke through ipsilateral hemisphere and the
occlusion of the middle cerebral infarct area
artery
Rivaroxaban Prophylactic treatment prior to | Thromobin generation, infarct [350]
transient cerebral artery size, ICAM-1 expression, CD68*
occlusion in a rat model of brain immune cell infiltration, 1
I/R injury behavioral and motor symptoms
post-stroke
Cardiac injury Edoxaban Canine model of congestive Suppresses ventricular [152]
heart failure expression of fibrotic markers
Rivaroxaban Intermittent hypoxia in | PAR-2 expression, ERK-1/2 [148]
microvascular ECs and NF-«B signaling
Paigen diet (21.4% protein, 4 Survival rate, | heart failure, [149]
27.4% fat, and 51.2% cardiac fibrosis, and cardiac
carbohydrate)-fed SR-BI expression of pro-inflammatory
KO/ApoeR61"" mice subjected genes
to ischemic cardiomyopathy
Angiotensin-ll-induced cardiac | Cellular migration, proliferation [150]
fibroblasts and production of inflammatory

cytokines, | NF-kB and
MAPK/AP-1 signaling pathways

HfpEF patients | Circulating markers of fibrosis [151]
and diastolic dysfunction

Atherosclerosis Apixaban Randomized, double-blinded, | Inflammation mediated by [122]
placebo-controlled, phase 2 platelets and leukocytes

study in patients with either
ST-segment elevation or
non-ST-segment elevation ACS

Rivaroxaban ApoE~/~ atherosclerotic mice J Aortic expression of [123]
pro-inflammatory cytokines and
adhesion molecules and
stabilizes atherosclerotic plaques

ApoE~'~ mice on | Plague burden and positively [351]
pro-atherosclerotic Western diet  influences ECM post-infarction
(15% cocoa butter, 1% corn oil, remodeling, | onset of

0.25% cholesterol, 40.5% atherosclerosis, 1 plaque
sucrose, 10% cornstarch, 20% regression and enhances plaque
casein, free of cholate, total fat stability
content 16%)
ApoE~'~ mice on | Aatherosclerotic lesion [352]

pro-atherosclerotic Western diet  progression, lipid deposition,
collagen loss, macrophage
accumulation and MMP-9
expression in plaques of the
aortic root and |, the expression
of inflammatory markers in the
abdominal aorta

HUVECs and mouse model of | FXa-induced senescence and [127]
ischemic hindlimb FXa-mediated impaired
angiogenesis
High glucose-treated HUVECs J HG-induced expression of [128]
and spontaneous type 2 diabetic SA-B-gal, p53, p21 and
rats (ZFDM LepR2/) p16™NK4a restores telomerase

activity, | O™, p22PhoX and
ICAM-1 and restores NOX and
eNOS activity, | PAR-1
up-regulation

Continued over
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Table 3 Main findings of studies reporting pleiotropic effects of FXa inhibitors in cardiovascular and metabolic disorders

(Continued)
Disease Molecule Conducted in Main findings References
HFD-fed rat model of | Irregular narrowness of femoral [129]
atherosclerosis obliterans artery lumen, disordered smooth
muscle cells, ECs and internal
elastic plates
1 HDL levels and | total
cholesterol, LDL, and TG levels
| TLR-4/NF-«B signaling
FXa-stimulated VSMCs 1 VSMCs senescence and [130]
pro-inflammatory cytokines
production
Ischemia/reperfusion injury Rivaroxaban Rat model of peripheral I/R | Systemic oxidant damage [169]
Mice subjected to I/R 4 Survival rate, cardiac function, [170]
|} inflammation and left
ventricular fibrosis
Arrhythmia Rivaroxaban Rabbit left atrium and isolated | Left atrial action potential [189]
single left atrium cardiomyocytes  duration and 4 L-type Ca®*
current and ultrarapid rectifier K+
current without affecting
transient outward K* current
NVAF patients Anti-inflammatory activity, [124,192,193]
soluble thrombomodulin levels
Edoxaban Mouse model of AF and vascular | Expression of pro-inflammatory [194]
ECs cytokines, 1 the expression
levels of prostacyclin and
prostaglandins, and regulates
the Wnt-B-induced
PIBK/ATK-activated protein C
system
Apixaban NVAF patients Anti-inflammatory activity, 1 [192]
soluble thrombomodulin levels
Diabetic nephropathy Edoxaban Ins2Akia/+ eNOS**, eNOS* ~ | PAR expression, [202]
and eNOS~/~ mice, F2rl1~/~; glomerulosclerosis, renal
Ins2Akita/+ : eNOS*~ mice, and pro-inflammatory markers,
human ECs albuminuria, mesangial

proliferation, and fibrosis

FXa inhibitors

Platelets significantly contribute to atherogenesis and atherothrombosis, either through direct cell-to-cell interaction
or via platelet-derived signaling molecules [117]. In addition to EC injury, PAR-2 signaling plays a pivotal role in the
early events leading to the development of atherosclerosis [118-120]. It was also shown that FXa aggravates athero-
genesis through PAR-2-mediated inhibition of macrophage autophagy, and thus the activation of inflammasomes
[121]. Moreover, apixaban attenuated inflammation mediated by platelets and leukocytes in patients suffering from
ACS, a major complication of atherosclerosis [122]. Rivaroxaban reduced the aortic expression of pro-inflammatory
cytokines and adhesion molecules in a model of advanced atherosclerosis [123,124].

The participation of PAR-2 in the pathogenesis of vascular inflammation and atherosclerosis has been demon-
strated in ApoE~/~ mice. PAR-2-associated vascular inflammation and macrophage activation included the acti-
vation of the NF-kB signaling pathway. ApoE~/~ PAR2™/~ mice exhibited reduced atherosclerotic lesions in the
aortic arch along with features of stabilized atherosclerotic plaques compared to ApoE~'~ mice [121]. FXa inhibi-
tion with rivaroxaban was shown to have an anti-atherosclerotic effect. Rivaroxaban treatment of ApoE~~ mice on
pro-atherosclerotic Western diet decreased plaque burden and positively influenced ECM post-infarction remodeling
[125,126]. Similar findings are also summarized in Table 3.

Moreover, incubation with FXa significantly decreased HUVECs proliferation and increased the expression of
insulin-like growth factor binding protein-5, EGR-1, p53, and p16™¥42, Rivaroxaban reduced FXa-induced senes-
cence. Rivaroxaban also reversed the FXa-mediated impaired angiogenesis in an ischemic hindlimb mouse model
[127]. Maeda et al. recently showed that Rivaroxaban reversed the high glucose-induced increased expression of
SA-B-gal, p53, p21, and p16™N¥4 in HUVECs. FXa inhibition by rivaroxaban also restored telomerase activity, sup-
pressed O, ™, p22Ph°*, and ICAM-1 and restored NOX and eNOS activity. Incubation with high glucose also caused
PAR-1 elevation that was reversed by Rivaroxaban. These results were also shown in vivo in dyslipidemic diabetic
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mice. As such, rivaroxaban restored endothelial function and prevented the progression of atherosclerosis [128]. In
addition, a rat model of atherosclerosis obliterans showed an irregularly narrowed femoral artery lumen, disordered
smooth muscle cells, ECs, and internal elastic plates. These vascular derangements were reversed by rivaroxaban in-
tragastric administration. In addition, rivaroxaban treatment increased HDL levels and decreased total cholesterol,
LDL, and TG levels. Rivaroxaban exhibited its anti-atherosclerotic effects via the toll-like receptor 4/NF-kB signaling
pathway [129].

Within atherosclerotic plaques, FX is produced in VSMCs, inflammatory cells and ECs. Chronic FXa stimulation
induced VSMCs senescence accompanied by p53 and IGFBP-5 up-regulation in vitro. FXa inhibition with rivarox-
aban reduced FXa-induced VSMC senescence and pro-inflammatory cytokines production. Thus, locally produced
FX may contribute to atherosclerosis progression and its inhibition partially ameliorates atherosclerotic plaque de-
position [130]. Given these effects of FX in the initiation and progression of atherosclerosis, the anti-atherosclerotic
pleiotropic potential of FXa inhibitors requires further in-depth investigation.

Cardiac injury

Cardiac remodeling occurs in response to cardiac pathophysiological stimuli. Chronic structural and molecular alter-
ations result from several factors including myocardial infarction (MI), ischemia/reperfusion (I/R), and pressure and
volume overload [131]. Inflammation is a critical mediator of cardiac remodeling. Indeed, following cardiac injury,
the inflammatory state is sustained through continuous cytokine release [132]. Figure 3A demonstrates the possible
modifying effects imparted by the different drug classes.

ADP P2Y,,-receptor antagonists

P2Y12-receptor-dependent platelet activation promoted cardiac remodeling and dysfunction through inducing in-
flammatory changes in a pressure overload-triggered cardiac remodeling mouse model [133]. In fact, P2Y12 knockout
mice exhibited suppressed cardiac remodeling including changes in cardiac hypertrophy, collagen synthesis, inflam-
mation and cardiac dysfunction [133]. Previous reports also revealed that clopidogrel treatment in patients under-
going stenting reduced the release of inflammatory and cardiac markers [134]. Clopidogrel treatment also alleviated
markers of cardiac inflammation and fibrosis in a mouse model of hypertension [135]. Likewise, ticagrelor demon-
strated beneficial effects in alleviating structural and functional changes in myocardial tissues and improving cardiac
healing following left anterior descending coronary artery ligation in pigs [136]. The cardioprotective mechanism of
ticagrelor was attributed to enhancement of AMPK and Akt/PKB activation and reduction of aquaporin-4 expression,
which culminate in alleviating the formation of edema [136]. As mentioned previously ticagrelor may exert its cardio-
protective effects via adenosine-mediated mechanisms [83]. These adenosine-related off-target effects of ticagrelor
may play a role in decreasing necrosis in heart tissue and alleviating edema formation [137]. The observed benefit of
ticagrelor in myocardial recovery is supported by the results of the HEALING-AMI trial, in which it was shown to
be superior to clopidogrel for left ventricular remodeling after reperfusion in patients with ST-segment elevation MI
[138].

GPls

The potential cardioprotective effects of GPIs reported by many studies are brought about by their ability to modulate
inflammation that is at the basis of pathogenesis of cardiac injury. Abciximab, which represents the most widely
studied GPI, was found to interrupt platelet-leukocyte interaction in MI patients and the up-regulation of leukocyte
receptor Mac-1 («M[32) on monocytes, an integrin that mediates leukocyte adhesion [139]. Given the detrimental
outcomes of the interaction of leukocytes with the microvasculature on reperfusion following M1, the use of abciximab
may be a favorable approach for such condition. Not only does abciximab hinder platelet interaction with other cell
types, it can also bind to Mac-1 itself on monocytes and prevent its adhesion to multiple ligands, including fibrinogen,
ICAM-1, inactivated complement factor 3b (iC3b) and FX [140]. These anti-inflammatory effects were consistent
irrespective of the route of administration during PCI, i.e. whether administered via intracoronary or intravenous
routes [141].

Another GPI, tirofiban, demonstrated similar effects as well, where a significant reduction in the serum levels of
hs-CRP, IL-6, and sSICAM-1 was noted in patients with acute MI undergoing PCI [142,143]. Also, perioperative ad-
ministration of tirofiban in ST-segment elevation MI patients undergoing PCI was accompanied by an enhancement
in cardiac parameters and endothelial function [144]. These cardioprotective effects of tirofiban are at least partially
mediated by the activation of several signaling pathways, including PKCe, PI3 kinase, Akt, p38 MAPK, and extra-
cellular signal-regulated kinase 1/2 (ERK1/2) [145]. The third GPI, eptifibatide, was shown to elicit similar effects to
that of abciximab, where it significantly decreased circulating leukocyte-platelet aggregates and soluble CD40 ligand,
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which are implicated in the progression of atherosclerosis [146,147]. Thereby, GPIs may be considerable therapeutic
options for suppressing the inflammatory reaction in patients with cardiac injury due to ML

FXa inhibitors

The emerging pleiotropic effects of direct FXa inhibitors prompted researchers to investigate the potential effects
of FXa inhibition on cardiac remodeling. Indeed, rivaroxaban reversed the increases in PAR-2 expression as well as
ERK-1/2 and NF-kB signaling induced by intermittent hypoxia in microvascular ECs via a PAR-2 dependent pathway
[148]. Rivaroxaban also improved survival rate in HFD-fed ApoE~'~ mice that developed MI. In addition, Rivarox-
aban attenuated heart failure, cardiac fibrosis, and cardiac expression of pro-inflammatory genes [149].

As cellular migration, differentiation, and proliferation of cardiac fibroblasts are major drivers of cardiac fibrosis,
Hashikata et al. investigated the potential ability of rivaroxaban to modulate angiotensin-II-induced cardiac fibrob-
lasts function. Rivaroxaban significantly reduced cellular migration, proliferation, and production of inflammatory
cytokines. In addition, rivaroxaban inhibited inflammatory signaling via NF-kB and MAPK/AP-1 pathways inhibi-
tion [150]. In one study, 1-year old PAR-27/~ mice suffered from diastolic dysfunction with an increased expres-
sion of a-smooth muscle actin, collagen deposition, endothelial activation and inflammation. This was attributed
to a PAR2-dependent caveolin-1 down-regulation leading to an enhanced pro-fibrotic PAR-1 and TGF-f3 signal-
ing [151]. The treatment with vorapaxar, a PAR-1 antagonist reversed these derangements and reduced inflamma-
tion. Upstream PAR inhibition in patients treated with FXa inhibitors also reduced circulating markers of fibrosis
and diastolic dysfunction [151]. Moreover, in a canine model of congestive heart failure edoxaban suppressed ven-
tricular expression of fibrotic markers including atrial fibronectin and PAR-2 [152]. Thus, the modulation of the
FXa-FIIa/PAR-1/PAR-2/TGEF-{3 is a promising therapeutic approach in heart failure with preserved ejection fraction
(HfpEF) [151].

I/R injury

Tissues and organs behave differently in their susceptibility following I/R. However, they share common characteristic
responses which include increases in the generation of ROS, cytokines, chemokines, and other immune-modulatory
components [153,154]. ROS formation is induced following I/R leading to an increased intracellular calcium concen-
tration and a hypercontractile state causing subsequent apoptotic and oncotic cell death [155-157]. Myocardial cells
are exquisitely sensitive to ischemia. Indeed, I/R stimulates fibroblast formation, mast cell and T-cell modulation
which induce cardiac fibrosis [132]. The immune response initiates inflammatory reactions that play a prominent
role in the reperfusion component of total tissue in I/R following MI [158]. Reperfusion following cardiac ischemia
is paradoxically associated with cardiac injury, and prompt revascularization remains the cornerstone therapeutic
approach to prevent cardiac damage [159]. Some of the modulatory effects exerted by antithrombotic drugs under
these circumstances are shown in Figure 3B.

ADP P2Y,,-receptor antagonists

Ticagrelor has been identified as a promising molecule to prevent cardiac defects following reperfusion. In a rat model
of I/R injury, an acute single dose of ticagrelor prior to reperfusion was shown to augment adenosine levels, enhance
the activation of Akt, ERK1/2, and eNOS. These mechanisms led to an improvement in cardiac function accompanied
by a significant reduction in cardiac fibrosis and infarct size [160]. Similarly, treatment of rats undergoing coronary
artery ligation with ticagrelor led to a cardioprotective effect against I/R through enhancement of adenosine levels in
cardiac tissue, leading to an attenuation of the expression of the NLRP3 inflammasome components and an increase
in anti-inflammatory markers [161]. In the same rat model, ticagrelor actions were documented to be mediated by
inhibiting the NF-«B signaling pathway [162]. Moreover, ticagrelor reduced left-ventricular remodeling after reper-
fusion injury in rats. Interestingly, ticagrelor enhanced the levels of markers of regenerative cells, which is suggestive
of cardiac healing [163]. Similarly, clinical evidence has supported a potential role for clopidogrel in cardio-protection
against reperfusion injury [164], in a mechanism that is thought to involve signal transduction during reperfusion
rather than inhibition of intravascular coagulation [165]. In fact, administration of a single dose of clopidogrel prior
to an episode of I/R demonstrated protective effects [166].

GPlIs

Considering the early identified anti-inflammatory properties of GPIs, their potential role in I/R has been a subject
of interest to many studies. In an isolated perfused rat heart model of I/R, abciximab effectively maintained cardiac
contractile function through inhibition of leukocyte-EC interactions and platelet-EC interaction [167]. Consistently,
another study reported that abciximab suppresses platelet-mediated myocardial injury following I/R [168].
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FXa inhibitors

Rivaroxaban has been proven to be as effective as LMWH in protecting against systemic oxidant damage caused by
I/R [169]. Furthermore, rivaroxaban improved survival rate in mice subjected to I/R. As well, rivaroxaban improved
cardiac function, inflammation and inhibited the left ventricular fibrosis [170].

Arrhythmia

There exists a multidirectional relationship between coagulation, inflammation, and AF, as coagulation itself is as-
sociated with an increased risk of arrhythmias development and progression [171]. AF is an abnormal heart rhythm
that is characterized by chaotically irregular beating of the atria that increases the risk of strokes, heart failure, and
other cardiac complications. The most significant complication of AF is thromboembolism, a risk that is further
increased with coexisting type 2 diabetes [172,173]. Additionally, AF promotes a hypercoagulable state that is as-
sociated with pro-inflammatory pathways [174]. AF-related stroke has been recently treated with DOACs including
dabigatran, rivaroxaban, apixaban, and edoxaban [175,176]. Although these drugs did not alter AF-induced augmen-
tation of serum prothrombotic markers in comparison with conventional anticoagulants [175,176], emerging lines
of evidence suggest pleiotropic, disease-modifying antiarrhythmic actions of DOACs on the electrical and structural
remodeling and inflammation in AF [174] (Figure 3C). Therefore, DOACs may provide therapeutic benefits in AF
exceeding thrombo-prophylaxis, by preventing cardiac arrhythmogenesis and progression into persistent arrhythmia
forms and suppressing inflammation.

Importantly, coagulation promotes the development of AF and its progression not only through the action of
thrombin on PARs, but also through the involvement of type-2 ryanodine receptors, L-type Ca®* channels and
voltage-gated Na* channels [177]. Indeed, thrombin-mediated PAR activation was demonstrated to induce changes
in Ca** fluxes and subsequently affecting heart rhythm [178,179]. Similarly, the local administration of thrombin
or the PAR-1-activating peptide, TRAP, in isolated rat hearts subjected to acute MI caused ventricular tachycar-
dia and fibrillation, which were attenuated following the treatment with a thrombin inhibitor [180,181]. Moreover,
TRAP-mediated activation of PAR-1 was found to stimulate the hydrolysis of phosphoinositide, with the subse-
quent increase in cytosolic Ca®* levels in ventricular cardiomyocytes [179]. This was reversed by the depletion of
the sarcoplasmic reticulum Ca** stores with caffeine, suggesting the involvement of type-2 ryanodine receptors in
thrombin-mediated effects [182]. In fact, studies carried out on ventricular cardiomyocytes suggest that thrombin
promotes early afterdepolarizations and thus increased the heart rate through increasing inositol triphosphate (IP3)
levels and subsequently diastolic and systolic Ca** levels [179]. Thrombin was also shown to prolong the action po-
tential duration of guinea pig ventricular papillary muscle, which was reversed by tetrodotoxin, suggesting the in-
volvement of voltage-gated Na* channels [183]. Indeed, the action of thrombin on PAR-1 gives rise to multiple proar-
rhythmogenic mediators. The formation and accumulation of lysophosphatidylcholine (LPC), a proarrhythmogenic
lipid mediator generated by PLA,, are driven by the action of thrombin on PAR-1 [184]. Indeed, the formation and
accumulation of LPC strongly promotes arrhythmogenesis in isolated ventricular cardiomyocytes [185-187]. Simi-
larly, plasmalemmal N*-H" exchanger-1 (NHE-1) activity is stimulated by thrombin which leads to Ca** overload
and thus, contributes to ventricular fibrillation [188]. Nevertheless, whether this thrombin-mediated Ca** overload
can be overcome by DOACs remains to be investigated. Moreover, thrombin-mediated PAR-1 activation in freshly
isolated human atrial cardiomyocytes directly modified atrial electrophysiological properties through augmenting
late Na™ currents [183]. Also, the inhibition of FXa with rivaroxaban directly reduced left atrial action potential dura-
tion and increased both L-type Ca** current and ultra-rapid rectifier K* current without affecting transient outward
K* current [189].

In addition to the anti-arrhythmogenic effect, FXa inhibition was shown to possess an anti-fibrotic activity
[190,191]. As atrial fibrosis is a major contributor to AF, researchers were prompted to investigate the poten-
tial of FXa inhibitors to suppress AF [190,191]. As such, both apixaban and rivaroxaban were shown to exert an
anti-inflammatory activity in non-valvular AF (NVAF) patients [192]. Indeed, rivaroxaban treatment in patients with
NVAF resulted in an increase in soluble thrombomodulin, which was suggested to partly account for the observed
anti-inflammatory effect [124]. Clinically, there was no significant difference in the anti-inflammatory potential of
dabigatran and rivaroxaban in NVAF patients [193]. In a mouse model of AF, edoxaban down-regulated the expres-
sion of pro-inflammatory cytokines and increased the expression levels of prostacyclin and prostaglandins. Notably,
edoxaban treatment up-regulated PI3K and Akt expression and significantly stimulated Wnt-3 phosphorylation.
Thus, edoxaban exerted a beneficial effect on venous thromboembolism in mice with AF through the regulation
of the Wnt-3-induced PI3K/ATK-activated protein C system [194]. The inhibition of FXa-mediated thrombin gen-
eration in goats with persistent AF decreased endomysial fibrosis, and thus reduced the complexity of AF substrate
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[171]. Additionally, thrombin was recently shown to enhance Akt and Erk-mediated pro-fibrotic signaling in isolated
rat atrial fibroblasts, in addition to increasing the expression of TGF-31 and MCP-1 and collagen deposition [171]. All
of these thrombin-provoked derangements were abrogated by dabigatran. This provides evidence for the pleotropic
effects of both classes of DOACs not only in mitigating the thrombotic risk associated with AF, but also reducing its
substrate and hindering its pro-fibrogenic and pro-inflammatory consequences when present.

Pleiotropic effects of anticoagulant drugs in metabolic
diseases

The development of diabetes and its complications is greatly driven by inflammation and imbalanced coagulation
[195]. Complications of diabetes include diabetic nephropathy, retinopathy, cardiomyopathy, and foot ulceration.
Several studies highlighted that the inhibition of FXa by direct FXa inhibitors and, thus, suppressing subsequent
downstream PAR signaling ameliorates diabetic complications. Indeed, studies have shown an increased tissue PAR
expression in different forms of metabolic dysfunction in humans and experimental animals including obesity, obese
and non-obese diabetes, produced due to genetic predisposition, high-fat diets, or immune-mediated (3-cell destruc-
tion [196]. In this regard, not only was PAR signaling shown to promote inflammatory responses [197], it was also
implicated in reinforcing the metabolic insult where it promoted obesity and insulin resistance in high-fat fed mice
[198]. Consistently, in vivo inhibition of PAR2 delayed weight gain in a rat model of diet-induced obesity where
elevated free fatty acids were thought to induce PAR2 expression in adipocytes [199].

Regarding diabetic complications, several studies demonstrated that the expression of renal FX and FXa activity
as well as the expression of FX in glomerular macrophages increases in type 2 diabetes. Importantly, PAR-2 cleav-
age by FXa and subsequent PAR-2 signaling was shown to up-regulate inflammation and renal fibrosis through
NF-kB and MAPK signaling [9,200,201]. Interestingly, edoxaban was shown to ameliorate diabetic nephropathy and
down-regulated the expression of PARs [202]. Moreover, accumulating evidence suggests that the lack or reduction of
renal eNOS exacerbates diabetic nephropathy and is associated with an increased expression of renal TF [203,204]. In
this context, diabetic eNOS™'~ mice demonstrated increased renal expression of TF and FX [205,206]. Importantly,
edoxaban corrected glomerulosclerosis, decreased renal pro-inflammatory markers expression, attenuated albumin-
uria, mesangial proliferation, and fibrosis not only in eNOS™~ but also in eNOS*'~ diabetic mice. Additionally,
edoxaban reduced renal PAR expression in eNOS~/~ diabetic mice. It was also demonstrated that the lack of PAR-2
attenuated inflammation and tissue fibrosis in diabetic nephropathy [206]. Therefore, targeting PAR-2 signaling must
be further investigated as a potential valuable target in the management of diabetic nephropathy. As FXa and PAR
signaling are implicated in ED, a hallmark of diabetic complications, Pham et al. demonstrated an increased ex-
pression of PAR-2 in the aorta of diabetic mice [92]. Moreover, FXa was shown to promote JNK phosphorylation
and reduce eNOS phosphorylation levels. Interestingly, PAR-27/~ mice exhibited no ED and rivaroxaban-treated
wildtype mice exhibited attenuated ED and enhanced eNOS phosphorylation in the aorta [92]. Another study high-
lighted that glucose-stimulated HUVECs treated with rivaroxaban at varying concentrations, exhibited increased cell
viability and inhibited glycemic excursion-induced apoptosis and ROS production [207]. On the other hand, dia-
betes was shown to increase PAR expression in mouse aorta [208]. In this model, dabigatran treatment improved
endothelium-dependent relaxation and inhibited thrombin-mediated endothelial inflammation.

Diabetic cardiomyopathy also represents a major complication of diabetes. Indeed, the expression levels of PAR
increases during the course of diabetes development and the activation of PAR-1 by thrombin in cardiac fibrob-
lasts increased the expression of TGF-f3 and matrix metalloproteinase 2 and 9 promoting cardiac injury [209]. Ar-
gatroban was demonstrated to significantly reduce plasma glucose and improve plasma insulin levels in the animal
model. Importantly, argatroban inhibited the expression of PAR-1, PAR-4, TGF-f3, and cyclooxygenase 2 (COX-2),
and up-regulated the sarco/endoplasmic reticulum calcium ATPase through the inhibition of PAR-1, which in turn
improved cardiac contractility [210].

Since early stages of metabolic dysfunction involve hyperinsulinemia, enhanced proliferation of smooth muscle
cells through insulin signaling might be observed [211]. Indeed, ocv[33 integrins present on vascular cells influence
insulin-dependent proliferative signaling. As insulin displayed a dose-dependent proliferation of human smooth
muscle cells, this effect was completely abolished following the pre-treatment with eptifibatide, but not tirofiban
[211]. Moreover, targeting orv33 integrins with eptifibatide inhibited insulin-stimulated increase in the number of
vinculin-containing focal adhesions [211] highlighting the inflammatory role of GPIIb/IIla in VSMC dysfunction
in this early stage of metabolic dysfunction. In the same context, soluble dipeptidyl peptidase 4, a novel adipokine
whose levels are increased in obesity and metabolic syndrome [212], appeared to induce human VSMC proliferation
and inflammation in a PAR2-dependent manner [213]. Upon PAR?2 silencing, increased cell proliferation, ERK1/2
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activation, and NF-«kB-mediated IL-6 and IL-8 production were reversed [213]. These observations highlight the
importance of the inhibition of FXa/PAR signaling axis and the potential vascular and metabolic impact of drugs
inhibiting these factors in metabolic disorders.

Pleiotropic effects in neurodegenerative diseases

Cardiovascular dysfunction as well as metabolic impairment with the accompanying inflammatory changes consti-
tute stressors that elicit microvascular brain responses. Indeed, inflammation is at the core of neurodegenerative and
cardiometabolic disease where indicators of both vascular and cognitive dysfunction co-exist not only in type 2 di-
abetic patients [214], but also in the prediabetic stage preceding the diagnostic features of diabetes [215]. In this
regard, it is crucial to recognize the extensive crosstalk between inflammation and coagulation pathways that are syn-
chronously triggered in response to injury [216]. Metabolic dysfunction leads to endothelial activation triggering the
secretion of pro-inflammatory cytokines [208] and coagulation factors inducing thrombin production [217], which
in turn exacerbates the secretion of pro-inflammatory mediators [218] and leads to a closed cycle of continuous
endothelial activation, vascular inflammation and deterioration of the neurovascular function. This is particularly
relevant to the action of DOACs, which would uniquely fit as pharmacological tools to interrupt this loop and ame-
liorate thrombin-mediated neurovascular inflammation in conditions such as Alzheimer’s disease (AD) [219], trau-
matic brain injury (TBI) [220], and Parkinson’s disease (PD) [221,222]. While direct studies examining the DOAC
brain-blood barrier penetration have not been forthcoming, a recent study examined the association between molec-
ular correlations of different pharmacokinetic properties of DOACs and the reported adverse effects [223]. This study
demonstrated that rivaroxaban is the most likely to demonstrate brain-blood barrier penetration, whereas dabigatran
is the least despite being associated with a higher risk of intra-cranial hemorrhage. On the other hand, literature shows
that during TBI and neurodegenerative diseases such as AD and PD the integrity of the brain-blood barrier is altered
[224,225]. Such a disruption might contribute to therapeutic delivery whereby DOACs gain entry into the affected
CNS and ameliorate neuronal inflammation and toxicity [226,227]. Thrombin-induced neurotoxicity and neuroin-
flammation are orchestrated by multiple pathways and its effects on neuronal cells are concentration-dependent,
being protective at lower concentrations and detrimental in higher ones [227]. In the mechanisms listed below, we
focused on the detrimental effects of thrombin in various neurological conditions.

As mentioned above, thrombin is cleaved from prothrombin by FXa. The major source of thrombin is blood;
however, transcripts of prothrombin and FX are present in the central nervous system [228,229]. Similar to the ef-
fects reported in the peripheral vasculature, thrombin has a significant effect on the cerebrovascular endothelium
where it induces endothelial contraction, an effect that is suggested to be mediated via PARs and identified in the
rat brain vascular ECs [230,231]. Apart from the vascular damaging effect, it has also been documented that fol-
lowing CNS injury prothrombin mRNA is up-regulated, suggesting that thrombin could be produced by neurons
themselves [232,233]. PARs, mainly PAR-1, -3 and -4 are activated by thrombin and not only are they expressed in
the CNS, but they also undergo up-regulation following brain ischemia [234]. Thrombin induces neuroinflamma-
tion and oxidative stress leading to neuronal injury in neurodegenerative diseases [235,236]. Studies on microglial
cells indicated that thrombin stimulates the microglial synthesis of pro-inflammatory mediators such as TNF-c,
IL-6 and -12, and CXCL1 [218]. Along with its role in exacerbating inflammation, thrombin is capable of exert-
ing direct neurotoxicity via activation of PAR-1 followed by RhoA activation leading to induction of apoptosis in
addition to up-regulation of NADPH oxidase and increased oxidative stress [237-239]. Moreover, thrombin induces
up-regulation of the pro-apoptotic pathway through activating cyclin D1 and E as well as cyclin-dependent kinase,
cdk4 [240]. In this regard, it was shown that thrombin provokes a rapid influx of calcium leading to neuronal apoptosis
[241]. Thrombin-induced neurotoxicity comprises sustained activation of ERK and p38 MAPK pathways [242,243].
Indeed, at the early phase of thrombin exposure, ERK activation leads to several apoptosis-like features. Furthermore,
MAPK, specifically MAPK-activated protein kinases 2, participates in inflammatory responses following ischemic
cerebral injury via induction of IL-13 production [244,245]. On the other hand, JNK contributes to the regulation
of neuronal and microglial thrombin-induced apoptosis [246]. This thrombin-induced microglial apoptosis is also
associated with sustained activation of ERK and involves the Rho signaling pathway [247]. Evidence regarding the
impact of different thrombin inhibitors on models of neuroinflammatory disease is summarized in Table 4.

Alzheimer’s Disease

Alzheimer’s Disease (AD) is a chronic neurodegenerative disease with a progressive cognitive and functional de-
cline. The pathological hallmarks of AD are mainly amyloid plaques and neurofibrillary tangles that are related to
the production and accumulation of the protein (3-amyloid (A3) and hyperphosphorylated tau proteins, respectively
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Table 4 Main findings of studies reporting pleiotropic effects of Flla inhibitors in cardiovascular, metabolic, and

neuroinflammatory disorders

Disease Molecule Conducted in Main findings References
ED Dabigatran STZ-induced diabetic mice and 4 Endothelium-dependent [208]
HUVECs relaxation and |
thrombin-mediated endothelial
inflammation
Arrhythmia Dabigatran NVAF patients Anti-inflammatory activity, 1 [193]
soluble thrombomodulin levels
Goats with persistent AF, | Endomysial fibrosis, [171]
isolated rat atrial fibroblasts thrombin-induced up-regulation
of TGF-B1 and MCP-1 and
collagen deposition
AD Dabigatran TgCRND8 AD mice 4 Cognitive function, cerebral [266]
perfusion, |, toxic fibrin
deposition, and
neuroinflammation
PD Dabigatran Rotenone model of PD 4 Striatal dopamine levels, motor [280]
function, and | neurotoxic
pro-inflammatory cytokine
production
LRRK2 transgenic Drosophila 4 Locomotor activity by | ROS [235]
melanogaster model of PD
TBI Argatroban Intravascular perforation rat 4 BBB disruption, | brain [293]
model edema, apoptotic brain cell
death, and expression of
inflammatory markers
C57BL/6 wildtype (WT) and J Thrombin-induced [294]
complement3 KO mice following  inflammation and complement
the induction of intracranial pathway activation, and | Cba
hemorrhage receptor expression
Diabetic cardiomyopathy Argatroban HFD (powdered normal pellet | Plasma glucose, plasma [210]

diet 365 g/kg, lard 310 g/kg,
acid casein 250 g/kg, cholesterol

10 g/kg, vitamin and mineral
mixture 60 g/kg, DL-methionine

3 g/kg, yeast powder 1 g/kg,

insulin levels, expression of

PAR-1, PAR-4, TGF-B, and
COX-2, and 1 SR/ER calcium
ATPase through | of PAR-1,
which in turn improves cardiac

sodium chloride 1 g/kg)-fed
STZ-induced diabetic rats

contractility

[248,249]. A large body of evidence identified vascular pathology and cardiovascular risk factors in the development
of AD [250]. Indeed, studies have provided evidence that certain coagulation factors may mediate and exacerbate in-
flammation in CNS [251-253]. Thrombin and fibrin have been suggested as possible pathological mediators in AD.
Along with thrombin pro-inflammatory role, thrombin signaling pathway has been linked to two major pathological
hallmarks of AD, the T and A} [254,255]. Af3 has been reported as a prothrombotic factor stimulating coagulation
cascade and is linked to vascular events in AD patients [256,257]. Continuous thrombin signaling in AD induces A3
which in turn promotes thrombin and fibrin generation via activation of factor XII [257,258]. Thrombin-induced A3
accumulation and deposition around vascular walls leads to cerebrovascular dysfunction known as cerebral amyloid
angiopathy which is typical of early development of AD [259]. This will impair neurovascular coupling and trigger
microvascular occlusion, microhemorrhage and vasoconstriction leading to a decline in cerebral blood flow and per-
fusion and an exacerbation of the neurodegenerative process of AD [260,261]. Additionally, the endogenous CNS
thrombin inhibitor produced by glial cells, protease nexin 1, has been shown to be markedly reduced in AD [262].
Previous studies have identified possible treatment approaches of AD by modulating coagulation pathways. A
mouse model of AD receiving the LMWH, Enoxaparin, showed a reduced A3 deposition, cytotoxicity, and inflam-
mation together with improved cognition [263,264]. Thus, in the context of AD, the use of direct thrombin inhibitors,
such as dabigatran, might offer a more convenient alternative to heparins given its ease of administration [265]. As
such, the possible role of dabigatran to counteract cerebrovascular dysfunction in AD was assessed [266]. In AD
mouse model, long-term treatment with dabigatran improved cognitive function, cerebral perfusion, and prevented
toxic fibrin deposition. Concomitantly, neuroinflammation and amyloid deposition in the brain were ameliorated as
evidenced by the significant reduction in amyloid plaques, oligomers, phagocytic microglia, and infiltrating T cells
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[266]. These effects are summarized in Figure 4A. Nevertheless, it is important to note that antithrombotic inter-
ventions are not always associated with beneficial outcomes in patients suffering from dementia. Indeed, the Aspirin
in Reducing Events in the Elderly (ASPREE) trial, enrolling a total of 19114 healthy individuals of 70 years of age or
older, reported no prevention or reduction in the incidence of dementia [267]. Yet, several epidemiological studies in-
dicated a beneficial role of aspirin in dementia [268,269]. Aspirin, 75 mg for 6 months, was associated with lower risk
of incident dementia in patients with late onset of depression [269]. A comparative study on 351 twins revealed that
individuals on high dose aspirin had lower prevalence of AD and maintained better cognitive function than those on
placebo [268]. Indeed, the neuroprotective effects of aspirin such as enhancing the memory, anti-inflammatory and
enhancing the Af3 clearance have been demonstrated [270,271]. Low-dose aspirin ameliorated amyloid pathology in
a mouse model of AD, the pathway was linked to PPAR« activation [272]. Therefore, it is thought that the absence
or low basal levels of PPAR, as in older individuals with AD and dementia, could decrease the optimal activity of
aspirin. Clinical trials are needed to confirm the present hypothesis on the favorable outcomes of such interventions
on AD manifestations and progression.

Parkinson’s Disease

Parkinson’s Disease (PD) is a neurodegenerative disease that predominantly affects the dopaminergic neurons in
the substantia nigra coupled with Lewy body formation, which mainly affects motor function [273]. Thrombin has
previously been identified as a possible pathological mediator in PD [274]. Moreover, in patients with PD, PAR-1
is up-fdregulated in brain tissues [275,276]. Thrombin has been shown to induce microglial activation, that involve
PAR-1, and further degeneration of dopaminergic neurons [277]. Thrombin also facilitates the release of ROS and
pro-inflammatory mediators including COX-1 and iNOS expressed by microglial cells induces dopaminergic neurons
cell death [278,279].

The role of thrombin was further emphasized by studies reporting that treatment with the direct thrombin in-
hibitor, dabigatran (Figure 4B), could be neuroprotective and may possess regenerative effects in PD [235,280]. In
the rotenone model of PD, dabigatran treatment restored striatal dopamine levels, improved motor function, and
repressed neurotoxic pro-inflammatory cytokine (NF-kB and TNF-«) production [280]. These effects were linked
to activation of nuclear receptor-related 1 (Nurrl) and thrombin inhibition [280]. In addition, dabigatran treatment
improved the locomotor ability in a Drosophila melanogaster model of PD by reducing ROS [235]. Finally, further
highlighting the importance of PAR-1 in PD neurodegeneration, a study on PAR-1 deficient mice showed that these
mice were protected against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced toxicity which causes PD-like
profile [281]. The extensive work that has been done implicating a role of thrombin in PD pathogenesis along with
the safe profile of dabigatran highlight the importance of considering clinical experimentation and use of dabigatran
in this indication.

Traumatic Brain Injury

TBI-induced coagulation is a common condition that has been overshadowed by the severity of the injury itself. The
idea of a local brain injury disseminating systemic coagulopathy is intimidating and reversing this is very critical to
improve clinical outcomes [282]. TBI induces mechanical alterations in blood brain barrier (BBB) at the site of in-
jury, thus increasing vascular leakage of fluid to cause cerebral edema, release of brain-derived coagulating factors, and
neuronal damage [283-285]. Studies have shown that following TBI, brain-derived cellular microvesicles (BDMV’s)
are rapidly released from hippocampal cells and migrate through the disrupted endothelial barrier into the circula-
tion and induce hypercoagulation [286]. BDM Vs are highly procoagulant as they express TF and phosphatidylserine,
which will integrate factors V and VIII to induce thrombin generation. As such, these BDMVs have been identified
as circulating molecules to initiate and amplify coagulation leading to an exaggerated and disseminated coagulation
[287,288]. Thrombin itself could further contribute to vascular leakiness as it targets the cerebrovascular endothelium
inducing their contraction, which is in part mediated by PAR1 leading to increases in intracellular calcium concentra-
tion [230]. Moreover, thrombin release following TBI causes increases in extracellular glutamate via PAR1 and ROCK
which is linked to the depressive behavior following TBI [289]. Glutamate in turn may contribute to the formation of
post-traumatic cytotoxic edema [290].

Thrombin plays an important role in brain injury after subarachnoid hemorrhage (SAH), a pathway that is linked
to MAPK and further activation of ERK1/2. Once ERK1/2 and MAPK pathways are activated after SAH, the cerebral
blood flow is altered, the cerebral vascular inflammatory mediators are release and the neurological function is further
deteriorated [291,292]. Selective inhibition of MAPK by SB203580, significantly attenuated the neurological damage
following SAH [292]. This highlights the importance of targeting thrombin to modulate the SAH neurotoxicity and
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a possible neuroprotective role of thrombin or MAPK inhibitors. A standard intravascular perforation rat model was
used to test the effects of direct thrombin inhibitor argatroban post SAH. High doses of argatroban ameliorated BBB
disruption, lowered the brain water content (brain edema) in both hemispheres, cerebellum, and the brain stem,
and attenuated apoptotic brain cell death and the expression of inflammatory marker which aggravate the condition.
Overall, thrombin inhibition improved neurological outcomes and provided neuroprotection against acute events
following SAH [293].

The neuroprotective effects of Argatroban were further investigated in C57BL/6 wildtype (WT) and complement3
(C3)~/~ mice after intracranial hemorrhage (ICH) induction. Thrombin is presumed to promote uncontrolled com-
plement system activation through its action on C5a convertase that increases cleavage of complement component C5
into C5a leading to excessive tissue inflammation and damage. Thrombin likely contributes to the exacerbation of an
ICH through its activation of immunocompetent microglia and the increase in the release of inflammatory cytokines
which conjure acute necrosis and apoptosis of neurons. Argatroban exhibits its neuroprotective role either by inhibit-
ing thrombin-induced inflammation or complement pathway activation or suppressing C5a receptor expression. The
simultaneous blockade of thrombin and C5a receptors provided fewer neurological apoptosis, decreased brain water
content and brain edema, and decreased inflammatory factors resulting in improvements in neurological function
[294] (Figure 4C). Argatroban is superior to other direct thrombin inhibitors due to its short half-life, which allows
rapid offset of action in case of bleeding and ease of monitoring its thrombotic effect [295]. However, this effect as
well as the effect of other agents requires further systematic and clinical investigation.

The emerging pleiotropic effects of DOACs on adipose tissue
inflammation: one target for all disorders?

While evidence haslong implicated a significant entanglement among pathological pathways triggered or exacerbated
by metabolic impairment, therapeutic modalities for vascular dysfunction and neurodegenerative disorders remained
fairly independent. This is possibly in part because the common therapeutic approaches focused on the end manifes-
tations of the disease rather than the underlying trigger. This is typically demonstrated in drug classes like calcium
channel blockers, lipid lowering fibrates, insulin secretagogues, choline esterase inhibitors, and dopaminergic ago-
nists used for the control of different cardiovascular, metabolic, and neurological manifestations. More recently, the
focus of research in this field shifted to investigate the role of adipose inflammation in the underlying pathology. Not
only does adipose tissue affect cardiac health through paracrine and endocrine interactions with cardiovascular tissue
[296,297], low-grade adipose tissue inflammation associated with excessive calorie intake, obesity and type 2 diabetes
sits at the crossroads of vascular dysfunction and cognitive impairment [298-300]. Significantly, localized adipose tis-
sue inflammation originating in specific depots, particularly perivascular and perirenal adipose, was found to be the
earliest response to metabolic challenge prior to increased body weight or blood glucose levels, and to contribute
to the development and progression of metabolic dysfunction-associated CVDs [301,302]. Indeed, we have recently
demonstrated that this localized low-grade inflammatory state, preceding the development of obesity, hyperglycemia,
and hypertension, is associated with vascular contractile abnormalities, ED, cardiac autonomic neuropathy, renovas-
cular impairment, and hippocampal neuroinflammation producing cognitive dysfunction [303-308]. Importantly,
interventions ameliorating this localized adipose inflammation were sufficient to reverse the associated cardiovascu-
lar and cognitive manifestations.

Recent evidence has implicated the activation of thromboinflammatory processes in the low-grade adipose tissue
inflammation seen in metabolic syndrome, obesity, and diabetes [309-312]. Diet-induced adipose tissue inflamma-
tion was shown to include a myriad of immune cells and inflammatory cytokines and adipokines [313]. As such,
thromboinflammation could be proposed as a possible instigator of vascular derangements arising from the inflam-
mation of these adipose depots. This is especially relevant in the context of early metabolic deterioration which pre-
cedes the development of diabetes. Of particular interest are the increased levels of thrombin, FXa and PAR1/2/4
expression and activity in different metabolic and CVDs [309-311,314]. Importantly, adipose tissue inflammation is
associated with an increased production of TF eventually leading to increased thrombin and FXa activity resulting
in the emergence of a hypercoagulable state [312,315,316]. As mentioned previously, both factors can affect vascular
smooth muscle and ECs phenotype and function leading to vascular remodeling, vascular injury, and atherosclerosis
by acting through several pathways including PARs. Quite significantly, the role of clotting factors does not seem
to cease at being a transducer of the detrimental impact of adipose inflammation on vascular function, yet it ap-
pears that increased thrombin and FXa activity could further exacerbate adipose tissue inflammation in a positive
feedback loop [315,317,318]. Interestingly, the progression of adipose tissue inflammation and vascular dysfunction
downstream of PAR signaling appear to occur via common targets including hypoxia inducible factor 1o (HIF-1«),
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Figure 5. The interplay between perivascular and perirenal adipose tissue and thrombo-inflammation involving clotting
factor and PAR signaling

Excessive calorie intake, diabetes, and obesity are associated with adipose tissue inflammation that involve increased produc-
tion of inflammatory cytokines and elevated clotting factor activity. Activated clotting factors further exacerbate adipose tissue
inflammation and the consequent cardiovascular and metabolic disorders, including insulin resistance, that can contribute to neu-
ronal inflammation and cognitive dysfunction. Antithrombotic drugs offer a potential tool to interrupt this negative feedback loop
early in the course of metabolic disease and confer a protective effect in the metabolic-cardiovascular-neurodegenerative disease
continuum. Abbreviations: PRAT, perirenal adipose tissue; PVAT, perivascular adipose tissue.

NEF-kB, RhoA associated kinase, and COX-2 [303,319-322]. Therefore, it could be suggested that adipose tissue in-
flammation, particularly in the perivascular depot, which leads to vascular derangements with effects extending to
neuroinflammation, occurs via the contribution of increased clotting factor activity and dysfunctional PAR signaling
in adipose tissue, VSMCs, ECs, and neurons. Nevertheless, such a mechanism has not yet been investigated. Im-
portantly, DOAC treatment with either FXa or direct thrombin inhibitors could potentially counteract the increase
in clotting factor-driven pathological signaling. The proposed model is summarized in Figure 5. Despite offering
valuable tools to interrupt the thromboinflammatory cycle, there exists a significant knowledge gap regarding the
potential pleiotropic effects of these drugs on adipose tissue inflammation and the ensuing effects. Indeed, multiple
lines of evidence implicate mechanisms related to suppression of autophagic flux, increased neuronal apoptosis and
microglial activation occurring downstream of metabolic impairment, particularly insulin resistance, in neurode-
generative disorders [308,323]. Amelioration of adipose inflammation helps alleviate insulin resistance [324], which
offer an additional mechanism contributing to the reversal of neuroinflammation besides the correction of vascular
disorders. As such, it becomes plausible that interruption of the adipose thromboinflammatory loop using DOACs
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might serve multiple beneficial purposes by improving the overall metabolic profile and amelioration of vascular dys-
function and neuronal inflammation. This, in addition to the direct modulatory action of DOACs on these tissues
and organs, makes their pleiotropic effects a high priority for research.

Potential risks and gaps for future investigation

One of the major concerns regarding the use of DOACs, whether for their intended anticoagulant effect or pleiotropic
benefits, is the enhanced risk of bleeding, which is thought to be generally directly proportional to the anticoagulant
dose. Despite the wealth of evidence on the possible pleotropic effects of oral anticoagulants, there remains no clinical
dose/exposure-response data for these effects. Additionally, there is no robust clinical evidence that DOAC:s, at their
indicated doses provide clinical benefit beyond anticoagulation by virtue of their pleiotropic effects. Therefore, a dire
need exists for clinical studies deriving consensus on the specific dosing of these drugs in patients outside of the usual
cardiovascular indications, thus providing a proof of concept that anticoagulant therapy-mediated benefits outweigh
bleeding risk in non-cardiovascular indications. Additionally, potential arising complications leading to increased
mortality with prolonged anticoagulant and antiplatelet therapy, independent of enhanced bleeding may limit such
an approach [267,325]. Nevertheless, the ATLAS ACS 2-TIMI trial reported that low dose rivaroxaban (2.5 mg) led to
asignificant reduction in cardiovascular mortality and all-cause mortality without increasing the risk of fatal bleeding
in patients with recent ACS [326]. However, another study showed that the typical 20 mg dose of rivaroxaban was
associated with increased intracranial and extracranial hemorrhage, including gastrointestinal bleeding in patients
with nonvalvular AF [327]. Similarly, edoxaban exhibited a dose-dependent increase in bleeding risk, and low-dose
regimens were non-inferior to warfarin in stroke prevention in patients with moderate-to-high risk AF [328]. More-
over, higher dabigatran plasma concentrations were shown to be correlated with worse bleeding outcomes in AF
patients [329]. However, the value of the previous observations in establishing the safety of DOAC:s in the intended
cardiometabolic indications cannot be inferred directly owing to considerable differences in the patient populations.
Indeed, pharmacokinetic and pharmacodynamic subanalyses of major trials on the effect of DOACs in AF patients
showed that the risk of bleeding side effects was strongly correlated with patient characteristics independent of the
plasma concentration levels [330,331]. As such, one of the challenges facing the use of these and similar drugs for their
cardiometabolic benefits is determining a dosing range with a reasonable risk/benefit ratio. At this stage, only paral-
lels can be drawn regarding their potential safety in patients without active thromboembolic disorders. In this regard,
DOACs emerged as an option backed by some evidence for the management of the COVID-19-related thrombosis
in absence of standard guidelines [332-335]. Apixaban manifested a high safety and efficacy profile when adminis-
tered to ICU patients with severe COVID-19 [336]. Furthermore, dabigatran was suggested to be used as a primary
treatment option at discharge in COVID-19 patients with AF [337].

Apart from the bleeding risk, much remains to be determined regarding the potential drawbacks of chronic
suppression of the FXa/thrombin/PAR1/2 signaling. Indeed, the importance of pathways triggered downstream of
FXa/thrombin-mediated PAR1/2 activation in the normal physiology has long been inferred from the phenotypes
displayed by transgenic mice. For instance, thrombin and FX deficient mice demonstrate a much higher in utero and
neonatal lethality than fibrinogen knockout ones [9] indicating that the detrimental effect of their absence could not
be explained solely by hemorrhagic consequences. Similarly, PAR2 knockout mice demonstrate considerable lethality
[338]. Thus, a significant investigational effort is required to determine the optimal approach to mitigate these path-
ways. Whether DOACs (thrombin and/or FXa inhibitors) are the best tools as opposed to selective PAR antagonists
with regards to the risk/benefit ratio of developmental or homeostatic outcomes is yet to be determined as well as the
safe dosing ranges.

Conclusions

Several clotting factors including TF, FXa and thrombin, as well as PARs represent molecular targets that contribute to
pathological pathways overlapping a number of disorders spanning metabolic, cardiovascular, and neurodegenerative
diseases. In addition, ADP P2Y,-receptors and GPIIb/IIIa receptors appear to contribute to such pathogenesis mak-
ing a strong case for the use of the available drugs with the ability to modulate these targets in the peripheral tissue to
modify the pathological course. In this context, DOACs emerge as a valuable tool, not only capable of directly affect-
ing several manifestations of cardiovascular, metabolic, and neurological impairment, but also harboring significant
potential to ameliorate adipose tissue inflammation effectively relieving the ensuing disorders. Indeed, the search for
tailored drug therapy particularly targeting the initial localized low-grade adipose inflammation continues [339]. The
available evidence from studies in both humans and animal models suggest that antithrombotic drugs could indeed
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modify the earliest events underlying vascular and cardiometabolic interactions including ED and adipose tissue in-
flammation. The unique pharmacological properties and safety profile of DOACs warrant future investigation of their
possible role in such an indication.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This work was supported by the Medical Practice Plan [grant number #320148 (to A.F.E.)]; R.A.A. was supported by PhD Scholar-
ships from the AUB-FM and the CNRS-L; I.A. was supported by a scholarship from the Mastercard Foundation.

Abbreviations

ACS, acute coronary syndrome; AD, Alzheimer’s disease; ADP, adenosine diphosphate; AF, atrial fibrillation; ATP, adeno-

sine triphosphate; AB, B-amyloid; BDMV, brain-derived cellular microvesicle; COVID-19, coronavirus disease of 2019; COX,
cyclooxygenase; CVD, cardiovascular disease; DOAC, direct oral anticoagulant; EC, endothelial cell; ED, endothelial dys-
function; EDH, endothelium-dependent hyperpolarization; EGF, epidermal growth factor; eNOS, endothelial nitric oxide syn-
thase; ERK1/2, extracellular signal-regulated kinase 1/2; FXa, Factor Xa; GP, glycoprotein; GPI, GPIIb/llla inhibitor; hsCRP,
high-sensitivity C-reactive protein; HUVEC, human umbilical vein EC; ICAM-1, intercellular adhesion molecule 1; ICH, intracra-
nial hemorrhage; iINOS, inducible nitric oxide synthase; I/R, ischemia/reperfusion; LMWH, low molecular weight heparins; LPC,
lysophosphatidylcholine; MCP-1, monocyte chemotactic protein-1; MI, myocardial infarction; NF-kB, nuclear factor kB; NO, ni-
tric oxide; NVAF, non-valvular AF; PAR, protease-activated receptor; PCI, percutaneous coronary intervention; PD, Parkinson’s
disease; ROS, reactive oxygen species; SAH, subarachnoid hemorrhage; TAFI, thrombin-activatable fibrinolysis inhibitor; TBI,
traumatic brain injury; TF, tissue factor; UFH, unfractionated heparin; uPA, urokinase plasminogen activator; VSMC, vascular
smooth muscle cell; VWF, von Willebrand factor.

References

1 Mega, J.L. and Simon, T. (2015) Pharmacology of antithrombotic drugs: an assessment of oral antiplatelet and anticoagulant treatments. Lancet 386,
281-291, https://doi.org/10.1016/S0140-6736(15)60243-4

2 Joseph, P, Leong, D., McKee, M., Anand, S.S., Schwalm, J.D., Teo, K. et al. (2017) Reducing the global burden of cardiovascular disease, part 1: the
epidemiology and risk factors. Circ. Res. 121, 677-694, https://doi.org/10.1161/CIRCRESAHA.117.308903

3 Fareed, J., Hoppensteadt, D.A. and Bick, R.L. (2000) An update on heparins at the beginning of the new millennium. Semin. Thromb. Hemost. 26,
5-21, https://doi.org/10.1055/s-2000-9498

4 Pirmohamed, M. (2006) Warfarin: almost 60 years old and still causing problems. Br. J. Clin. Pharmacol. 62, 509-511,
https://doi.org/10.1111/j.1365-2125.2006.02806.x

5  Panel. C-TG (2020) Coronavirus Disease 2019 (COVID-19) Treatment Guidelines, National Institutes of Health,
https://www.covid19treatmentguidelines.nih.gov/ (updated May 12, 2020)

6  Mueck, W., Stampfuss, J., Kubitza, D. and Becka, M. (2014) Clinical pharmacokinetic and pharmacodynamic profile of rivaroxaban. Clin.
Pharmacokinet. 53, 1-16, https://doi.org/10.1007/s40262-013-0100-7

7  Stangier, J. and Clemens, A. (2009) Pharmacology, pharmacokinetics, and pharmacodynamics of dabigatran etexilate, an oral direct thrombin
inhibitor. Clin. Appl. Thromb. Hemost. 15, 9s—16s, https://doi.org/10.1177/1076029609343004

8 Hagihara, K., Kurihara, A., Kawai, K., Kazui, M., Takahashi, M., Kawabata, K. et al. (2007) Absorption, distribution and excretion of the new
thienopyridine agent prasugrel in rats. Xenobiotica 37, 788-801, https://doi.org/10.1080/00498250701397721

9 Borensztajn, K., Peppelenbosch, M.P. and Spek, C.A. (2008) Factor Xa: at the crossroads between coagulation and signaling in physiology and disease.
Trends Mol. Med. 14, 429-440, https://doi.org/10.1016/j.molmed.2008.08.001

10 Spronk, H.M.H., de Jong, A.M., Crijns, H.J., Schotten, U., Van Gelder, I.C. and ten Cate, H. (2014) Pleiotropic effects of factor Xa and thrombin: what to
expect from novel anticoagulants. Cardiovasc. Res. 101, 344-351, https://doi.org/10.1093/cvr/cvt343

11 Lippi, G., Franchini, M. and Guidi, G.C. (2007) Diagnostic approach to inherited bleeding disorders. Clin. Chem. Lab. Med. 45, 2—12,
https://doi.org/10.1515/CCLM.2007.006

12 Gale, A.J. (2011) Current understanding of hemostasis. Toxicol. Pathol. 39, 273-280, https://doi.org/10.1177/0192623310389474

13 Versteeg, H.H., Heemskerk, J.W., Levi, M. and Reitsma, P.H. (2013) New fundamentals in hemostasis. Physiol. Rev. 93, 327-358,
https://doi.org/10.1152/physrev.00016.2011

14 Grover, S.P. and Mackman, N. (2018) Tissue factor: an essential mediator of hemostasis and trigger of thrombosis. Arterioscler. Thromb. Vasc. Biol.
38, 709-725, https://doi.org/10.1161/ATVBAHA.117.309846

15 Kirchhofer, D. and Nemerson, Y. (1996) Initiation of blood coagulation: the tissue factor/factor Vila complex. Curr. Opin. Biotechnol. 7, 386391,
https://doi.org/10.1016/S0958-1669(96)80112-1

16 Dahlback, B. (2000) Blood coagulation. Lancet North Am. Ed. 355, 1627-1632, https://doi.org/10.1016/S0140-6736(00)02225-X

17 Mackman, N. and Gruber, A. (2010) Platelet polyphosphate: an endogenous activator of coagulation factor XIl. J. Thromb. Haemost. 8, 865,
https://doi.org/10.1111/j.1538-7836.2010.03832.x

(©) 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.1016/S0140-6736(15)60243-4
https://doi.org/10.1161/CIRCRESAHA.117.308903
https://doi.org/10.1055/s-2000-9498
https://doi.org/10.1111/j.1365-2125.2006.02806.x
https://doi.org/10.1007/s40262-013-0100-7
https://doi.org/10.1177/1076029609343004
https://doi.org/10.1080/00498250701397721
https://doi.org/10.1016/j.molmed.2008.08.001
https://doi.org/10.1093/cvr/cvt343
https://doi.org/10.1515/CCLM.2007.006
https://doi.org/10.1177/0192623310389474
https://doi.org/10.1152/physrev.00016.2011
https://doi.org/10.1161/ATVBAHA.117.309846
https://doi.org/10.1016/S0958-1669(96)80112-1
https://doi.org/10.1016/S0140-6736(00)02225-X
https://doi.org/10.1111/j.1538-7836.2010.03832.x

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

18

19

20
21

22

23
24

25

26

27

28

29
30

31

32

33

34

35

36

37

38

39

40

4

42

43

44

45

46

47

Boron, W. and Boulpaep, E. (2005) Medical physiology: Updated edition (Schmitt, W.R. and Dudlick, M., eds), Elsevier Saunders Inc., Philadelphia,
Pennsylvania

Smith, S.A., Travers, R.J. and Morrissey, J.H. (2015) How it all starts: initiation of the clotting cascade. Crit. Rev. Biochem. Mol. Biol. 50, 326-336,
https://doi.org/10.3109/10409238.2015.1050550

Lane, D.A., Philippou, H. and Huntington, J.A. (2005) Directing thrombin. Blood 106, 2605-2612, https://doi.org/10.1182/blood-2005-04-1710
Kahn, M.L., Zheng, Y.-W., Huang, W., Bigornia, V., Zeng, D., Moff, S. et al. (1998) A dual thrombin receptor system for platelet activation. Nature 394,
690-694, https://doi.org/10.1038/29325

Yau, J.W., Teoh, H. and Verma, S. (2015) Endothelial cell control of thrombosis. BMC Cardiovasc. Disord. 15, 1-11,
https://doi.org/10.1186/512872-015-0124-z

Loscalzo, J. and Schafer, A.l. (2003) Thrombosis and Hemorrhage, Lippincott Williams & Wilkins

Wood, J.P, Ellery, PE., Maroney, S.A. and Mast, A.E. (2014) Biology of tissue factor pathway inhibitor. Blood 123, 2934-2943,
https://doi.org/10.1182/blood-2013-11-512764

Holmer, E., Kurachi, K. and Soderstrom,, G. (1981) The molecular-weight dependence of the rate-enhancing effect of heparin on the inhibition of
thrombin, factor Xa, factor IXa, factor Xla, factor Xlla and kallikrein by antithrombin. Biochem. J. 193, 395-400, https://doi.org/10.1042/bj1930395
Diaz-Ricart, M., Estebanell, E., Lozano, M., Aznar-Salatti, J., White, J.G., Ordinas, A. et al. (2000) Thrombin facilitates primary platelet adhesion onto
vascular surfaces in the absence of plasma adhesive proteins: studies under flow conditions. Haematologica 85, 280288

Hung, D., Vu, T.-K., Wheaton, V., Ishii, K. and Coughlin, S. (1992) Cloned platelet thrombin receptor is necessary for thrombin-induced platelet
activation. J. Clin. Invest. 89, 1350-1353, https://doi.org/10.1172/JCI115721

Monroe, D., Hoffman, M. and Roberts, H. (1996) Transmission of a procoagulant signal from tissue factor-bearing cells to platelets. Blood Coagul.
Fibrinolysis 7, 459-464, https://doi.org/10.1097/00001721-199606000-00005

Hultin, M.B. (1985) Modulation of thrombin-mediated activation of factor VIlI: C by calcium ions, phospholipid, and platelets. Blood 66, 53-58
Monkovic, D.D. and Tracy, P.B. (1990) Activation of human factor V by factor Xa and thrombin. Biochemistry 29, 1118-1128,
https://doi.org/10.1021/bi004572004

Oliver, J.A., Monroe, D.M., Roberts, H.R. and Hoffman, M. (1999) Thrombin activates factor Xl on activated platelets in the absence of factor XIl.
Arterioscler. Thromb. Vasc. Biol. 19, 170-177, https://doi.org/10.1161/01.ATV.19.1.170

Baglia, F.A. and Walsh, P.N. (1998) Prothrombin is a cofactor for the binding of factor Xl to the platelet surface and for platelet-mediated factor XI
activation by thrombin. Biochemistry 37, 2271-2281, https://doi.org/10.1021/bi972113+

Baglia, F.A. and Walsh, P.N. (2000) Thrombin-mediated feedback activation of factor XI on the activated platelet surface is preferred over contact
activation by factor Xlla or factor Xla. J. Biol. Chem. 275, 20514-20519, https://doi.org/10.1074/jbc.M000464200

Weisel, J.W. and Litvinov, R.l. (2013) Mechanisms of fibrin polymerization and clinical implications. Blood 121, 1712-1719,
https://doi.org/10.1182/blood-2012-09-306639

Muszbek, L., Katona, E. and Kerényi, A. (2017) Assessment of factor Xlll. Hemostasis and Thrombosis, pp. 277-293, Springer,
https://doi.org/10.1007/978-1-4939-7196-122

Szymanski, L.M., Pate, R.R. and Durstine, J.L. (1994) Effects of maximal exercise and venous occlusion on fibrinolytic activity in physically active and
inactive men. J. Appl. Physiol. 77, 2305-2310, https://doi.org/10.1152/jappl.1994.77.5.2305

Cesarman-Maus, G. and Hajjar, K.A. (2005) Molecular mechanisms of fibrinolysis. Br. J. Haematol. 129, 307-321,
https://doi.org/10.1111/j.1365-2141.2005.05444 x

Hoylaerts, M., Rijken, D., Lijnen, H. and Collen, D. (1982) Kinetics of the activation of plasminogen by human tissue plasminogen activator. Role of
fibrin. J. Biol. Chem. 257, 2912-2919, https://doi.org/10.1016/S0021-9258(19)81051-7

Bajzar, L., Manuel, R. and Nesheim, M.E. (1995) Purification and characterization of TAFI, a thrombin-activable fibrinolysis inhibitor. J. Biol. Chem.
270, 14477-14484, https://doi.org/10.1074/jbc.270.24.14477

Bouma, B.N. and Mosnier, L.0. (2006) Thrombin activatable fibrinolysis inhibitor (TAF)—how does thrombin regulate fibrinolysis? Ann. Med. 38,
378-388, https://doi.org/10.1080/07853890600852898

Rollini, F., Franchi, F. and Angiolillo, D.J. (2016) Switching P2Y12-receptor inhibitors in patients with coronary artery disease. Nat. Rev. Cardiol. 13,
11-27, https://doi.org/10.1038/nrcardio.2015.113

Levine, G.N., Bates, E.R., Bittl, J.A., Brindis, R.G., Fihn, S.D., Fleisher, L.A. et al. (2016) 2016 ACC/AHA guideline focused update on duration of dual
antiplatelet therapy in patients with coronary artery disease: A report of the American College of Cardiology/American Heart Association Task Force on
Clinical Practice Guidelines. J. Thorac. Cardiovasc. Surg. 152, 1243—-1275, https://doi.org/10.1016/j.jtcvs.2016.07.044

Valgimigli, M., Bueno, H., Byrne, R.A., Collet, J.P., Costa, F., Jeppsson, A. et al. (2018) 2017 ESC focused update on dual antiplatelet therapy in
coronary artery disease developed in collaboration with EACTS: The Task Force for dual antiplatelet therapy in coronary artery disease of the European
Society of Cardiology (ESC) and of the European Association for Cardio-Thoracic Surgery (EACTS). Eur. Heart J. 39, 213-260,
https://doi.org/10.1093/eurheartj/ehx419

Farid, N.A., Kurihara, A. and Wrighton, S.A. (2010) Metabolism and disposition of the thienopyridine antiplatelet drugs ticlopidine, clopidogrel, and
prasugrel in humans. J. Clin. Pharmacol. 50, 126—142, https://doi.org/10.1177/0091270009343005

Husted, S. and van Giezen, J.J. (2009) Ticagrelor: the first reversibly binding oral P2Y12 receptor antagonist. Cardiovasc. Ther. 27, 259-274,
https://doi.org/10.1111/j.1755-5922.2009.00096.x

Franchi, F., Rollini, F., Muniz-Lozano, A., Cho, J.R. and Angiolillo, D.J. (2013) Cangrelor: a review on pharmacology and clinical trial development.
Expert Rev. Cardiovasc. Ther. 11, 1279-1291, https://doi.org/10.1586/14779072.2013.837701

Adamski, P., Kozinski, M., Ostrowska, M., Fabiszak, T., Navarese, E.P., Paciorek, P. et al. (2014) Overview of pleiotropic effects of platelet P2Y12
receptor inhibitors. Thromb. Haemost. 112, 224-242, https://doi.org/10.1160/TH13-11-0915

(© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

«. 2 PORTLAND
09 press

1039

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.3109/10409238.2015.1050550
https://doi.org/10.1182/blood-2005-04-1710
https://doi.org/10.1038/29325
https://doi.org/10.1186/s12872-015-0124-z
https://doi.org/10.1182/blood-2013-11-512764
https://doi.org/10.1042/bj1930395
https://doi.org/10.1172/JCI115721
https://doi.org/10.1097/00001721-199606000-00005
https://doi.org/10.1021/bi00457a004
https://doi.org/10.1161/01.ATV.19.1.170
https://doi.org/10.1021/bi972113+
https://doi.org/10.1074/jbc.M000464200
https://doi.org/10.1182/blood-2012-09-306639
https://doi.org/10.1007/978-1-4939-7196-1_22
https://doi.org/10.1152/jappl.1994.77.5.2305
https://doi.org/10.1111/j.1365-2141.2005.05444.x
https://doi.org/10.1016/S0021-9258(19)81051-7
https://doi.org/10.1074/jbc.270.24.14477
https://doi.org/10.1080/07853890600852898
https://doi.org/10.1038/nrcardio.2015.113
https://doi.org/10.1016/j.jtcvs.2016.07.044
https://doi.org/10.1093/eurheartj/ehx419
https://doi.org/10.1177/0091270009343005
https://doi.org/10.1111/j.1755-5922.2009.00096.x
https://doi.org/10.1586/14779072.2013.837701
https://doi.org/10.1160/TH13-11-0915

+. = PORTLAND
09 rress

1040

48

49

50

51

52

53
54

55
56

57
58

59

60

61

62

63

64

65

66
67

68

69

70

71

72

73

74

75

76

77
78

79

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

Bonello, L., Laine, M., Kipson, N., Mancini, J., Helal, 0., Fromonot, J. et al. (2014) Ticagrelor increases adenosine plasma concentration in patients
with an acute coronary syndrome. J. Am. Coll. Cardiol. 63, 872877, https://doi.org/10.1016/j.jacc.2013.09.067

van Giezen, J.J., Sidaway, J., Glaves, P, Kirk, . and Bjorkman, J.A. (2012) Ticagrelor inhibits adenosine uptake in vitro and enhances
adenosine-mediated hyperemia responses in a canine model. J. Cardiovasc. Pharmacol. Ther. 17, 164-172,
https://doi.org/10.1177/1074248411410883

Armstrong, D., Summers, C., Ewart, L., Nylander, S., Sidaway, J.E. and van Giezen, J.J. (2014) Characterization of the adenosine pharmacology of
ticagrelor reveals therapeutically relevant inhibition of equilibrative nucleoside transporter 1. J. Cardiovasc. Pharmacol. Ther. 19, 209-219,
https://doi.org/10.1177/1074248413511693

Ohman, J., Kudira, R., Albinsson, S., Olde, B. and Erlinge, D. (2012) Ticagrelor induces adenosine triphosphate release from human red blood cells.
Biochem. Biophys. Res. Commun. 418, 754758, https://doi.org/10.1016/j.bbrc.2012.01.093

Fullard, J.F. (2004) The role of the platelet glycoprotein lIb/llla in thrombosis and haemostasis. Curr. Pharm. Des. 10, 1567—1576,
https://doi.org/10.2174/1381612043384682

De Luca, G. (2012) Glycoprotein lib-llla inhibitors. Cardiovasc. Ther. 30, e242—e254, https://doi.org/10.1111/j.1755-5922.2011.00293.x
Ostrowska, M., Adamski, P., Kozinski, M., Navarese, E.P., Fabiszak, T., Grzesk, G. et al. (2014) Off-target effects of glycoprotein llb/llla receptor
inhibitors. Cardiol. J. 21, 458—-464, https://doi.org/10.5603/CJ.a2014.0020

Campbell, C.L. (2006) New treatment options for acute coronary syndromes. Am. J. Manag. Care 12, S435-S443

Wittkowsky, A.K. (2004) Effective anticoagulation therapy: defining the gap between clinical studies and clinical practice. Am. J. Manag. Care 10,
$297-S306, discussion S12-7

Lee, C.J. and Ansell, J.E. (2011) Direct thrombin inhibitors. Br. J. Clin. Pharmacol. 72, 581-592, https://doi.org/10.1111/j.1365-2125.2011.03916.x
Blech, S., Ebner, T., Ludwig-Schwellinger, E., Stangier, J. and Roth, W. (2008) The metabolism and disposition of the oral direct thrombin inhibitor,
dabigatran, in humans. Drug Metab. Dispos. 36, 386—399, https://doi.org/10.1124/dmd.107.019083

Yeh, C.H., Fredenburgh, J.C. and Weitz, J.I. (2012) Oral direct factor Xa inhibitors. Circ. Res. 111, 1069-1078,
https://doi.org/10.1161/CIRCRESAHA.112.276741

Borissoff, J.I., Spronk, H.M. and ten Cate, H. (2011) The hemostatic system as a modulator of atherosclerosis. N. Engl. J. Med. 364, 1746—1760,
https://doi.org/10.1056/NEJMra1011670

Pirlog, A.M., Pirlog, C.D. and Maghiar, M.A. (2019) DOACs vs vitamin K antagonists: a comparison of phase lll clinical trials and a prescriber support
tool. Open Access Maced. J. Med. Sci. 7, 1226—1232, https://doi.org/10.3889/0amjms.2019.289

Hernandez, I., Zhang, Y. and Saba, S. (2018) Effectiveness and safety of direct oral anticoagulants compared to warfarin: The real world experience. J.
Am. Coll. Cardiol. 71, A319, https://doi.org/10.1016/S0735-1097(18)30860-X

Fawzy, A.M., Yang, W.-Y. and Lip, G.Y. (2019) Safety of direct oral anticoagulants in real-world clinical practice: translating the trials to everyday
clinical management. Expert Opin. Drug Saf. 18, 187-209, https://doi.org/10.1080/14740338.2019.1578344

Fareed, J., Thethi, I. and Hoppensteadt, D. (2012) Old versus new oral anticoagulants: focus on pharmacology. Annu. Rev. Pharmacol. Toxicol. 52,
79-99, https://doi.org/10.1146/annurev-pharmtox-010611-134633

Deftereos, S., Anatoliotakis, N., Giannopoulos, G., Kaoukis, A., Mavri, M., Pyrgakis, V. et al. (2012) Novel direct factor lla and Xa inhibitors:
mechanisms of action and preclinical studies. Curr Clin. Pharmacol. 7, 149-165, https://doi.org/10.2174/157488412800958695

Nieman, M.T. (2016) Protease-activated receptors in hemostasis. Blood 128, 169—177, https://doi.org/10.1182/blood-2015-11-636472

Papadaki, S. and Tselepis, A.D. (2019) Nonhemostatic activities of factor Xa: are there pleiotropic effects of anti-fxa direct oral anticoagulants?
Angiology 70, 896-907, https://doi.org/10.1177/0003319719840861

Coppens, M., Eikelboom, J.W., Gustafsson, D., Weitz, J.I. and Hirsh, J. (2012) Translational success stories: development of direct thrombin inhibitors.
Circ. Res. 111, 920-929, https://doi.org/10.1161/CIRCRESAHA.112.264903

Di Nisio, M., Middeldorp, S. and Buller, H.R. (2005) Direct thrombin inhibitors. N. Engl. J. Med. 353, 1028-1040,
https://doi.org/10.1056/NEJMra044440

Connolly, S.J., Ezekowitz, M.D., Yusuf, S., Eikelboom, J., Oldgren, J., Parekh, A. et al. (2009) Dabigatran versus warfarin in patients with atrial
fibrillation. N. Engl. J. Med. 361, 1139-1151, https://doi.org/10.1056/NEJM0a0905561

Stubbs, M.T., Oschkinat, H., Mayr, I., Huber, R., Angliker, H., Stone, S.R. et al. (1992) The interaction of thrombin with fibrinogen. A structural basis for
its specificity. Eur. J. Biochem. 206, 187-195, https://doi.org/10.1111/j.1432-1033.1992.tb16916.x

Ma, L. and Dorling, A. (2012) The roles of thrombin and protease-activated receptors in inflammation. Semin. Immunopathol. 34, 6372,
https://doi.org/10.1007/s00281-011-0281-9

Spronk, H.M., de Jong, A.M., Crijns, H.J., Schotten, U., Van Gelder, I.C. and Ten Cate, H. (2014) Pleiotropic effects of factor Xa and thrombin: what to
expect from novel anticoagulants. Cardiovasc. Res. 101, 344-351, https://doi.org/10.1093/cvr/cvt343

Hadi, H.A., Carr, C.S. and Al Suwaidi, J. (2005) Endothelial dysfunction: cardiovascular risk factors, therapy, and outcome. Vasc. Health Risk Manag. 1,
183-198

Davignon, J. and Ganz, P. (2004) Role of endothelial dysfunction in atherosclerosis. Circulation 109, lii27—ii32,
https://doi.org/10.1161/01.CIR.0000131515.03336.f8

Bonetti, P.0., Lerman, L.0. and Lerman, A. (2003) Endothelial dysfunction: a marker of atherosclerotic risk. Arterioscler. Thromb. Vasc. Biol. 23,
168-175, https://doi.org/10.1161/01.ATV.0000051384.43104.FC

Lerman, A. and Burnett, Jr, J.C. (1992) Intact and altered endothelium in regulation of vasomotion. Circulation 86, lii12-lii19

Mudau, M., Genis, A., Lochner, A. and Strijdom, H. (2012) Endothelial dysfunction: the early predictor of atherosclerosis. Cardiovasc. J. Afr. 23,
222-231, https://doi.org/10.5830/CVJA-2011-068

Lingappan, K. (2018) NF-«B in oxidative stress. Curr. Opin. Toxicol. 7, 81-86, https://doi.org/10.1016/j.cotox.2017.11.002

(©) 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.1016/j.jacc.2013.09.067
https://doi.org/10.1177/1074248411410883
https://doi.org/10.1177/1074248413511693
https://doi.org/10.1016/j.bbrc.2012.01.093
https://doi.org/10.2174/1381612043384682
https://doi.org/10.1111/j.1755-5922.2011.00293.x
https://doi.org/10.5603/CJ.a2014.0020
https://doi.org/10.1111/j.1365-2125.2011.03916.x
https://doi.org/10.1124/dmd.107.019083
https://doi.org/10.1161/CIRCRESAHA.112.276741
https://doi.org/10.1056/NEJMra1011670
https://doi.org/10.3889/oamjms.2019.289
https://doi.org/10.1016/S0735-1097(18)30860-X
https://doi.org/10.1080/14740338.2019.1578344
https://doi.org/10.1146/annurev-pharmtox-010611-134633
https://doi.org/10.2174/157488412800958695
https://doi.org/10.1182/blood-2015-11-636472
https://doi.org/10.1177/0003319719840861
https://doi.org/10.1161/CIRCRESAHA.112.264903
https://doi.org/10.1056/NEJMra044440
https://doi.org/10.1056/NEJMoa0905561
https://doi.org/10.1111/j.1432-1033.1992.tb16916.x
https://doi.org/10.1007/s00281-011-0281-9
https://doi.org/10.1093/cvr/cvt343
https://doi.org/10.1161/01.CIR.0000131515.03336.f8
https://doi.org/10.1161/01.ATV.0000051384.43104.FC
https://doi.org/10.5830/CVJA-2011-068
https://doi.org/10.1016/j.cotox.2017.11.002

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

80 Gimbrone, Jr, M.A. and Garcia-Cardena, G. (2016) Endothelial cell dysfunction and the pathobiology of atherosclerosis. Circ. Res. 118, 620-636,
https://doi.org/10.1161/CIRCRESAHA.115.306301

81 Wallentin, L., Becker, R.C., Budaj, A., Cannon, C.P., Emanuelsson, H., Held, C. et al. (2009) Ticagrelor versus clopidogrel in patients with acute
coronary syndromes. N. Engl. J. Med. 361, 1045-1057, https://doi.org/10.1056/NEJM0a0904327

82 Moulias, A., Xanthopoulou, I. and Alexopoulos, D. (2019) Does ticagrelor improve endothelial function? J. Cardiovasc. Pharmacol. Ther. 24, 11-17,
https://doi.org/10.1177/1074248418786936

83 Reiss, A.B., Grossfeld, D., Kasselman, L.J., Renna, H.A., Vernice, N.A., Drewes, W. et al. (2019) Adenosine and the cardiovascular system. Am. J.
Cardiovasc. Drugs 19, 449-464, https://doi.org/10.1007/s40256-019-00345-5

84 Wittfeldt, A., Emanuelsson, H., Brandrup-Wognsen, G., van Giezen, J.J., Jonasson, J., Nylander, S. et al. (2013) Ticagrelor enhances
adenosine-induced coronary vasodilatory responses in humans. J. Am. Coll. Cardiol. 61, 723-727, https://doi.org/10.1016/j.jacc.2012.11.032

85 van den Berg, T.N., EI Messaoudi, S., Rongen, G.A., van den Broek, PH., Bilos, A., Donders, A.R. et al. (2015) Ticagrelor does not inhibit adenosine
transport at relevant concentrations: a randomized cross-over study in healthy subjects in vivo. PLoS ONE 10, 0137560,
https://doi.org/10.1371/journal.pone.0137560

86 Sun, H.J., Wu, Z.Y., Nie, X.W. and Bian, J.S. (2019) Role of endothelial dysfunction in cardiovascular diseases: the link between inflammation and
hydrogen sulfide. Front. Pharmacol. 10, 1568, https://doi.org/10.3389/fphar.2019.01568

87 Agnoletti, L., Curello, S., Bachetti, T., Malacarne, F., Gaia, G., Comini, L. et al. (1999) Serum from patients with severe heart failure downregulates
eNOS and is proapoptotic: role of tumor necrosis factor-alpha. Circulation 100, 1983-1991, https://doi.org/10.1161/01.CIR.100.19.1983

88 Jia, Z., Huang, Y., Ji, X, Sun, J. and Fu, G. (2019) Ticagrelor and clopidogrel suppress NF-kappaB signaling pathway to alleviate LPS-induced
dysfunction in vein endothelial cells. BVIC Cardiovasc. Disord. 19, 318, https://doi.org/10.1186/s12872-019-01287-1

89 Cerda, A., Pavez, M., Manriquez, V., Luchessi, A.D., Leal, P., Benavente, F. et al. (2017) Effects of clopidogrel on inflammatory cytokines and adhesion
molecules in human endothelial cells: role of nitric oxide mediating pleiotropic effects. Cardiovasc. Ther. 35,
https://doi.org/10.1111/1755-5922.12261

90 Dahmus, J.D., Bruning, R.S., Kenney, W.L. and Alexander, L.M. (2013) Oral clopidogrel improves cutaneous microvascular function through
EDHF-dependent mechanisms in middle-aged humans. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305, R452—R458,
https://doi.org/10.1152/ajpregu.00366.2012

91 Zuo, P, Zuo, Z., Wang, X., Chen, L., Zheng, Y., Ma, G. et al. (2015) Factor Xa induces pro-inflammatory cytokine expression in RAW 264.7
macrophages via protease-activated receptor-2 activation. Am. J. Transl. Res. 7, 2326-2334

92 Pham, P, Fukuda, D., Yagi, S., Kusunose, K., Yamada, H., Soeki, T. et al. (2019) Rivaroxaban, a specific FXa inhibitor, improved
endothelium-dependent relaxation of aortic segments in diabetic mice. Sci. Rep. 9, 112086, https://doi.org/10.1038/s41598-019-47474-0

93 Investigators, E. (1998) Randomised placebo-controlled and balloon-angioplasty-controlled trial to assess safety of coronary stenting with use of
platelet glycoprotein-lib/llla blockade. Lancet 352, 87-92, https://doi.org/10.1016/S0140-6736(98)06113-3

94 Warnholtz, A., Ostad, M.A., Heitzer, T., Goldmann, B.U., Nowak, G. and Munzel, T. (2005) Effect of tirofiban on percutaneous coronary
intervention-induced endothelial dysfunction in patients with stable coronary artery disease. Am. J. Cardiol. 95, 2023,
https://doi.org/10.1016/j.amjcard.2004.08.057

95 Aymong, E.D., Curtis, M.J., Youssef, M., Graham, M.M., Shewchuk, L., Leschuk, W. et al. (2002) Abciximab attenuates coronary microvascular
endothelial dysfunction after coronary stenting. Circulation 105, 2981-2985, https://doi.org/10.1161/01.CIR.0000019905.18467.07

96 Heitzer, T., Ollmann, 1., Koke, K., Meinertz, T. and Munzel, T. (2003) Platelet glycoprotein lib/llla receptor blockade improves vascular nitric oxide
bioavailability in patients with coronary artery disease. Circulation 108, 536-541, https://doi.org/10.1161/01.CIR.0000081774.31064.62

97 Xia, T., Guan, W., Fu, J., Zou, X., Han, Y., Chen, C. et al. (2016) Tirofiban induces vasorelaxation of the coronary artery via an endothelium-dependent
NO-cGMP signaling by activating the PI3K/Akt/eNOS pathway. Biochem. Biophys. Res. Commun. 474, 599-605,
https://doi.org/10.1016/j.bbrc.2016.03.110

98 Giordano, A., Romano, S., D’Angelillo, A., Corcione, N., Messina, S., Avellino, R. et al. (2016) Tirofiban counteracts endothelial cell apoptosis through
the VEGF/VEGFR2/pAkt axis. Vascul. Pharmacol. 80, 67—74, https://doi.org/10.1016/j.vph.2015.12.001

99 Krishnamurthi, R.V., Ikeda, T. and Feigin, V.L. (2020) Global, regional and country-specific burden of ischaemic stroke, intracerebral haemorrhage and
subarachnoid haemorrhage: A Systematic Analysis of the Global Burden of Disease Study 2017. Neuroepidemiology 54, 171-179,
https://doi.org/10.1159/000506396

100 Ovbiagele, B., Goldstein, L.B., Higashida, R.T., Howard, V.J., Johnston, S.C., Khavjou, 0.A. et al. (2013) Forecasting the future of stroke in the United
States: a policy statement from the American Heart Association and American Stroke Association. Stroke 44, 2361-2375,
https://doi.org/10.1161/STR.0b013e31829734f2

101 Adams, Jr, H.P,, Bendixen, B.H., Kappelle, L.J., Biller, J., Love, B.B., Gordon, D.L. et al. (1993) Classification of subtype of acute ischemic stroke.
Definitions for use in a multicenter clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment. Stroke 24, 3541,
https://doi.org/10.1161/01.STR.24.1.35

102 Bushi, D., Chapman, J., Wohl, A., Stein, E.S., Feingold, E. and Tanne, D. (2018) Apixaban decreases brain thrombin activity in a male mouse model of
acute ischemic stroke. J. Neurosci. Res. 96, 1406—1411, https://doi.org/10.1002/jnr.24253

103 Basic Kes, V., Simundic, A.M., Nikolac, N., Topic, E. and Demarin, V. (2008) Pro-inflammatory and anti-inflammatory cytokines in acute ischemic
stroke and their relation to early neurological deficit and stroke outcome. Clin. Biochem. 41, 1330-1334,
https://doi.org/10.1016/j.clinbiochem.2008.08.080

104 Bladowski, M., Gawrys, J., Gajecki, D., Szahidewicz-Krupska, E., Sawicz-Bladowska, A. and Doroszko, A. (2020) Role of the platelets and nitric oxide
biotransformation in ischemic stroke: a translative review from bench to bedside. Oxid. Med. Cell. Longev. 2020, 2979260,
https://doi.org/10.1155/2020/2979260

(© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

«. 2 PORTLAND
09 press

1041

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1056/NEJMoa0904327
https://doi.org/10.1177/1074248418786936
https://doi.org/10.1007/s40256-019-00345-5
https://doi.org/10.1016/j.jacc.2012.11.032
https://doi.org/10.1371/journal.pone.0137560
https://doi.org/10.3389/fphar.2019.01568
https://doi.org/10.1161/01.CIR.100.19.1983
https://doi.org/10.1186/s12872-019-01287-1
https://doi.org/10.1111/1755-5922.12261
https://doi.org/10.1152/ajpregu.00366.2012
https://doi.org/10.1038/s41598-019-47474-0
https://doi.org/10.1016/S0140-6736(98)06113-3
https://doi.org/10.1016/j.amjcard.2004.08.057
https://doi.org/10.1161/01.CIR.0000019905.18467.07
https://doi.org/10.1161/01.CIR.0000081774.31064.62
https://doi.org/10.1016/j.bbrc.2016.03.110
https://doi.org/10.1016/j.vph.2015.12.001
https://doi.org/10.1159/000506396
https://doi.org/10.1161/STR.0b013e31829734f2
https://doi.org/10.1161/01.STR.24.1.35
https://doi.org/10.1002/jnr.24253
https://doi.org/10.1016/j.clinbiochem.2008.08.080
https://doi.org/10.1155/2020/2979260

+. = PORTLAND
09 rress

1042

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

105 Elkind, M.S. (2010) Inflammatory mechanisms of stroke. Stroke 41, S3-S8, https://doi.org/10.1161/STROKEAHA.110.594945

106 Chaudhuri, J.R., Mridula, K.R., Umamahesh, M., Swathi, A., Balaraju, B. and Bandaru, V.C. (2013) High sensitivity C-reactive protein levels in Acute
Ischemic Stroke and subtypes: a study from a tertiary care center. /ran J. Neurol. 12, 92-97

107 Nakase, T., Moroi, J. and Ishikawa, T. (2018) Anti-inflammatory and antiplatelet effects of non-vitamin K antagonist oral anticoagulants in acute phase
of ischemic stroke patients. Clin. Transl. Med. 7, 2, https://doi.org/10.1186/s40169-017-0179-9

108 Welsby, I.J., Jones, W.L., Arepally, G., De Lange, F., Yoshitani, K., Phillips-Bute, B. et al. (2007) Effect of combined anticoagulation using heparin and
bivalirudin on the hemostatic and inflammatory responses to cardiopulmonary bypass in the rat. Anesthesiology 106, 295-301,
https://doi.org/10.1097/00000542-200702000-00018

109 Pant, S., Deshmukh, A., Gurumurthy, G.S., Pothineni, N.V., Watts, T.E., Romeo, F. et al. (2014) Inflammation and atherosclerosis—revisited. J.
Cardiovasc. Pharmacol. Ther. 19, 170-178, https://doi.org/10.1177/1074248413504994

110 von Hundelshausen, P. and Weber, C. (2007) Platelets as immune cells: bridging inflammation and cardiovascular disease. Circ. Res. 100, 27-40,
https://doi.org/10.1161/01.RES.0000252802.25497.b7

111 Li, D., Wang, Y., Zhang, L., Luo, X., Li, J., Chen, X. et al. (2012) Roles of purinergic receptor P2Y, G protein-coupled 12 in the development of
atherosclerosis in apolipoprotein E-deficient mice. Arterioscler. Thromb. Vasc. Biol. 32, e81-e89, https://doi.org/10.1161/ATVBAHA.111.239095

112 Rauch, B.H. and Filep, J.G. (2014) Purinergic receptors and atherosclerosis: emerging role for vessel wall P2Y12. Cardiovasc. Res. 102, 339-341,
https://doi.org/10.1093/cvr/cvu108

113 Satonaka, H., Nagata, D., Takahashi, M., Kiyosue, A., Myojo, M., Fujita, D. et al. (2015) Involvement of P2Y12 receptor in vascular smooth muscle
inflammatory changes via MCP-1 upregulation and monocyte adhesion. Am. J. Physiol. Heart Circ. Physiol. 308, H853-H861,
https://doi.org/10.1152/ajpheart.00862.2013

114 Heim, C., Gebhardt, J., Ramsperger-Gleixner, M., Jacobi, J., Weyand, M. and Ensminger, S.M. (2016) Clopidogrel significantly lowers the development
of atherosclerosis in ApoE-deficient mice in vivo. Heart Vessels 31, 783-794, https://doi.org/10.1007/s00380-015-0696-7

115 Ganbaatar, B., Fukuda, D., Salim, H.M., Nishimoto, S., Tanaka, K., Higashikuni, Y. et al. (2018) Ticagrelor, a P2Y12 antagonist, attenuates vascular
dysfunction and inhibits atherogenesis in apolipoprotein-E-deficient mice. Atherosclerosis 275, 124-132,
https://doi.org/10.1016/j.atherosclerosis.2018.05.053

116 Halim, H., Pinkaew, D., Chunhacha, P., Sinthujaroen, P., Thiagarajan, P. and Fujise, K. (2019) Ticagrelor induces paraoxonase-1 (PON1) and better
protects hypercholesterolemic mice against atherosclerosis compared to clopidogrel. PLoS ONE 14, €0218934,
https://doi.org/10.1371/journal.pone.0218934

117 Linden, M.D. and Jackson, D.E. (2010) Platelets: pleiotropic roles in atherogenesis and atherothrombosis. Int. J. Biochem. Cell Biol. 42, 1762—1766,
https://doi.org/10.1016/j.biocel.2010.07.012

118 Gieseler, F.,, Ungefroren, H., Settmacher, U., Hollenberg, M.D. and Kaufmann, R. (2013) Proteinase-activated receptors (PARs) - focus on
receptor-receptor-interactions and their physiological and pathophysiological impact. Cell Commun. Signal. 11, 86,
https://doi.org/10.1186/1478-811X-11-86

119 El-Daly, M., Saifeddine, M., Mihara, K., Ramachandran, R., Triggle, C.R. and Hollenberg, M.D. (2014) Proteinase-activated receptors 1 and 2 and the
regulation of porcine coronary artery contractility: a role for distinct tyrosine kinase pathways. Br. J. Pharmacol. 171, 2413-2425,
https://doi.org/10.1111/bph.12593

120 Gonzalez-Gay, M.A. and Gonzalez-Juanatey, C. (2012) Inflammation, endothelial function and atherosclerosis in rheumatoid arthritis. Arthritis Res.
Ther. 14, 122, https://doi.org/10.1186/ar3891

121 Hara, T., Phuong, P.T., Fukuda, D., Yamaguchi, K., Murata, C., Nishimoto, S. et al. (2018) Protease-activated receptor-2 plays a critical role in vascular
inflammation and atherosclerosis in apolipoprotein E-deficient mice. Circulation 138, 17061719,
https://doi.org/10.1161/CIRCULATIONAHA.118.033544

122 Becker, R.C., Lin, A., Yang, H., Barrett, Y., Mohan, P., Wang, J. et al. (2011) Effect of apixaban an oral direct and selective Factor Xa inhibitor on
inflammatory biomarkers following acute coronary syndrome. J. Am. Coll. Cardiol. 57, E1039, https://doi.org/10.1016/S0735-1097(11)61039-5

123 Zhou, Q., Bea, F, Preusch, M., Wang, H., Isermann, B., Shahzad, K. et al. (2011) Evaluation of plaque stability of advanced atherosclerotic lesions in
apo E-deficient mice after treatment with the oral factor Xa inhibitor rivaroxaban. Mediators Inflamm. 2011, 432080,
https://doi.org/10.1155/2011/432080

124 Chan, M.Y., Lin, M., Lucas, J., Moseley, A., Thompson, J.W., Cyr, D. et al. (2012) Plasma proteomics of patients with non-valvular atrial fibrillation on
chronic anti-coagulation with warfarin or a direct factor Xa inhibitor. Thromb. Haemost. 108, 1180-1191, https://doi.org/10.1160/TH12-05-0310

125 Rauch, U. (2012) Tissue factor and cardiomyocytes. Thromb. Res. 129, S41-S43, https://doi.org/10.1016/j.thromres.2012.02.029

126 Finn, A.V., Nakano, M., Narula, J., Kolodgie, F.D. and Virmani, R. (2010) Concept of vulnerable/unstable plaque. Arterioscler. Thromb. Vasc. Biol. 30,
1282-1292, https://doi.org/10.1161/ATVBAHA.108.179739

127 Sanada, F., Taniyama, Y., Muratsu, J., Otsu, R., Iwabayashi, M., Carracedo, M. et al. (2016) Activated factor X induces endothelial cell senescence
through IGFBP-5. Sci. Rep. 6, 35580, https://doi.org/10.1038/srep35580

128 Maeda, M., Tsuboi, T. and Hayashi, T. (2019) An inhibitor of activated blood coagulation factor X shows anti-endothelial senescence and
anti-atherosclerotic effects. J. Vasc. Res. 56, 181-190, https://doi.org/10.1159/000499975

129 Lou, X., Yu, Z., Yang, X. and Chen, J. (2019) Protective effect of rivaroxaban on arteriosclerosis obliterans in rats through modulation of the toll-like
receptor 4/NF-«B signaling pathway. Exp. Ther. Med. 18, 1619—1626, https://doi.org/10.3892/etm.2019.7726

130 Sanada, F., Muratsu, J., Otsu, R., Shimizu, H., Koibuchi, N., Uchida, K. et al. (2017) Local production of activated factor X in atherosclerotic plaque
induced vascular smooth muscle cell senescence. Sci. Rep. 7, 17172, https://doi.org/10.1038/s41598-017-17508-6

131 Schirone, L., Forte, M., Palmerio, S., Yee, D., Nocella, C., Angelini, F. et al. (2017) A review of the molecular mechanisms underlying the development
and progression of cardiac remodeling. Oxid. Med. Cell. Long. 2017, 3920195, https://doi.org/10.1155/2017/3920195

(©) 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.1161/STROKEAHA.110.594945
https://doi.org/10.1186/s40169-017-0179-9
https://doi.org/10.1097/00000542-200702000-00018
https://doi.org/10.1177/1074248413504994
https://doi.org/10.1161/01.RES.0000252802.25497.b7
https://doi.org/10.1161/ATVBAHA.111.239095
https://doi.org/10.1093/cvr/cvu108
https://doi.org/10.1152/ajpheart.00862.2013
https://doi.org/10.1007/s00380-015-0696-7
https://doi.org/10.1016/j.atherosclerosis.2018.05.053
https://doi.org/10.1371/journal.pone.0218934
https://doi.org/10.1016/j.biocel.2010.07.012
https://doi.org/10.1186/1478-811X-11-86
https://doi.org/10.1111/bph.12593
https://doi.org/10.1186/ar3891
https://doi.org/10.1161/CIRCULATIONAHA.118.033544
https://doi.org/10.1016/S0735-1097(11)61039-5
https://doi.org/10.1155/2011/432080
https://doi.org/10.1160/TH12-05-0310
https://doi.org/10.1016/j.thromres.2012.02.029
https://doi.org/10.1161/ATVBAHA.108.179739
https://doi.org/10.1038/srep35580
https://doi.org/10.1159/000499975
https://doi.org/10.3892/etm.2019.7726
https://doi.org/10.1038/s41598-017-17508-6
https://doi.org/10.1155/2017/3920195

Clinical Science (2021) 135 1015-1051 °
https://doi.org/10.1042/CS20201445 '. (] EROE%ELAND
°

132 Frangogiannis, N.G. (2012) Regulation of the inflammatory response in cardiac repair. Circ. Res. 110, 159-173,
https://doi.org/10.1161/CIRCRESAHA.111.243162

133 Wu, L., Zhao, F, Dai, M., Li, H., Chen, C., Nie, J. et al. (2017) P2y12 receptor promotes pressure overload-induced cardiac remodeling via
platelet-driven inflammation in mice. Hypertension 70, 759-769, https://doi.org/10.1161/HYPERTENSIONAHA.117.09262

134 Gurbel, PA., Bliden, K.P. and Tantry, U.S. (2006) Effect of clopidogrel with and without eptifibatide on tumor necrosis factor-alpha and C-reactive
protein release after elective stenting: results from the CLEAR PLATELETS 1b study. J. Am. Coll. Cardiol. 48, 2186-2191,
https://doi.org/10.1016/j.jacc.2005.12.084

135 Jia, L.X., Qi, G.M,, Liu, 0., Li, T.T., Yang, M., Cui, W. et al. (2013) Inhibition of platelet activation by clopidogrel prevents hypertension-induced cardiac
inflammation and fibrosis. Cardiovasc. Drugs Ther. 27, 521-530, https://doi.org/10.1007/s10557-013-6471-z

136 Vilahur, G., Gutierrez, M., Casani, L., Lambert, C., Mendieta, G., Ben-Aicha, S. et al. (2018) P2Y12 antagonists and cardiac repair post-myocardial
infarction: global and regional heart function analysis and molecular assessments in pigs. Cardiovasc. Res. 114, 18601870,
https://doi.org/10.1093/cvr/cvy201

137 Vilahur, G., Gutierrez, M., Casani, L., Varela, L., Capdevila, A., Pons-Llado, G. et al. (2016) Protective Effects of Ticagrelor on Myocardial Injury After
Infarction. Circulation 134, 1708-1719, https://doi.org/10.1161/CIRCULATIONAHA.116.024014

138 Park, Y., Koh, J.S., Lee, J.H., Park, J.H., Shin, E.S., Oh, J.H. et al. (2020) Effect of Ticagrelor on Left Ventricular Remodeling in Patients With
ST-Segment Elevation Myocardial Infarction (HEALING-AMI). JACC Cardiovasc. Interv. 13, 22202234, https://doi.org/10.1016/j.jcin.2020.08.007

139 Neumann, F.J., Zohinhofer, D., Fakhoury, L., Ott, I., Gawaz, M. and Schomig, A. (1999) Effect of glycoprotein lIb/llla receptor blockade on
platelet-leukocyte interaction and surface expression of the leukocyte integrin Mac-1 in acute myocardial infarction. J. Am. Coll. Cardiol. 34,
1420-1426, https://doi.org/10.1016/S0735-1097(99)00350-2

140 Schwarz, M., Nordt, T., Bode, C. and Peter, K. (2002) The GP lIb/llla inhibitor abciximab (c7E3) inhibits the binding of various ligands to the leukocyte
integrin Mac-1 (CD11b/CD18, alphaMbeta2). Thromb. Res. 107, 121-128, https://doi.org/10.1016/S0049-3848(02)00207-4

141 Secco, G.G., Sansa, M., Rognoni, A., Parisi, R., Fattori, R., Rossi, L. et al. (2015) Similar anti-inflammatory effects of intracoronary and intravenous
Abciximab during primary percutaneous coronary intervention: a randomized study. J. Cardiovasc. Med. 16, 189196,
https://doi.org/10.2459/JCM.0000000000000119

142 Zhang, Y., Shao, T., Yao, L., Yue, H. and Zhang, Z. (2018) Effects of tirofiban on stent thrombosis, Hs-CRP, IL-6 and sICAM-1 after PCI of acute
myocardial infarction. Exp. Ther. Med. 16, 3383-3388, https://doi.org/10.3892/etm.2018.6589

143 lliodromitis, E.K., Andreadou, I., Markantonis-Kyroudis, S., Mademli, K., Kyrzopoulos, S., Georgiadou, P. et al. (2007) The effects of tirofiban on
peripheral markers of oxidative stress and endothelial dysfunction in patients with acute coronary syndromes. Thromb. Res. 119, 167-174,
https://doi.org/10.1016/j.thromres.2006.02.002

144 Wang, K., Zuo, G., Zheng, L., Zhang, C., Wang, D., Cao, Z. et al. (2015) Effects of tirofiban on platelet activation and endothelial function in patients
with ST-elevation myocardial infarction undergoing primary percutaneous coronary intervention. Cell Biochem. Biophys. 71, 135-142,
https://doi.org/10.1007/s12013-014-0173-4

145 Chang, S.T., Yang, Y.T., Chu, C.M., Pan, K.L., Hsu, J.T., Hsiao, J.F. et al. (2018) Protein kinases are involved in the cardioprotective effects activated by
platelet glycoprotein lIb/llla inhibitor tirofiban at reperfusion in rats in vivo. Eur. J. Pharmacol. 832, 33-38,
https://doi.org/10.1016/j.ejphar.2018.05.014

146 Furman, M.I., Krueger, L.A., Linden, M.D., Fox, M.L., Ball, S.P., Barnard, M.R. et al. (2005) GPlIb-llla antagonists reduce thromboinflammatory
processes in patients with acute coronary syndromes undergoing percutaneous coronary intervention. J. Thromb. Haemost. 3, 312-320,
https://doi.org/10.1111/j.1538-7836.2005.01124.x

147 Welt, F.G., Rogers, S.D., Zhang, X., Ehlers, R., Chen, Z., Nannizzi-Alaimo, L. et al. (2004) GP IIb/llla inhibition with eptifibatide lowers levels of soluble
CD40L and RANTES after percutaneous coronary intervention. Catheter. Cardiovasc. Interv. 61, 185-189, https://doi.org/10.1002/ccd.10763

148 Imano, H., Kato, R., Tanikawa, S., Yoshimura, F., Nomura, A., ljiri, Y. et al. (2018) Factor Xa inhibition by rivaroxaban attenuates cardiac remodeling due
to intermittent hypoxia. J. Pharmacol. Sci. 137, 274-282, https://doi.org/10.1016/j.jphs.2018.07.002

149 Liu, J., Nishida, M., Inui, H., Chang, J., Zhu, Y., Kanno, K. et al. (2019) Rivaroxaban suppresses the progression of ischemic cardiomyopathy in a
murine model of diet-induced myocardial infarction. J. Atheroscler. Thromb. 26, 915-930 48405, https://doi.org/10.5551/jat.48405

150 Hashikata, T., Yamaoka-Tojo, M., Namba, S., Kitasato, L., Kameda, R., Murakami, M. et al. (2015) Rivaroxaban inhibits angiotensin ll-induced
activation in cultured mouse cardiac fibroblasts through the modulation of NF-kappaB pathway. Int. Heart J. 56, 544-550,
https://doi.org/10.1536/ihj.15-112

151 Friebel, J., Weithauser, A., Witkowski, M., Rauch, B.H., Savvatis, K., Dorner, A. et al. (2019) Protease-activated receptor 2 deficiency mediates cardiac
fibrosis and diastolic dysfunction. Eur. Heart J. 40, 3318-3332, https://doi.org/10.1093/eurheartj/ehz117

152 Tsujino, Y., Sakamoto, T., Kinoshita, K., Nakatani, Y., Yamaguchi, Y., Kataoka, N. et al. (2019) Edoxaban suppresses the progression of atrial fibrosis
and atrial fibrillation in a canine congestive heart failure model. Heart Vessels 34, 1381-1388, https://doi.org/10.1007/s00380-019-01377-2

153 Yellon, D.M. and Hausenloy, D.J. (2007) Myocardial reperfusion injury. N. Engl. J. Med. 357, 1121-1135, https://doi.org/10.1056/NEJMra071667

154 Bolli, R. and Marban, E. (1999) Molecular and cellular mechanisms of myocardial stunning. Physiol. Rev. 79, 609-634,
https://doi.org/10.1152/physrev.1999.79.2.609

155 Blaisdell, EW. (2002) The pathophysiology of skeletal muscle ischemia and the reperfusion syndrome: a review. Cardiovasc. Surg. 10, 620-630,
https://doi.org/10.1016/S0967-2109(02)00070-4

156 Hamarat, M., Yenilmez, A., Erkasap, N., Isikli, B., Aral, E., Koken, T. et al. (2010) Protective effects of leptin on ischemia/reperfusion injury in rat
bladder. Chin. J. Physiol. 53, 145-150, https://doi.org/10.4077/CJP.2010.AMK035

157 Misra, M.K., Sarwat, M., Bhakuni, P., Tuteja, R. and Tuteja, N. (2009) Oxidative stress and ischemic myocardial syndromes. Med. Sci. Monit. 15,
RA209-RA219

© 2021 The Author(s). Published by Portiand Press Limited on behalf of the Biochemical Society 1043

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.1161/CIRCRESAHA.111.243162
https://doi.org/10.1161/HYPERTENSIONAHA.117.09262
https://doi.org/10.1016/j.jacc.2005.12.084
https://doi.org/10.1007/s10557-013-6471-z
https://doi.org/10.1093/cvr/cvy201
https://doi.org/10.1161/CIRCULATIONAHA.116.024014
https://doi.org/10.1016/j.jcin.2020.08.007
https://doi.org/10.1016/S0735-1097(99)00350-2
https://doi.org/10.1016/S0049-3848(02)00207-4
https://doi.org/10.2459/JCM.0000000000000119
https://doi.org/10.3892/etm.2018.6589
https://doi.org/10.1016/j.thromres.2006.02.002
https://doi.org/10.1007/s12013-014-0173-4
https://doi.org/10.1016/j.ejphar.2018.05.014
https://doi.org/10.1111/j.1538-7836.2005.01124.x
https://doi.org/10.1002/ccd.10763
https://doi.org/10.1016/j.jphs.2018.07.002
https://doi.org/10.5551/jat.48405
https://doi.org/10.1536/ihj.15-112
https://doi.org/10.1093/eurheartj/ehz117
https://doi.org/10.1007/s00380-019-01377-2
https://doi.org/10.1056/NEJMra071667
https://doi.org/10.1152/physrev.1999.79.2.609
https://doi.org/10.1016/S0967-2109(02)00070-4
https://doi.org/10.4077/CJP.2010.AMK035

+. = PORTLAND
09 rress

1044

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

158 Nian, M., Lee, P., Khaper, N. and Liu, P. (2004) Inflammatory cytokines and postmyocardial infarction remodeling. Circ. Res. 94, 1543-1553,
https://doi.org/10.1161/01.RES.0000130526.20854.fa

159 Kalogeris, T., Baines, C.P., Krenz, M. and Korthuis, R.J. (2012) Cell biology of ischemia/reperfusion injury. Int. Rev. Cell Mol. Biol. 298, 229-317,
https://doi.org/10.1016/B978-0-12-394309-5.00006-7

160 Ye, Y., Birnbaum, G.D., Perez-Polo, J.R., Nanhwan, M.K., Nylander, S. and Birnbaum, Y. (2015) Ticagrelor protects the heart against reperfusion injury
and improves remodeling after myocardial infarction. Arterioscler. Thromb. Vasc. Biol. 35, 18051814, https://doi.org/10.1161/ATVBAHA.115.305655

161 Birnbaum, Y., Birnbaum, G.D., Birnbaum, I., Nylander, S. and Ye, Y. (2016) Ticagrelor and rosuvastatin have additive cardioprotective effects via
adenosine. Cardiovasc. Drugs Ther. 30, 539-550, https://doi.org/10.1007/s10557-016-6701-2

162 Liu, X., Wang, Y., Zhang, M., Liu, Y., Hu, L. and Gu, Y. (2019) Ticagrelor reduces ischemia-reperfusion injury through the NF-kappaB-dependent
pathway in rats. J. Cardiovasc. Pharmacol. 74, 13-19, https://doi.org/10.1097/FJC.0000000000000675

163 Birnbaum, Y., Tran, D., Chen, H., Nylander, S., Sampaio, L.C. and Ye, Y. (2019) Ticagrelor improves remodeling, reduces apoptosis, inflammation and
fibrosis and increases the number of progenitor stem cells after myocardial infarction in a rat model of ischemia reperfusion. Cell. Physiol. Biochem.
53, 961-981, https://doi.org/10.33594/000000189

164 Roubille, F, Lairez, 0., Mewton, N., Rioufol, G., Ranc, S., Sanchez, I. et al. (2012) Cardioprotection by clopidogrel in acute ST-elevated myocardial
infarction patients: a retrospective analysis. Basic Res. Cardiol. 107, 275, https://doi.org/10.1007/s00395-012-0275-3

165 Yang, X.M., Liu, Y., Cui, L., Yang, X., Liu, Y., Tandon, N. et al. (2013) Platelet P2Y(1)(2) blockers confer direct postconditioning-like protection in
reperfused rabbit hearts. J. Cardiovasc. Pharmacol. Ther. 18, 251-262, https://doi.org/10.1177/1074248412467692

166 Kwong, W. and Parker, J.D. (2017) The effect of clopidogrel on the response to ischemia reperfusion. J. Cardiovasc. Pharmacol. Ther. 22, 368—373,
https://doi.org/10.1177/1074248416683047

167 Campbell, B., Chuhran, C.M., Lefer, D.J. and Lefer, A.M. (1999) Cardioprotective effects of abciximab (ReoPro) in an isolated perfused rat heart model
of ischemia and reperfusion. Exp. Clin. Pharmacol. 21, 529-534, https://doi.org/10.1358/mf.1999.21.8.794834

168 Barrabes, J.A., Inserte, J., Mirabet, M., Quiroga, A., Hernando, V., Figueras, J. et al. (2010) Antagonism of P2Y12 or GPIIb/llla receptors reduces
platelet-mediated myocardial injury after ischaemia and reperfusion in isolated rat hearts. Thromb. Haemost. 104, 128—135,
https://doi.org/10.1160/TH09-07-0440

169 Caliskan, A., Yavuz, C., Karahan, 0., Yazici, S., Guclu, 0., Demirtas, S. et al. (2014) Factor-Xa inhibitors protect against systemic oxidant damage
induced by peripheral-ischemia reperfusion. J. Thromb. Thrombolysis 37, 464—-468, https://doi.org/10.1007/s11239-013-1019-4

170 Goto, M., Miura, S., Suematsu, Y., [demoto, Y., Takata, K., Imaizumi, S. et al. (2016) Rivaroxaban, a factor Xa inhibitor, induces the secondary
prevention of cardiovascular events after myocardial ischemia reperfusion injury in mice. Int. J. Cardiol. 220, 602—607,
https://doi.org/10.1016/j.ijcard.2016.06.212

171 Spronk, H.M., De Jong, A.M., Verheule, S., De Boer, H.C., Maass, A.H., Lau, D.H. et al. (2017) Hypercoagulability causes atrial fibrosis and promotes
atrial fibrillation. Eur. Heart J. 38, 38-50, https://doi.org/10.1093/eurheartj/ehw119

172 Plitt, A., McGuire, D.K. and Giugliano, R.P. (2017) Atrial fibrillation, type 2 diabetes, and non-vitamin K antagonist oral anticoagulants: a review. JAVA
Cardiol. 2, 442-448, https://doi.org/10.1001/jamacardio.2016.5224

173 De Sensi, F,, De Potter, T., Cresti, A., Severi, S. and Breithardt, G. (2015) Atrial fibrillation in patients with diabetes: molecular mechanisms and
therapeutic perspectives. Cardiovasc. Diagn. Ther. 5, 364

174 Johnson, R.P,, El-Yazbi, A.F., Takeya, K., Walsh, E.J., Walsh, M.P. and Cole, W.C. (2009) Ca2+ sensitization via phosphorylation of myosin phosphatase
targeting subunit at threonine-855 by Rho kinase contributes to the arterial myogenic response. J. Physiol. 587, 2537-2553,
https://doi.org/10.1113/jphysiol.2008.168252

175 Proietti, M. and Lip, G.Y. (2016) Atrial fibrillation and stroke: making sense of recent observations on anticoagulation. Cardiol. Clin. 34, 317-328,
https://doi.org/10.1016/j.ccl.2015.12.006

176 Liles, J., Liles, J., Wanderling, C., Syed, M., Hoppensteadt, D. and Fareed, J. (2016) Increased level of thrombotic biomarkers in patients with atrial
fibrillation despite traditional and new anticoagulant therapy. Clin. Appl. Thromb. Hemost. 22, 743-748, https://doi.org/10.1177/1076029616648407

177 Fender, A.C., Wakili, R. and Dobrev, D. (2019) Straight to the heart: pleiotropic antiarrhythmic actions of oral anticoagulants. Pharmacol. Res. 145,
104257, https://doi.org/10.1016/j.phrs.2019.104257

178 Sabri, A., Muske, G., Zhang, H., Pak, E., Darrow, A., Andrade-Gordon, P. et al. (2000) Signaling properties and functions of two distinct cardiomyocyte
protease-activated receptors. Circ. Res. 86, 1054—1061, https://doi.org/10.1161/01.RES.86.10.1054

179 Jiang, T., Danilo, Jr, P. and Steinberg, S.F. (1998) The thrombin receptor elevates intracellular calcium in adult rat ventricular myocytes. J. Mol. Cell
Cardiol. 30, 2193-2199, https://doi.org/10.1006/jmcc.1998.0779

180 Jacobsen, A.N., Du, X.-J., Lambert, K.A., Dart, A.M. and Woodcock, E.A. (1996) Arrhythmogenic action of thrombin during myocardial reperfusion via
release of inositol 1, 4, 5-triphosphate. Circulation 93, 23-26, https://doi.org/10.1161/01.CIR.93.1.23

181 Tang, L., Deng, C., Long, M., Tang, A., Wu, S., Dong, Y. et al. (2008) Thrombin receptor and ventricular arrhythmias after acute myocardial infarction.
Mol. Med. 14, 131-140, https://doi.org/10.2119/2007-00097.Tang

182 Jiang, T., Kuznetsov, V., Pak, E., Zhang, H., Robinson, R.B. and Steinberg, S.F. (1996) Thrombin receptor actions in neonatal rat ventricular myocytes.
Circ. Res. 78, 553-563, https://doi.org/10.1161/01.RES.78.4.553

183 Pinet, C., Algalarrondo, V., Sablayrolles, S., Le Grand, B., Pignier, C., Cussac, D. et al. (2008) Protease-activated receptor-1 mediates
thrombin-induced persistent sodium current in human cardiomyocytes. Mol. Pharmacol. 73, 1622—1631, https://doi.org/10.1124/mol.107.043182

184 Man, R. and Choy, P. (1982) Lysophosphatidylcholine causes cardiac arrhythmia. J. Mol. Cell Cardiol. 14, 173-175,
https://doi.org/10.1016/0022-2828(82)90115-8

185 McHowat, J. and Creer, M.H. (1998) Thrombin activates a membrane-associated calcium-independent PLA2 in ventricular myocytes. Am. J. Physiol.
Cell Physiol. 274, C447-C454, https://doi.org/10.1152/ajpcell.1998.274.2.C447

(©) 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.1161/01.RES.0000130526.20854.fa
https://doi.org/10.1016/B978-0-12-394309-5.00006-7
https://doi.org/10.1161/ATVBAHA.115.305655
https://doi.org/10.1007/s10557-016-6701-2
https://doi.org/10.1097/FJC.0000000000000675
https://doi.org/10.33594/000000189
https://doi.org/10.1007/s00395-012-0275-3
https://doi.org/10.1177/1074248412467692
https://doi.org/10.1177/1074248416683047
https://doi.org/10.1358/mf.1999.21.8.794834
https://doi.org/10.1160/TH09-07-0440
https://doi.org/10.1007/s11239-013-1019-4
https://doi.org/10.1016/j.ijcard.2016.06.212
https://doi.org/10.1093/eurheartj/ehw119
https://doi.org/10.1001/jamacardio.2016.5224
https://doi.org/10.1113/jphysiol.2008.168252
https://doi.org/10.1016/j.ccl.2015.12.006
https://doi.org/10.1177/1076029616648407
https://doi.org/10.1016/j.phrs.2019.104257
https://doi.org/10.1161/01.RES.86.10.1054
https://doi.org/10.1006/jmcc.1998.0779
https://doi.org/10.1161/01.CIR.93.1.23
https://doi.org/10.2119/2007-00097.Tang
https://doi.org/10.1161/01.RES.78.4.553
https://doi.org/10.1124/mol.107.043182
https://doi.org/10.1016/0022-2828(82)90115-8
https://doi.org/10.1152/ajpcell.1998.274.2.C447

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

186 McHowat, J. and Creer, M.H. (1997) Lysophosphatidylcholine accumulation in cardiomyocytes requires thrombin activation of Ca2+-independent
PLA2. Am. J. Physiol. Heart Circ. Physiol. 272, H1972-H1980, https://doi.org/10.1152/ajpheart.1997.272.4.H1972

187 Park, TH., McHowat, J., Wolf, R.A. and Corr, P.B. (1994) Increased lysophosphatidylcholine content induced by thrombin receptor stimulation in adult
rabbit cardiac ventricular myocytes. Cardiovasc. Res. 28, 1263-1268, https://doi.org/10.1093/cvr/28.8.1263

188 Hui, Y., Junzhu, C. and Jianhua, Z. (2008) Gap junction and Na+-H+ exchanger alternations in fibrillating and failing atrium. /nt. J. Cardiol. 128,
147-149, https://doi.org/10.1016/j.ijcard.2007.06.070

189 Chang, C.-J., Chen, Y.-C., Lin, Y.-K., Huang, J.-H., Chen, S.-A. and Chen, Y.-J. (2013) Rivaroxaban modulates electrical and mechanical characteristics
of left atrium. J. Biomed. Sci. 20, 1-8, https://doi.org/10.1186/1423-0127-20-17

190 Burstein, B. and Nattel, S. (2008) Atrial fibrosis: mechanisms and clinical relevance in atrial fibrillation. J. Am. Coll. Cardiol. 51, 802—809,
https://doi.org/10.1016/j.jacc.2007.09.064

191 Hirsh, B.J., Copeland-Halperin, R.S. and Halperin, J.L. (2015) Fibrotic atrial cardiomyopathy, atrial fibrillation, and thromboembolism: mechanistic links
and clinical inferences. J. Am. Coll. Cardiol. 65, 2239-2251, https://doi.org/10.1016/j.jacc.2015.03.557

192 Katoh, H., Nozue, T. and Michishita, . (2017) Anti-inflammatory effect of factor-Xa inhibitors in Japanese patients with atrial fibrillation. Heart Vessels
32, 1130-1136, https://doi.org/10.1007/s00380-017-0962-y

193 Kikuchi, S., Tsukahara, K., Sakamaki, K., Morita, Y., Takamura, T., Fukui, K. et al. (2019) Comparison of anti-inflammatory effects of rivaroxaban vs.
dabigatran in patients with non-valvular atrial fibrillation (RIVAL-AF study): multicenter randomized study. Heart Vessels 34, 1002—1013,
https://doi.org/10.1007/s00380-018-01324-7

194 Shan, X., Liu, Z., Wulasihan, M. and Ma, S. (2019) Edoxaban improves atrial fibrillation and thromboembolism through regulation of the
Whnt-beta-induced PI3K/ATK-activated protein C system. Exp. Ther. Med. 17, 3509-3517

195 Goldberg, R.B. (2009) Cytokine and cytokine-like inflammation markers, endothelial dysfunction, and imbalanced coagulation in development of
diabetes and its complications. J. Clin. Endocrinol. Metab. 94, 3171-3182, https://doi.org/10.1210/jc.2008-2534

196 Kagota, S., Maruyama, K. and McGuire, J.J. (2016) Characterization and functions of protease-activated receptor 2 in obesity, diabetes, and metabolic
syndrome: a systematic review. Biomed Res. Int. 2016, 3130496, https://doi.org/10.1155/2016/3130496

197 Hyun, E., Ramachandran, R., Cenac, N., Houle, S., Rousset, P., Saxena, A. et al. (2010) Insulin modulates protease-activated receptor 2 signaling:
implications for the innate immune response. J. Immunol. 184, 2702—2709, https://doi.org/10.4049/jimmunol.0902171

198 Badeanlou, L., Furlan-Freguia, C., Yang, G., Ruf, W. and Samad, F. (2011) Tissue factor-protease-activated receptor 2 signaling promotes diet-induced
obesity and adipose inflammation. Nat. Med. 17, 1490-1497, https://doi.org/10.1038/nm.2461

199 Lim, J., lyer, A, Liu, L., Suen, J.Y., Lohman, R.J., Seow, V. et al. (2013) Diet-induced obesity, adipose inflammation, and metabolic dysfunction
correlating with PAR2 expression are attenuated by PAR2 antagonism. FASEB J. 27, 4757-4767, https://doi.org/10.1096/fj.13-232702

200 Krupiczojc, M.A., Scotton, C.J. and Chambers, R.C. (2008) Coagulation signalling following tissue injury: focus on the role of factor Xa. Int. J. Biochem.
Cell Biol. 40, 1228-1237, https://doi.org/10.1016/j.biocel.2008.02.026

201 Rothmeier, A.S. and Ruf, W. (2012) Protease-activated receptor 2 signaling in inflammation. Semin. Immunopathol. 34, 133—149,
https://doi.org/10.1007/s00281-011-0289-1

202 Oe, Y., Hayashi, S., Fushima, T., Sato, E., Kisu, K., Sato, H. et al. (2016) Coagulation factor Xa and protease-activated receptor 2 as novel therapeutic
targets for diabetic nephropathy. Arterioscler. Thromb. Vasc. Biol. 36, 1525-1533, https://doi.org/10.1161/ATVBAHA.116.307883

203 Wang, C.H., Li, F, Hiller, S., Kim, H.S., Maeda, N., Smithies, 0. et al. (2011) A modest decrease in endothelial NOS in mice comparable to that
associated with human NOS3 variants exacerbates diabetic nephropathy. Proc. Natl. Acad. Sci. U.S.A. 108, 2070-2075,
https://doi.org/10.1073/pnas.1018766108

204 Li, F,, Wang, C.H., Wang, J.G., Thai, T., Boysen, G., Xu, L. et al. (2010) Elevated tissue factor expression contributes to exacerbated diabetic
nephropathy in mice lacking eNOS fed a high fat diet. J. Thromb. Haemost. 8, 2122-2132, https://doi.org/10.1111/j.1538-7836.2010.03976.x

205 Pejler, G., Lunderius, C. and Tomasini-Johansson, B. (2000) Macrophages synthesize factor X and secrete factor X/Xa-containing prothrombinase
activity into the surrounding medium. Thromb. Haemost. 84, 429-435, https://doi.org/10.1055/s-0037-1614040

206 Oe, Y., Hayashi, S., Fushima, T., Sato, E., Kisu, K., Sato, H. et al. (2016) Coagulation factor Xa and protease-activated receptor 2 as novel therapeutic
targets for diabetic nephropathy. Arterioscler. Thromb. Vasc. Biol. 36, 1525-1533, https://doi.org/10.1161/ATVBAHA.116.307883

207 Kitasato, L., Yamaoka-Tojo, M., Kakizaki, R., Nemoto, T., Namba, S., Hashikata, T. et al. (2015) Endothelial cell survival under high glucose condition:
effect of rivaroxaban. Clin. Cardiol. Res. 2, 003

208 Rahadian, A., Fukuda, D., Salim, H.M., Yagi, S., Kusunose, K., Yamada, H. et al. (2020) Thrombin inhibition by dabigatran attenuates endothelial
dysfunction in diabetic mice. Vasc. Pharmacol. 124, 106632, https://doi.org/10.1016/j.vph.2019.106632

209 Sonin, D.L., Wakatsuki, T., Routhu, K.V., Harmann, L.M., Petersen, M., Meyer, J. et al. (2013) Protease-activated receptor 1 inhibition by SCH79797
attenuates left ventricular remodeling and profibrotic activities of cardiac fibroblasts. J. Cardiovasc. Pharmacol. Ther. 18, 460-475,
https://doi.org/10.1177/1074248413485434

210 Bulani, Y. and Sharma, S.S. (2017) Argatroban attenuates diabetic cardiomyopathy in rats by reducing fibrosis, inflammation, apoptosis, and
protease-activated receptor expression. Cardiovasc. Drugs Ther. 31, 255-267, https://doi.org/10.1007/s10557-017-6732-3

211 Pathak, A., Zhao, R., Huang, J. and Stouffer, G.A. (2008) Eptifibatide and abciximab inhibit insulin-induced focal adhesion formation and proliferative
responses in human aortic smooth muscle cells. Cardiovasc. Diabetol. 7, 36, https://doi.org/10.1186/1475-2840-7-36

212 Sell, H., Bliher, M., Kidting, N., Schlich, R., Willems, M., Ruppe, F. et al. (2013) Adipose dipeptidyl peptidase-4 and obesity. Diabetes Care 36, 4083,
https://doi.org/10.2337/dc13-0496

213 Wronkowitz, N., Gérgens, S.W., Romacho, T., Villalobos, L.A., Sanchez-Ferrer, C.F., Peird, C. et al. (2014) Soluble DPP4 induces inflammation and
proliferation of human smooth muscle cells via protease-activated receptor 2. Biochim. Biophys. Acta Mol. Basis Dis. 1842, 1613-1621,
https://doi.org/10.1016/j.bbadis.2014.06.004

(© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

«. 2 PORTLAND
09 press

1045

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.1152/ajpheart.1997.272.4.H1972
https://doi.org/10.1093/cvr/28.8.1263
https://doi.org/10.1016/j.ijcard.2007.06.070
https://doi.org/10.1186/1423-0127-20-17
https://doi.org/10.1016/j.jacc.2007.09.064
https://doi.org/10.1016/j.jacc.2015.03.557
https://doi.org/10.1007/s00380-017-0962-y
https://doi.org/10.1007/s00380-018-01324-7
https://doi.org/10.1210/jc.2008-2534
https://doi.org/10.1155/2016/3130496
https://doi.org/10.4049/jimmunol.0902171
https://doi.org/10.1038/nm.2461
https://doi.org/10.1096/fj.13-232702
https://doi.org/10.1016/j.biocel.2008.02.026
https://doi.org/10.1007/s00281-011-0289-1
https://doi.org/10.1161/ATVBAHA.116.307883
https://doi.org/10.1073/pnas.1018766108
https://doi.org/10.1111/j.1538-7836.2010.03976.x
https://doi.org/10.1055/s-0037-1614040
https://doi.org/10.1161/ATVBAHA.116.307883
https://doi.org/10.1016/j.vph.2019.106632
https://doi.org/10.1177/1074248413485434
https://doi.org/10.1007/s10557-017-6732-3
https://doi.org/10.1186/1475-2840-7-36
https://doi.org/10.2337/dc13-0496
https://doi.org/10.1016/j.bbadis.2014.06.004

+. = PORTLAND
09 rress

1046

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

214 Marseglia, A., Fratiglioni, L., Kalpouzos, G., Wang, R., Backman, L. and Xu, W. (2019) Prediabetes and diabetes accelerate cognitive decline and
predict microvascular lesions: a population-based cohort study. Alzheimers Dement. 15, 25-33, https://doi.org/10.1016/j.jalz.2018.06.3060

215 Hughes, T.M. and Craft, S. (2016) The role of insulin in the vascular contributions to age-related dementia. Biochim. Biophys. Acta Mol. Basis Dis.
1862, 983-991, https://doi.org/10.1016/j.bbadis.2015.11.013

216 Jackson, S.P., Darbousset, R. and Schoenwaelder, S.M. (2019) Thromboinflammation: challenges of therapeutically targeting coagulation and other
host defense mechanisms. Blood 133, 906-918, https://doi.org/10.1182/blood-2018-11-882993

217 Szotowski, B., Antoniak, S., Poller, W., Schultheiss, H.P. and Rauch, U. (2005) Procoagulant soluble tissue factor is released from endothelial cells in
response to inflammatory cytokines. Circ. Res. 96, 1233-1239, https://doi.org/10.1161/01.RES.0000171805.24799.fa

218 Moller, T., Hanisch, U.K. and Ransom, B.R. (2000) Thrombin-induced activation of cultured rodent microglia. J. Neurochem. 75, 1539-1547,
https://doi.org/10.1046/j.1471-4159.2000.0751539.x

219 de la Torre, J.C. (2002) Alzheimer disease as a vascular disorder. Stroke 33, 1152—1162, https://doi.org/10.1161/01.STR.0000014421.15948.67

220 Salehi, A., Zhang, J.H. and Obenaus, A. (2017) Response of the cerebral vasculature following traumatic brain injury. J. Cerebral Blood Flow Metab.
37, 2320-2339, https://doi.org/10.1177/0271678X17701460

221 Mostile, G., Nicoletti, A. and Zappia, M. (2018) Vascular Parkinsonism: still looking for a diagnosis. Front. Neurol. 9,
https://doi.org/10.3389/fneur.2018.00411

222 Krenzlin, H., Lorenz, V., Danckwardt, S., Kempski, 0. and Alessandri, B. (2016) The importance of thrombin in cerebral injury and disease. Int. J. Mol.
Sci. 17, https://doi.org/10.3390/ijms17010084

223 Ferro, C.J., Solkhon, F, Jalal, Z., Al-Hamid, A.M. and Jones, A.M. (2020) Relevance of physicochemical properties and functional pharmacology data
to predict the clinical safety profile of direct oral anticoagulants. Pharmacol. Res. Perspect. 8, e00603, https://doi.org/10.1002/prp2.603

224 Desai, B.S., Monahan, A.J., Carvey, PM. and Hendey, B. (2007) Blood-brain barrier pathology in Alzheimer’s and Parkinson’s disease: implications for
drug therapy. Cell Transplant. 16, 285-299, https://doi.org/10.3727/000000007783464731

225 Sawada, S., Ono, Y., Egashira, Y., Takagi, T., Tsuruma, K., Shimazawa, M. et al. (2017) In models of intracerebral hemorrhage, rivaroxaban is superior
to warfarin to limit blood brain barrier disruption and hematoma expansion. Curr. Neurovasc. Res. 14, 96103,
https://doi.org/10.2174/1567202613666161216150835

226 Webster, C.M., Hokari, M., McManus, A., Tang, X.N., Ma, H., Kacimi, R. et al. (2013) Microglial P2Y12 deficiency/inhibition protects against brain
ischemia. PLoS ONE 8, 70927, https://doi.org/10.1371/journal.pone.0070927

227 Xi, G., Reiser, G. and Keep, R.F. (2003) The role of thrombin and thrombin receptors in ischemic, hemorrhagic and traumatic brain injury: deleterious
or protective? J. Neurochem. 84, 3-9, https://doi.org/10.1046/j.1471-4159.2003.01268.x

228 Dihanich, M., Kaser, M., Reinhard, E., Cunningham, D. and Monard, D. (1991) Prothrombin mRNA is expressed by cells of the nervous system. Neuron
6, 575-581, https://doi.org/10.1016/0896-6273(91)90060-D

229 Shikamoto, Y. and Morita, T. (1999) Expression of factor X in both the rat brain and cells of the central nervous system. FEBS Lett. 463, 387-389,
https://doi.org/10.1016/S0014-5793(99)01657-9

230 Bartha, K., Domotor, E., Lanza, F., Adam-Vizi, V. and Machovich, R. (2000) Identification of thrombin receptors in rat brain capillary endothelial cells. J.
Cereb. Blood Flow Metab. 20, 175-182, https://doi.org/10.1097/00004647-200001000-00022

231 Domotor, E., Bartha, K., Machovich, R. and Adam-Vizi, V. (2002) Protease-activated receptor-2 (PAR-2) in brain microvascular endothelium and its
regulation by plasmin and elastase. J. Neurochem. 80, 746—754, https://doi.org/10.1046/j.0022-3042.2002.00759.x

232 Riek-Burchardt, M., Striggow, F., Henrich-Noack, P., Reiser, G. and Reymann, K.G. (2002) Increase of prothrombin-mRNA after global cerebral
ischemia in rats, with constant expression of protease nexin-1 and protease-activated receptors. Neurosci. Lett. 329, 181-184,
https://doi.org/10.1016/S0304-3940(02)00645-6

233 Citron, B.A., Smirnova, I.V., Arnold, P.M. and Festoff, B.W. (2000) Upregulation of neurotoxic serine proteases, prothrombin, and protease-activated
receptor 1 early after spinal cord injury. J. Neurotrauma 17, 1191-1203, https://doi.org/10.1089/neu.2000.17.1191

234 Striggow, F., Riek-Burchardt, M., Kiesel, A., Schmidt, W., Henrich-Noack, P., Breder, J. et al. (2001) Four different types of protease-activated receptors
are widely expressed in the brain and are up-regulated in hippocampus by severe ischemia. Eur. J. Neurosci. 14, 595-608,
https://doi.org/10.1046/].0953-816x.2001.01676.x

235 Johnson, S.L., lannucci, J., Seeram, N.P. and Grammas, P. (2020) Inhibiting thrombin improves motor function and decreases oxidative stress in the
LRRK2 transgenic Drosophila melanogaster model of Parkinson’s disease. Biochem. Biophys. Res. Commun. 527, 532-538,
https://doi.org/10.1016/j.bbrc.2020.04.068

236 Ryu, J., Pyo, H., Jou, I. and Joe, E. (2000) Thrombin induces NO release from cultured rat microglia via protein kinase C, mitogen-activated protein
kinase, and NF-kappa B. J. Biol. Chem. 275, 29955-29959, https://doi.org/10.1074/jbc.M001220200

237 McLaughlin, J.N., Shen, L., Holinstat, M., Brooks, J.D., Dibenedetto, E. and Hamm, H.E. (2005) Functional selectivity of G protein signaling by agonist
peptides and thrombin for the protease-activated receptor-1. J. Biol. Chem. 280, 25048-25059, https://doi.org/10.1074/jbc.M414090200

238 Park, K.W. and Jin, B.K. (2008) Thrombin-induced oxidative stress contributes to the death of hippocampal neurons: role of neuronal NADPH oxidase.
J. Neurosci. Res. 86, 1053-1063, https://doi.org/10.1002/jnr.21571

239 Donovan, FM., Pike, C.J., Cotman, C.W. and Cunningham, D.D. (1997) Thrombin induces apoptosis in cultured neurons and astrocytes via a pathway
requiring tyrosine kinase and RhoA activities. J. Neurosci. 17, 5316-5326, https://doi.org/10.1523/JNEUROSCI.17-14-05316.1997

240 Rao, H.V., Thirumangalakudi, L., Desmond, P. and Grammas, P. (2007) Cyclin D1, cdk4, and Bim are involved in thrombin-induced apoptosis in
cultured cortical neurons. J. Neurochem. 101, 498-505, https://doi.org/10.1111/j.1471-4159.2006.04389.x

241 Smirnova, I.V., Vamos, S., Wiegmann, T., Citron, B.A., Arnold, P.M. and Festoff, B.W. (1998) Calcium mobilization and protease-activated receptor
cleavage after thrombin stimulation in motor neurons. J. Mol. Neurosci. 10, 31-44, https://doi.org/10.1007/BF02737083

(©) 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.1016/j.jalz.2018.06.3060
https://doi.org/10.1016/j.bbadis.2015.11.013
https://doi.org/10.1182/blood-2018-11-882993
https://doi.org/10.1161/01.RES.0000171805.24799.fa
https://doi.org/10.1046/j.1471-4159.2000.0751539.x
https://doi.org/10.1161/01.STR.0000014421.15948.67
https://doi.org/10.1177/0271678X17701460
https://doi.org/10.3389/fneur.2018.00411
https://doi.org/10.3390/ijms17010084
https://doi.org/10.1002/prp2.603
https://doi.org/10.3727/000000007783464731
https://doi.org/10.2174/1567202613666161216150835
https://doi.org/10.1371/journal.pone.0070927
https://doi.org/10.1046/j.1471-4159.2003.01268.x
https://doi.org/10.1016/0896-6273(91)90060-D
https://doi.org/10.1016/S0014-5793(99)01657-9
https://doi.org/10.1097/00004647-200001000-00022
https://doi.org/10.1046/j.0022-3042.2002.00759.x
https://doi.org/10.1016/S0304-3940(02)00645-6
https://doi.org/10.1089/neu.2000.17.1191
https://doi.org/10.1046/j.0953-816x.2001.01676.x
https://doi.org/10.1016/j.bbrc.2020.04.068
https://doi.org/10.1074/jbc.M001220200
https://doi.org/10.1074/jbc.M414090200
https://doi.org/10.1002/jnr.21571
https://doi.org/10.1523/JNEUROSCI.17-14-05316.1997
https://doi.org/10.1111/j.1471-4159.2006.04389.x
https://doi.org/10.1007/BF02737083

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

242 Fujimoto, S., Katsuki, H., Ohnishi, M., Takagi, M., Kume, T. and Akaike, A. (2007) Thrombin induces striatal neurotoxicity depending on
mitogen-activated protein kinase pathways in vivo. Neuroscience 144, 694-701, https://doi.org/10.1016/j.neuroscience.2006.09.049

243 Ohnishi, M., Katsuki, H., lzumi, Y., Kume, T., Takada-Takatori, Y. and Akaike, A. (2010) Mitogen-activated protein kinases support survival of activated
microglia that mediate thrombin-induced striatal injury in organotypic slice culture. J. Neurosci. Res. 88, 2155-2164,
https://doi.org/10.1002/jnr.22375

244 Moens, U., Kostenko, S. and Sveinbjgrnsson, B. (2013) The Role of Mitogen-Activated Protein Kinase-Activated Protein Kinases (MAPKAPKS) in
Inflammation. Genes (Basel.) 4, 101-133, https://doi.org/10.3390/genes4020101

245 Wang, X., Xu, L., Wang, H., Young, PR., Gaestel, M. and Feuerstein, G.Z. (2002) Mitogen-activated protein kinase-activated protein (MAPKAP) kinase 2
deficiency protects brain from ischemic injury in mice. J. Biol. Chem. 277, 43968—43972, https://doi.org/10.1074/jbc.M206837200

246 He, Q., Bao, L., Zimering, J., Zan, K., Zhang, Z., Shi, H. et al. (2015) The protective role of (-)-epigallocatechin-3-gallate in thrombin-induced neuronal
cell apoptosis and JNK-MAPK activation. Neuroreport 26, 416-423, https://doi.org/10.1097/WNR.0000000000000363

247 Piao, C., Ralay Ranaivo, H., Rusie, A., Wadhwani, N., Koh, S. and Wainwright, M.S. (2015) Thrombin decreases expression of the glutamate transporter
GLAST and inhibits glutamate uptake in primary cortical astrocytes via the Rho kinase pathway. Exp. Neurol. 273, 288-300,
https://doi.org/10.1016/j.expneurol.2015.09.009

248 Soria Lopez, J.A., Gonzalez, H.M. and Léger, G.C. (2019) Alzheimer’s disease. Handb. Clin. Neurol. 167, 231-255,
https://doi.org/10.1016/B978-0-12-804766-8.00013-3

249 De-Paula, V.J., Radanovic, M., Diniz, B.S. and Forlenza, 0.V. (2012) Alzheimer’s disease. Subcell. Biochem. 65, 329-352,
https://doi.org/10.1007/978-94-007-5416-4'14

250 Grossmann, K. (2020) Anticoagulants for treatment of Alzheimer’s disease. J. Alzheimers Dis. 77, 1373-1382, https://doi.org/10.3233/JAD-200610

251 Davalos, D. and Akassoglou, K. (2012) Fibrinogen as a key regulator of inflammation in disease. Semin. Immunopathol. 34, 4362,
https://doi.org/10.1007/s00281-011-0290-8

252 De Luca, C., Virtuoso, A., Maggio, N. and Papa, M. (2017) Neuro-coagulopathy: blood coagulation factors in central nervous system diseases. /nt. J.
Mol. Sci. 18, https://doi.org/10.3390/ijms18102128

253 Gobel, K., Kraft, P, Pankratz, S., Gross, C.C., Korsukewitz, C., Kwiecien, R. et al. (2016) Prothrombin and factor X are elevated in multiple sclerosis
patients. Ann. Neurol. 80, 946-951, https://doi.org/10.1002/ana.24807

254 Suo, Z., Wu, M., Citron, B.A., Palazzo, R.E. and Festoff, B.W. (2003) Rapid tau aggregation and delayed hippocampal neuronal death induced by
persistent thrombin signaling. J. Biol. Chem. 278, 37681-37689, https://doi.org/10.1074/jbc.M301406200

255 Arai, T., Miklossy, J., Klegeris, A., Guo, J.P. and McGeer, P.L. (2006) Thrombin and prothrombin are expressed by neurons and glial cells and
accumulate in neurofibrillary tangles in Alzheimer disease brain. J. Neuropathol. Exp. Neurol. 65, 19-25,
https://doi.org/10.1097/01.jnen.0000196133.74087.cb

256 Bangen, K.J., Nation, D.A., Delano-Wood, L., Weissberger, G.H., Hansen, L.A., Galasko, D.R. et al. (2015) Aggregate effects of vascular risk factors on
cerebrovascular changes in autopsy-confirmed Alzheimer’s disease. Alzheimers Dement. 11, 394.e1-403.e1,
https://doi.org/10.1016/j.jalz.2013.12.025

257 Zamolodchikov, D., Renné, T. and Strickland, S. (2016) The Alzheimer’s disease peptide (3-amyloid promotes thrombin generation through activation
of coagulation factor XII. J. Thromb. Haemost. 14, 995-1007, https://doi.org/10.1111/jth.13209

258 Sylman, J.L., Daalkhaijav, U., Zhang, Y., Gray, E.M., Farhang, PA., Chu, T.T. et al. (2017) Differential roles for the coagulation factors Xl and XII in
regulating the physical biology of fibrin. Ann. Biomed. Eng. 45, 1328-1340, https://doi.org/10.1007/s10439-016-1771-7

259 Cortes-Canteli, M., Paul, J., Norris, E.H., Bronstein, R., Ahn, H.J., Zamolodchikov, D. et al. (2010) Fibrinogen and beta-amyloid association alters
thrombosis and fibrinolysis: a possible contributing factor to Alzheimer’s disease. Neuron 66, 695-709, https://doi.org/10.1016/j.neuron.2010.05.014

260 Cortes-Canteli, M., Mattei, L., Richards, A.T., Norris, E.H. and Strickland, S. (2015) Fibrin deposited in the Alzheimer’s disease brain promotes neuronal
degeneration. Neurobiol. Aging 36, 608—617, https://doi.org/10.1016/j.neurobiolaging.2014.10.030

261 Paul, J., Strickland, S. and Melchor, J.P. (2007) Fibrin deposition accelerates neurovascular damage and neuroinflammation in mouse models of
Alzheimer’s disease. J. Exp. Med. 204, 1999-2008, https://doi.org/10.1084/jem.20070304

262 Baloyannis, S.J. (2015) Brain capillaries in Alzheimer’s disease. Hell J. Nucl. Med. 18, 152, https://doi.org/10.15406/jnsk.2015.02.00069

263 Bergamaschini, L., Rossi, E., Storini, C., Pizzimenti, S., Distaso, M., Perego, C. et al. (2004) Peripheral treatment with enoxaparin, a low molecular
weight heparin, reduces plaques and beta-amyloid accumulation in a mouse model of Alzheimer’s disease. J. Neurosci. 24, 4181-4186,
https://doi.org/10.1523/JNEUROSCI.0550-04.2004

264 Timmer, N.M., van Dijk, L., van der Zee, C.E., Kiliaan, A., de Waal, R.M. and Verbeek, M.M. (2010) Enoxaparin treatment administered at both early
and late stages of amyloid (3 deposition improves cognition of APPswe/PS1dE9 mice with differential effects on brain Ap levels. Neurobiol. Dis. 40,
340-347, https://doi.org/10.1016/j.nbd.2010.06.008

265 Rami, B.K. (2012) Direct thrombin inhibitors’ potential efficacy in Alzheimer’s disease. Am. J. Alzheimers Dis. Other Demen. 27, 564-567,
https://doi.org/10.1177/1533317512465667

266 Cortes-Canteli, M., Kruyer, A., Fernandez-Nueda, ., Marcos-Diaz, A., Ceron, C., Richards, A.T. et al. (2019) Long-term dabigatran treatment delays
Alzheimer’s disease pathogenesis in the TJCRND8 mouse model. J. Am. Coll. Cardiol. 74, 1910-1923, https://doi.org/10.1016/j.jacc.2019.07.081

267 McNeil, J.J., Nelson, M.R., Woods, R.L., Lockery, J.E., Wolfe, R., Reid, C.M. et al. (2018) Effect of Aspirin on All-Cause Mortality in the Healthy Elderly.
N. Engl. J. Med. 379, 1519-1528, https://doi.org/10.1056/NEJMoa1803955

268 Nilsson, S.E., Johansson, B., Takkinen, S., Berg, S., Zarit, S., McClearn, G. et al. (2003) Does aspirin protect against Alzheimer’s dementia? A study in
a Swedish population-based sample aged > or = 80 years. Eur. J. Clin. Pharmacol. 59, 313-319, https://doi.org/10.1007/s00228-003-0618-y

269 Yang, Y.H., Chiu, C.C., Teng, H.W., Huang, C.T., Liu, C.Y. and Huang, L.J. (2020) Aspirin and risk of dementia in patients with late-onset depression: a
population-based cohort study. Biomed Res. Int. 2020, 1704879, https://doi.org/10.1155/2020/1704879

(© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

«. 2 PORTLAND
09 press

1047

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.1016/j.neuroscience.2006.09.049
https://doi.org/10.1002/jnr.22375
https://doi.org/10.3390/genes4020101
https://doi.org/10.1074/jbc.M206837200
https://doi.org/10.1097/WNR.0000000000000363
https://doi.org/10.1016/j.expneurol.2015.09.009
https://doi.org/10.1016/B978-0-12-804766-8.00013-3
https://doi.org/10.1007/978-94-007-5416-4_14
https://doi.org/10.3233/JAD-200610
https://doi.org/10.1007/s00281-011-0290-8
https://doi.org/10.3390/ijms18102128
https://doi.org/10.1002/ana.24807
https://doi.org/10.1074/jbc.M301406200
https://doi.org/10.1097/01.jnen.0000196133.74087.cb
https://doi.org/10.1016/j.jalz.2013.12.025
https://doi.org/10.1111/jth.13209
https://doi.org/10.1007/s10439-016-1771-7
https://doi.org/10.1016/j.neuron.2010.05.014
https://doi.org/10.1016/j.neurobiolaging.2014.10.030
https://doi.org/10.1084/jem.20070304
https://doi.org/10.15406/jnsk.2015.02.00069
https://doi.org/10.1523/JNEUROSCI.0550-04.2004
https://doi.org/10.1016/j.nbd.2010.06.008
https://doi.org/10.1177/1533317512465667
https://doi.org/10.1016/j.jacc.2019.07.081
https://doi.org/10.1056/NEJMoa1803955
https://doi.org/10.1007/s00228-003-0618-y
https://doi.org/10.1155/2020/1704879

+. = PORTLAND
09 rress

1048

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

270 Rizwan, S., Idrees, A., Ashraf, M. and Ahmed, T. (2016) Memory-enhancing effect of aspirin is mediated through opioid system modulation in an
AICI(3)-induced neurotoxicity mouse model. Exp. Ther. Med. 11, 1961-1970, https://doi.org/10.3892/etm.2016.3147

271 Medeiros, R., Kitazawa, M., Passos, G.F., Baglietto-Vargas, D., Cheng, D., Cribbs, D.H. et al. (2013) Aspirin-triggered lipoxin A4 stimulates alternative
activation of microglia and reduces Alzheimer disease-like pathology in mice. Am. J. Pathol. 182, 1780-1789,
https://doi.org/10.1016/j.ajpath.2013.01.051

272 Chandra, S., Jana, M. and Pahan, K. (2018) Aspirin induces lysosomal biogenesis and attenuates amyloid plaque pathology in a mouse model of
Alzheimer’s disease via PPARcx. J. Neurosci. 38, 6682-6699, https://doi.org/10.1523/JNEUROSCI.0054-18.2018

273 Olanow, C.W. and Tatton, W.G. (1999) Etiology and pathogenesis of Parkinson’s disease. Annu. Rev. Neurosci. 22, 123—144,
https://doi.org/10.1146/annurev.neuro.22.1.123

274 lannucci, J., Renehan, W. and Grammas, P. (2020) Thrombin, a mediator of coagulation, inflammation, and neurotoxicity at the neurovascular
interface: implications for Alzheimer’s disease. Front. Neurosci. 14, 762, https://doi.org/10.3389/fnins.2020.00762

275 Sokolova, E. and Reiser, G. (2008) Prothrombin/thrombin and the thrombin receptors PAR-1 and PAR-4 in the brain: localization, expression and
participation in neurodegenerative diseases. Thromb. Haemost. 100, 576-581, https://doi.org/10.1160/TH08-03-0131

276 Ishida, Y., Nagai, A., Kobayashi, S. and Kim, S.U. (2006) Upregulation of protease-activated receptor-1 in astrocytes in Parkinson disease:
astrocyte-mediated neuroprotection through increased levels of glutathione peroxidase. J. Neuropathol. Exp. Neurol. 65, 6677,
https://doi.org/10.1097/01.jnen.0000195941.48033.eb

277 Carrefio-Miiller, E., Herrera, A.J., de Pablos, R.M., Tomas-Camardiel, M., Venero, J.L., Cano, J. et al. (2003) Thrombin induces in vivo degeneration of
nigral dopaminergic neurones along with the activation of microglia. J. Neurochem. 84, 1201-1214,
https://doi.org/10.1046/j.1471-4159.2003.01634.x

278 Choi, S.H., Lee, D.Y., Chung, E.S., Hong, Y.B., Kim, S.U. and Jin, B.K. (2005) Inhibition of thrombin-induced microglial activation and NADPH oxidase by
minocycline protects dopaminergic neurons in the substantia nigra in vivo. J. Neurochem. 95, 1755-1765,
https://doi.org/10.1111/j.1471-4159.2005.03503.x

279 Suo, Z., Wu, M., Ameenuddin, S., Anderson, H.E., Zoloty, J.E., Citron, B.A. et al. (2002) Participation of protease-activated receptor-1 in
thrombin-induced microglial activation. J. Neurochem. 80, 655—666, https://doi.org/10.1046/j.0022-3042.2001.00745.x

280 Kandil, E.A., Sayed, R.H., Ahmed, L.A., Abd EI Fattah, M.A. and El-Sayeh, B.M. (2018) Modulatory role of nurr1 activation and thrombin inhibition in the
neuroprotective effects of dabigatran etexilate in rotenone-induced Parkinson’s disease in rats. Mol. Neurobiol. 55, 4078-4089

281 Hamill, C.E., Caudle, W.M., Richardson, J.R., Yuan, H., Pennell, K.D., Greene, J.G. et al. (2007) Exacerbation of dopaminergic terminal damage in a
mouse model of Parkinson’s disease by the G-protein-coupled receptor protease-activated receptor 1. Mol. Pharmacol. 72, 653-664,
https://doi.org/10.1124/mol.107.038158

282 Talving, P., Benfield, R., Hadjizacharia, P, Inaba, K., Chan, L.S. and Demetriades, D. (2009) Coagulopathy in severe traumatic brain injury: a
prospective study. J. Trauma. 66, 55-61, discussion-2, https://doi.org/10.1097/TA.0b013e318190c3c0

283 Abrahamson, E.E. and Ikonomovic, M.D. (2020) Brain injury-induced dysfunction of the blood brain barrier as a risk for dementia. Exp. Neurol. 328,
113257, https://doi.org/10.1016/j.expneurol.2020.113257

284 Baskaya, M.K., Rao, A.M., Dogan, A., Donaldson, D. and Dempsey, R.J. (1997) The biphasic opening of the blood-brain barrier in the cortex and
hippocampus after traumatic brain injury in rats. Neurosci. Lett. 226, 33-36, https://doi.org/10.1016/S0304-3940(97)00239-5

285 Chodobski, A., Zink, B.J. and Szmydynger-Chodobska, J. (2011) Blood-brain barrier pathophysiology in traumatic brain injury. Transl. Stroke Res. 2,
492-516, https://doi.org/10.1007/s12975-011-0125-x

286 Tian, Y., Salsbery, B., Wang, M., Yuan, H., Yang, J., Zhao, Z. et al. (2015) Brain-derived microparticles induce systemic coagulation in a murine model
of traumatic brain injury. Blood 125, 2151-2159, https://doi.org/10.1182/blood-2014-09-598805

287 Dasgupta, S.K., Abdel-Monem, H., Niravath, P, Le, A., Bellera, R.V., Langlois, K. et al. (2009) Lactadherin and clearance of platelet-derived
microvesicles. Blood 113, 1332—1339, https://doi.org/10.1182/blood-2008-07-167148

288 Zhou, Y., Cai, W., Zhao, Z., Hilton, T., Wang, M., Yeon, J. et al. (2018) Lactadherin promotes microvesicle clearance to prevent coagulopathy and
improves survival of severe TBI mice. Blood 131, 563-572, https://doi.org/10.1182/blood-2017-08-801738

289 Piao, C.S., Holloway, A.L., Hong-Routson, S. and Wainwright, M.S. (2019) Depression following traumatic brain injury in mice is associated with
down-regulation of hippocampal astrocyte glutamate transporters by thrombin. J. Cereb. Blood Flow Metab. 39, 58-73,
https://doi.org/10.1177/0271678X17742792

290 Wilson, C.S., Bach, M.D., Ashkavand, Z., Norman, K.R., Martino, N., Adam, A.P. et al. (2019) Metabolic constraints of swelling-activated glutamate
release in astrocytes and their implication for ischemic tissue damage. J. Neurochem. 151, 255-272, https://doi.org/10.1111/jnc.14711

291 Maddahi, A., Povisen, G.K. and Edvinsson, L. (2012) Regulation of enhanced cerebrovascular expression of proinflammatory mediators in experimental
subarachnoid hemorrhage via the mitogen-activated protein kinase kinase/extracellular signal-regulated kinase pathway. J. Neuroinflammation 9,
274, https://doi.org/10.1186/1742-2094-9-274

292 Zhang, X., Zhao, X.D., Shi, J.X. and Yin, H.X. (2011) Inhibition of the p38 mitogen-activated protein kinase (MAPK) pathway attenuates cerebral
vasospasm following experimental subarachnoid hemorrhage in rabbits. Ann. Clin. Lab. Sci. 41, 244-250

293 Sugawara, T., Jadhav, V., Ayer, R., Chen, W., Suzuki, H. and Zhang, J.H. (2009) Thrombin inhibition by argatroban ameliorates early brain injury and
improves neurological outcomes after experimental subarachnoid hemorrhage in rats. Stroke 40, 1530-1532,
https://doi.org/10.1161/STROKEAHA.108.531699

294 Li, G., Fan, R.M., Chen, J.L., Wang, C.M., Zeng, Y.C., Han, C. et al. (2014) Neuroprotective effects of argatroban and C5a receptor antagonist (PMX53)
following intracerebral haemorrhage. Clin. Exp. Immunol. 175, 285-295, https://doi.org/10.1111/cei.12220

295 Sugg, R.M., Pary, J.K., Uchino, K., Baraniuk, S., Shaltoni, H.M., Gonzales, N.R. et al. (2006) Argatroban tPA stroke study: study design and results in
the first treated cohort. Arch. Neurol. 63, 1057-1062, https://doi.org/10.1001/archneur.63.8.1057

(©) 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.3892/etm.2016.3147
https://doi.org/10.1016/j.ajpath.2013.01.051
https://doi.org/10.1523/JNEUROSCI.0054-18.2018
https://doi.org/10.1146/annurev.neuro.22.1.123
https://doi.org/10.3389/fnins.2020.00762
https://doi.org/10.1160/TH08-03-0131
https://doi.org/10.1097/01.jnen.0000195941.48033.eb
https://doi.org/10.1046/j.1471-4159.2003.01634.x
https://doi.org/10.1111/j.1471-4159.2005.03503.x
https://doi.org/10.1046/j.0022-3042.2001.00745.x
https://doi.org/10.1124/mol.107.038158
https://doi.org/10.1097/TA.0b013e318190c3c0
https://doi.org/10.1016/j.expneurol.2020.113257
https://doi.org/10.1016/S0304-3940(97)00239-5
https://doi.org/10.1007/s12975-011-0125-x
https://doi.org/10.1182/blood-2014-09-598805
https://doi.org/10.1182/blood-2008-07-167148
https://doi.org/10.1182/blood-2017-08-801738
https://doi.org/10.1177/0271678X17742792
https://doi.org/10.1111/jnc.14711
https://doi.org/10.1186/1742-2094-9-274
https://doi.org/10.1161/STROKEAHA.108.531699
https://doi.org/10.1111/cei.12220
https://doi.org/10.1001/archneur.63.8.1057

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

296 Berg, A.H. and Scherer, P.E. (2005) Adipose tissue, inflammation, and cardiovascular disease. Circ. Res. 96, 939-949,
https://doi.org/10.1161/01.RES.0000163635.62927.34

297 Shah, A., Mehta, N. and Reilly, M.P. (2008) Adipose inflammation, insulin resistance, and cardiovascular disease. J. Parenteral Enteral Nutr. 32,
638-644, https://doi.org/10.1177/0148607108325251

298 Kidting, N. and Bliiher, M. (2014) Adipocyte dysfunction, inflammation and metabolic syndrome. Rev. Endocr. Metab. Disord. 15, 277-287,
https://doi.org/10.1007/s11154-014-9301-0

299 Nishimura, S., Manabe, |. and Nagai, R. (2009) Adipose tissue inflammation in obesity and metabolic syndrome. Discov. Med. 8, 55-60

300 Nguyen, J.C.D., Killcross, A.S. and Jenkins, T.A. (2014) Obesity and cognitive decline: role of inflammation and vascular changes. Front. Neurosci. 8,
375, https://doi.org/10.3389/fnins.2014.00375

301 Rafeh, R., Viveiros, A., Oudit Gavin, Y. and El-Yazbi Ahmed, F. (2020) Targeting perivascular and epicardial adipose tissue inflammation: therapeutic
opportunities for cardiovascular disease. Clin. Sci. (Lond.) 134, 827-851, https://doi.org/10.1042/CS20190227

302 Hammoud, S.H., Al-Zaim, I., Mougharbil, N., Koubar, S., Eid, A.H., Eid, A.A. et al. (2021) Peri-renal adipose inflammation contributes to renal
dysfunction in a non-obese prediabetic rat model: role of anti-diabetic drugs. Biochem. Pharmacol. 186, 114491,
https://doi.org/10.1016/j.bcp.2021.114491

303 Elkhatib, M.A.W., Mroueh, A., Rafeh, R.W., Sleiman, F., Fouad, H., Saad, E.|. et al. (2019) Amelioration of perivascular adipose inflammation reverses
vascular dysfunction in a model of nonobese prediabetic metabolic challenge: potential role of antidiabetic drugs. Transl. Res.,
https://doi.org/10.1016/j.trsl.2019.07.009

304 Alaaeddine, R., El-Khatib, M., Mroueh, A., Fouad, H., Saad, E., EI-Sabban, M. et al. (2019) Impaired endothelium-dependent hyperpolarization
underlies endothelial dysfunction during early metabolic challenge: Increased ROS generation and possible interference with NO function. J.
Pharmacol. Exp. Ther., https://doi.org/10.1124/jpet.119.262048

305 Al-Assi, 0., Ghali, R., Mroueh, A., Kaplan, A., Mougharbil, N., Eid, A.H. et al. (2018) Cardiac autonomic neuropathy as a result of mild hypercaloric
challenge in absence of signs of diabetes: modulation by antidiabetic drugs. Oxid. Med. Cell. Longev. 2018, 9389784,
https://doi.org/10.1155/2018/9389784

306 Hammoud, S.H., Mougharbil, N., Eid, A.A. and El-Yazbi, A.F. (2019) Metabolic stress-induced renal endothelial dysfunction. FASEB J. 33, 512.12

307 Bakkar, N.-M.Z., Mougharbil, N., Mroueh, A., Kaplan, A., Eid, A.H., Fares, S. et al. (2020) Worsening baroreflex sensitivity on progression to type 2
diabetes: localized vs. systemic inflammation and role of antidiabetic therapy. Am. J. Physiol. Endocrinol. Metab. 319, E835-E851,
https://doi.org/10.1152/ajpendo.00145.2020

308 Fakih, W., Mroueh, A., Salah, H., Eid, A.H., Obeid, M., Kobeissy, F. et al. (2020) Dysfunctional cerebrovascular tone contributes to cognitive impairment
in a non-obese rat model of prediabetic challenge: role of suppression of autophagy and modulation by anti-diabetic drugs. Biochem. Pharmacol.
178, 114041, https://doi.org/10.1016/j.bcp.2020.114041

309 Leguina-Ruzzi, A., Pereira, J., Pereira-Flores, K., Valderas, J.P., Mezzano, D., Velarde, V. et al. (2015) Increased RhoA/Rho-kinase activity and markers
of endothelial dysfunction in young adult subjects with metabolic syndrome. Metab. Syndr. Relat. Disord. 13, 373-380,
https://doi.org/10.1089/met.2015.0061

310 Bratseth, V., Byrkjeland, R., Njerve, I.U., Solheim, S., Arnesen, H. and Seljeflot, I. (2017) Procoagulant activity in patients with combined type 2
diabetes and coronary artery disease: no effects of long-term exercise training. Diabetes Vasc. Dis. Res. 14, 144-151,
https://doi.org/10.1177/1479164116679080

311 Ait Aissa, K., Lagrange, J., Mohamadi, A., Louis, H., Houppert, B., Challande, P. et al. (2015) Vascular smooth muscle cells are responsible for a
prothrombotic phenotype of spontaneously hypertensive rat arteries. Arterioscler. Thromb. Vasc. Biol. 35, 930-937,
https://doi.org/10.1161/ATVBAHA.115.305377

312 Vilahur, G., Ben-Aicha, S. and Badimon, L. (2017) New insights into the role of adipose tissue in thrombosis. Cardiovasc. Res. 113, 1046—1054,
https://doi.org/10.1093/cvr/cvx086

313 AlZaim, |., Hammoud, S.H., Al-Koussa, H., Ghazi, A., Eid, A.H. and El-Yazbi, A.F. (2020) Adipose tissue immunomodulation: a novel therapeutic
approach in cardiovascular and metabolic diseases. Front. Cardiovasc. Med. 7, 277, https://doi.org/10.3389/fcvm.2020.602088

314 Nelken, N.A., Soifer, S.J., 0’Keefe, J., Vu, T.K., Charo, I.F. and Coughlin, S.R. (1992) Thrombin receptor expression in normal and atherosclerotic
human arteries. J. Clin. Invest. 90, 1614-1621, https://doi.org/10.1172/JCI116031

315 Strande, J.L. and Phillips, S.A. (2009) Thrombin increases inflammatory cytokine and angiogenic growth factor secretion in human adipose cells in
vitro. J. Inflammation 6, 4, https://doi.org/10.1186/1476-9255-6-4

316 Takahashi, N., Yoshizaki, T., Hiranaka, N., Kumano, 0., Suzuki, T., Akanuma, M. et al. (2015) The production of coagulation factor VIl by adipocytes is
enhanced by tumor necrosis factor-[alpha] or isoproterenol. Int. J. Obes. 39, 747-754, https://doi.org/10.1038/ij0.2014.208

317 Kopec, AK., Abrahams, S.R., Thornton, S., Palumbo, J.S., Mullins, E.S., Divanovic, S. et al. (2017) Thrombin promotes diet-induced obesity through
fibrin-driven inflammation. J. Clin. Invest. 127, 3152-3166, https://doi.org/10.1172/JCI92744

318 Badeanlou, L., Furlan-Freguia, C., Yang, G., Ruf, W. and Samad, F. (2011) Tissue factor-protease-activated receptor 2 signaling promotes diet-induced
obesity and adipose inflammation. Nat. Med. 17, 1490-1497, https://doi.org/10.1038/nm.2461

319 Gorlach, A., Diebold, 1., Schini-Kerth, V.B., Berchner-Pfannschmidt, U., Roth, U., Brandes, R.P. et al. (2001) Thrombin activates the hypoxia-inducible
factor-1 signaling pathway in vascular smooth muscle cells: role of the p22(phox)-containing NADPH oxidase. Circ. Res. 89, 47-54,
https://doi.org/10.1161/hh1301.092678

320 Indrakusuma, I., Romacho, T. and Eckel, J. (2017) Protease-activated receptor 2 promotes pro-atherogenic effects through transactivation of the VEGF
receptor 2 in human vascular smooth muscle cells. Front. Pharmacol. 7, https://doi.org/10.3389/fphar.2016.00497

(© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

«. 2 PORTLAND
09 press

1049

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.1161/01.RES.0000163635.62927.34
https://doi.org/10.1177/0148607108325251
https://doi.org/10.1007/s11154-014-9301-0
https://doi.org/10.3389/fnins.2014.00375
https://doi.org/10.1042/CS20190227
https://doi.org/10.1016/j.bcp.2021.114491
https://doi.org/10.1016/j.trsl.2019.07.009
https://doi.org/10.1124/jpet.119.262048
https://doi.org/10.1155/2018/9389784
https://doi.org/10.1152/ajpendo.00145.2020
https://doi.org/10.1016/j.bcp.2020.114041
https://doi.org/10.1089/met.2015.0061
https://doi.org/10.1177/1479164116679080
https://doi.org/10.1161/ATVBAHA.115.305377
https://doi.org/10.1093/cvr/cvx086
https://doi.org/10.3389/fcvm.2020.602088
https://doi.org/10.1172/JCI116031
https://doi.org/10.1186/1476-9255-6-4
https://doi.org/10.1038/ijo.2014.208
https://doi.org/10.1172/JCI92744
https://doi.org/10.1038/nm.2461
https://doi.org/10.1161/hh1301.092678
https://doi.org/10.3389/fphar.2016.00497

+. = PORTLAND
09 rress

1050

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

321 Sriwai, W., Mahavadi, S., Al-Shboul, 0., Grider, J.R. and Murthy, K.S. (2013) Distinctive G protein-dependent signaling by protease-activated receptor 2
(PAR2) in smooth muscle: feedback inhibition of RhoA by cAMP-independent PKA. PLoS ONE 8, e66743,
https://doi.org/10.1371/journal.pone.0066743

322 Chan, P.C., Hsiao, F.C., Chang, H.M., Wabitsch, M. and Hsieh, P.S. (2016) Importance of adipocyte cyclooxygenase-2 and prostaglandin
E2-prostaglandin E receptor 3 signaling in the development of obesity-induced adipose tissue inflammation and insulin resistance. FASEB J. 30,
2282-2297, https://doi.org/10.1096/1j.201500127

323 Shaito, A., Hasan, H., Habashy, K.J., Fakih, W., Abdelhady, S., Ahmad, F. et al. (2020) Western diet aggravates neuronal insult in post-traumatic brain
injury: proposed pathways for interplay. EBioMedicine 57, 102829, https://doi.org/10.1016/j.ebiom.2020.102829

324 Wu, H. and Ballantyne, C.M. (2020) Metabolic inflammation and insulin resistance in obesity. Circ. Res. 126, 1549-1564,
https://doi.org/10.1161/CIRCRESAHA.119.315896

325 Mauri, L., Kereiakes, D.J., Yeh, R.W., Driscoll-Shempp, P., Cutlip, D.E., Steg, P.G. et al. (2014) Twelve or 30 months of dual antiplatelet therapy after
drug-eluting stents. N. Engl. J. Med. 371, 2155-2166, https://doi.org/10.1056/NEJMoa1409312

326 Mega, J.L., Braunwald, E., Wiviott, S.D., Bassand, J.P., Bhatt, D.L., Bode, C. et al. (2012) Rivaroxaban in patients with a recent acute coronary
syndrome. N. Engl. J. Med. 366, 9-19, https://doi.org/10.1056/NEJMoal112277

327 Graham, D.J., Reichman, M.E., Wernecke, M., Hsueh, Y.H., Izem, R., Southworth, M.R. et al. (2016) Stroke, bleeding, and mortality risks in elderly
medicare beneficiaries treated with dabigatran or rivaroxaban for nonvalvular atrial fibrillation. JAMA Intern. Med. 176, 1662—-1671,
https://doi.org/10.1001/jamainternmed.2016.5954

328 Giugliano, R.P,, Ruff, C.T., Braunwald, E., Murphy, S.A., Wiviott, S.D., Halperin, J.L. et al. (2013) Edoxaban versus warfarin in patients with atrial
fibrillation. N. Engl. J. Med. 369, 2093-2104, https://doi.org/10.1056/NEJMoa1310907

329 Reilly, PA., Lehr, T., Haertter, S., Connolly, S.J., Yusuf, S., Eikelboom, J.W. et al. (2014) The effect of dabigatran plasma concentrations and patient
characteristics on the frequency of ischemic stroke and major bleeding in atrial fibrillation patients: the RE-LY Trial (Randomized Evaluation of
Long-Term Anticoagulation Therapy). J. Am. Coll. Cardiol. 63, 321-328, https://doi.org/10.1016/j.jacc.2013.07.104

330 Reilly, PA., Lehr, T., Haertter, S., Connolly, S.J., Yusuf, S., Eikelboom, J.W. et al. (2014) The effect of dabigatran plasma concentrations and patient
characteristics on the frequency of ischemic stroke and major bleeding in atrial fibrillation patients: The RE-LY Trial (Randomized Evaluation of
Long-Term Anticoagulation Therapy). J. Am. Coll. Cardiol. 63, 321-328, https://doi.org/10.1016/j.jacc.2013.07.104

331 Ruff, C.T., Giugliano, R.P., Braunwald, E., Morrow, D.A., Murphy, S.A., Kuder, J.F. et al. (2015) Association between edoxaban dose, concentration,
anti-Factor Xa activity, and outcomes: an analysis of data from the randomised, double-blind ENGAGE AF-TIMI 48 trial. Lancet North Am. Ed. 385,
2288-2295, https://doi.org/10.1016/S0140-6736(14)61943-7

332 Kartsios, C., Lokare, A., Osman, H., Perrin, D., Razaqg, S., Ayub, N. et al. (2020) Diagnosis, management, and outcomes of venous thromboembolism in
COVID-19 positive patients: a role for direct anticoagulants? J. Thromb. Thrombolysis 10, https://doi.org/10.1007/s11239-020-02257-7

333 Levi, M., Thachil, J., Iba, T. and Levy, J.H. (2020) Coagulation abnormalities and thrombosis in patients with COVID-19. Lancet Haematol. 7,
e438-e440, https://doi.org/10.1016/52352-3026(20)30145-9

334 Billett, H.H., Reyes-Gil, M., Szymanski, J., Ikemura, K., Stahl, L.R., Lo, Y. et al. (2020) Anticoagulation in COVID-19: effect of enoxaparin, heparin, and
apixaban on mortality. Thromb. Haemost. 120, 1691-1699, https://doi.org/10.1055/s-0040-1720978

335 Rossi, R., Coppi, F., Talarico, M. and Boriani, G. (2020) Protective role of chronic treatment with direct oral anticoagulants in elderly patients affected
by interstitial pneumonia in COVID-19 era. Eur. J. Intern. Med. 77, 158-160, https://doi.org/10.1016/j.jim.2020.06.006

336 Wenzler, E., Engineer, M.H., Yaqoob, M. and Benken, S.T. (2020) Safety and efficacy of apixaban for therapeutic anticoagulation in critically ill ICU
patients with severe COVID-19 respiratory disease. TH Open 4, e376—€382, https://doi.org/10.1055/s-0040-1720962

337 lturbe-Hernandez, T., Garcia de Guadiana Romualdo, L., Gil Ortega, ., Martinez Frances, A., Meca Birlanga, 0. and Cerezo-Manchado, J.J. (2020)
Dabigatran, the oral anticoagulant of choice at discharge in patients with non-valvular atrial fibrillation and COVID-19 infection: the ANIBAL protocol.
Drugs Context9, https://doi.org/10.7573/dic.2020-8-3

338 Damiano, B.P., Cheung, W.M., Santulli, R.J., Fung-Leung, W.P., Ngo, K., Ye, R.D. et al. (1999) Cardiovascular responses mediated by
protease-activated receptor-2 (PAR- 2) and thrombin receptor (PAR-1) are distinguished in mice deficient in PAR- 2 or PAR-1. J. Pharmacol. Exp. Ther.
288, 671-678

339 Alaaeddine, R.A., Elzahhar, PA., AlZaim, I., Abou-Kheir, W., Belal, A.S.F. and El-Yazbi, A.F. (2020) The emerging role of COX-2, 15-LOX, and PPARy in
metabolic diseases and cancer: an introduction to novel multi-target directed ligands (MTDLS). Curr. Med. Chem., Epub ahead of print,
https://doi.org/10.2174/0929867327999200820173853

340 Campo, G., Vieceli Dalla Sega, F., Pavasini, R., Aquila, G., Gallo, F., Fortini, F. et al. (2017) Biological effects of ticagrelor over clopidogrel in patients
with stable coronary artery disease and chronic obstructive pulmonary disease. Thromb. Haemost. 117, 1208-1216,
https://doi.org/10.1160/TH16-12-0973

341 Jeong, H.S., Hong, S.J., Cho, S.A., Kim, J.H., Cho, J.Y., Lee, S.H. et al. (2017) Comparison of ticagrelor versus prasugrel for inflammation, vascular
function, and circulating endothelial progenitor cells in diabetic patients with non-ST-segment elevation acute coronary syndrome requiring coronary
stenting: a prospective, randomized, crossover trial. JACC Cardiovasc. Interv. 10, 1646—1658, https://doi.org/10.1016/j.jcin.2017.05.064

342 Vieceli Dalla Sega, F., Fortini, F., Aquila, G., Pavasini, R., Biscaglia, S., Bernucci, D. et al. (2018) Ticagrelor improves endothelial function by decreasing
circulating epidermal growth factor (EGF). Front. Physiol. 9, 337, https://doi.org/10.3389/fphys.2018.00337

343 Wang, X., Han, X., Li, M., Han, Y., Zhang, Y., Zhao, S. et al. (2018) Ticagrelor protects against Angll-induced endothelial dysfunction by alleviating
endoplasmic reticulum stress. Microvasc. Res. 119, 98-104, https://doi.org/10.1016/j.mvr.2018.05.006

344 Tatsidou, P.T., Chantzichristos, V.G., Tsoumani, M.E., Sidiropoulou, S., Ntalas, I.V., Goudevenos, J.A. et al. (2019) Circulating progenitor cells and their
interaction with platelets in patients with an acute coronary syndrome. Platelets 30, 314-321, https://doi.org/10.1080/09537104.2018.1430355

(©) 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.1371/journal.pone.0066743
https://doi.org/10.1096/fj.201500127
https://doi.org/10.1016/j.ebiom.2020.102829
https://doi.org/10.1161/CIRCRESAHA.119.315896
https://doi.org/10.1056/NEJMoa1409312
https://doi.org/10.1056/NEJMoa1112277
https://doi.org/10.1001/jamainternmed.2016.5954
https://doi.org/10.1056/NEJMoa1310907
https://doi.org/10.1016/j.jacc.2013.07.104
https://doi.org/10.1016/j.jacc.2013.07.104
https://doi.org/10.1016/S0140-6736(14)61943-7
https://doi.org/10.1007/s11239-020-02257-7
https://doi.org/10.1016/S2352-3026(20)30145-9
https://doi.org/10.1055/s-0040-1720978
https://doi.org/10.1016/j.ejim.2020.06.006
https://doi.org/10.1055/s-0040-1720962
https://doi.org/10.7573/dic.2020-8-3
https://doi.org/10.2174/0929867327999200820173853
https://doi.org/10.1160/TH16-12-0973
https://doi.org/10.1016/j.jcin.2017.05.064
https://doi.org/10.3389/fphys.2018.00337
https://doi.org/10.1016/j.mvr.2018.05.006
https://doi.org/10.1080/09537104.2018.1430355

Clinical Science (2021) 135 1015-1051
https://doi.org/10.1042/CS20201445

345 Lee, C.H., Hsieh, M.J., Liu, K.S., Cheng, C.W., Chang, S.H., Liu, S.J. et al. (2018) Promoting vascular healing using nanofibrous ticagrelor-eluting
stents. Int. J. Nanomedicine 13, 6039-6048, https://doi.org/10.2147/IUN.S166785

346 Liao, L., Guo, Y., Zhuang, X., Li, W., Zou, J., Su, Q. et al. (2018) Immunosuppressive effect of ticagrelor on dendritic cell function: a new therapeutic
target of antiplatelet agents in cardiovascular disease. J. Biomed. Nanotechnol. 14, 1665—1673, https://doi.org/10.1166/jbn.2018.2612

347 Giordano, A., D’Angelillo, A., Romano, S., D’Arrigo, P., Corcione, N., Bisogni, R. et al. (2014) Tirofiban induces VEGF production and stimulates
migration and proliferation of endothelial cells. Vascul. Pharmacol. 61, 63—71, https://doi.org/10.1016/j.vph.2014.04.002

348 Gao, H.Q., Xu, S.D., Li, J.R., Zheng, J. and Sun, L.Z. (2020) Tirofiban promotes the proliferation of human umbilical vein endothelial cells in vitro via
enhanced vascular endothelial growth factor expression. Transplant. Proc. 52, 419-422, https://doi.org/10.1016/j.transproceed.2019.10.007

349 Giordano, A., Romano, S., Corcione, N., Frati, G., Zoccai, G.B., Ferraro, P. et al. (2018) Tirofiban positively regulates beta1 integrin and favours
endothelial cell growth on polylactic acid biopolymer vascular scaffold (BVS). J. Cardiovasc. Transl. Res. 11, 201-209,
https://doi.org/10.1007/s12265-018-9805-1

350 Dittmeier, M., Kraft, P., Schuhmann, M.K., Fluri, F. and Kleinschnitz, C. (2016) Pretreatment with rivaroxaban attenuates stroke severity in rats by a
dual antithrombotic and anti-inflammatory mechanism. Thromb. Haemost. 115, 835-843, https://doi.org/10.1160/TH15-08-0631

351 Posthuma, J.J., Posma, J.J., van Oerle, R., Leenders, P., van Gorp, R.H., Jaminon, A.M. et al. (2019) Targeting coagulation factor Xa promotes
regression of advanced atherosclerosis in apolipoprotein-E deficient mice. Sci. Rep. 9, 3909, https://doi.org/10.1038/s41598-019-40602-w

352 Hara, T., Fukuda, D., Tanaka, K., Higashikuni, Y., Hirata, Y., Nishimoto, S. et al. (2015) Rivaroxaban, a novel oral anticoagulant, attenuates
atherosclerotic plaque progression and destabilization in ApoE-deficient mice. Atherosclerosis 242, 639-646,
https://doi.org/10.1016/j.atherosclerosis.2015.03.023

(© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

«. 2 PORTLAND
09 press

1051

202 Iudy 9} U0 Jasn Jnuleg Jo AySIBAIUN UedUBWY Aq Jpd'GhYL-0202-50/1/S806/SL0L/8/SE L/IPd-ajoile oS UIo/ W00 ssaidpuElOd//:dny WOy pepeojumod


https://doi.org/10.2147/IJN.S166785
https://doi.org/10.1166/jbn.2018.2612
https://doi.org/10.1016/j.vph.2014.04.002
https://doi.org/10.1016/j.transproceed.2019.10.007
https://doi.org/10.1007/s12265-018-9805-1
https://doi.org/10.1160/TH15-08-0631
https://doi.org/10.1038/s41598-019-40602-w
https://doi.org/10.1016/j.atherosclerosis.2015.03.023

