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Alzheimer’s disease (AD) is caused by neurodegenerative, but also vascular and hemostatic changes in the brain. The
oral thrombin inhibitor dabigatran, which has been used for over a decade in preventing thromboembolism and has a well-
known pharmacokinetic, safety and antidote profile, can be an option to treat vascular dysfunction in early AD, a condition
known as cerebral amyloid angiopathy (CAA). Dabigatran blocks soluble thrombin, thrombin-mediated formation of fibrin
and amyloid-R protein (Ap)-containing fibrin clots. These clots are deposited in brain parenchyma and blood vessels in
areas of CAA, leading to vascular and blood-brain barrier dysfunction, hypoperfusion and chronically reduced oxygen
(hypoxia) and nutrient supply, mainly in hippocampal and neocortical brain areas. Dabigatran has the potential to preserve
perfusion and oxygen delivery to the brain, and to prevent parenchymal AR-, thrombin- and fibrin-triggered inflammatory
and neurodegenerative processes, leading to synapse and neuron death, and cognitive decline.
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| 1. Introduction

In Alzheimer’s disease (AD), neurodegenerative but also contributing vascular and hemostatic changes in the brain lead
to the loss of memory and cognitive skills, robbing humans ultimately of their essential personality.

Beginning already in the 1970s, clinical studies with small cohorts of patients with senile dementia revealed a beneficial
effect on the disease when treated with the anticoagulative vitamin K antagonist (VKA) warfarin LBl One study even
dates back to the 1960s and found that morbidity and mortality of dementia patients could be reduced by 50% with
treatment of the VKA dicumarol 4. Dicumarol was originally isolated from plant sweet clover hay &. It was introduced into
clinical medicine in 1941, as the first antithrombotic drug for patients with cardiovascular disease 2. Recent results on the
contribution of cerebrovascular and hemostatic dysfunction to AD have brought the idea back into focus that
anticoagulants may also be beneficial for treatment of AD. As key drivers in vascular pathogenesis and derived
neurodegenerative changes, progressive accumulation of toxic amyloid-f3 proteins (AB), thrombin and fibrin have recently
been identified that can be treated by anticoagulants €12,

| 2. Hemostasis—Anticoagulants Inhibit Thrombin and Fibrin Formation

The multi-stage process of hemostasis prevents excessive blood loss in the organism in the case of injuries to the blood
vessel system . In the process of blood clotting (coagulation), a soluble protein from the blood, fibrinogen, is converted
into insoluble fibrin, in order to close and heal a wound. Fibrin forms a fiber network with integrated erythrocytes and
platelets, a fibrin clot (thrombus). The production of the responsible enzyme, thrombin, which is released from its
precursor protein prothrombin, is regulated in a cascade by a variety of tissue and coagulation factors, such as factor Xa.
Some of these are activated beforehand in a vitamin K-dependent process . On the other hand, the proteolytic enzyme
plasmin degrades fibrin in the fibrinolysis process and thus dissolves fibrin clots 8. Blood clotting is stimulated and,
concomitantly, the risk of formation of harmful thrombi increases, particularly in the case of hereditary modified
coagulation factors, large wounds after surgery and injuries, and slower blood flow through incidents, such as atrial
fibrillation, damaged blood vessels due to atherosclerosis, and limited physical exercise. These thrombi can trigger
occlusion of blood vessels in the process of thrombosis or, after detachment, thrombi move through the vascular system
to organs and can cause, e.g., pulmonary embolism or brain infarction [,

To avoid occurrence of thromboembolism, anticoagulants are used, prophylactically or therapeutically, to inhibit blood
clotting.



| 3. The Role of Thrombin, Fibrin and Amyloid-B-Containing Fibrin Clots

Studies have evidenced that accumulation of toxic AB, thrombin and fibrin/fibrinogen co-occur in brains of genetic and
sporadic AD patients and in AD mouse brain IZOILUAZASIIALS] |t has been found that fibrin(ogen) colonizes together
with AB along cerebral vessel walls and in the nervous system parenchyma LIS Thrombin and fibrin(ogen) trigger
neuroinflammatory processes and, furthermore, fibrin(ogen) is able to interact with AR ZQILLILSIMAIILS (Figure 1). In
parenchymal tissue, accumulation of fibrin(ogen) and thrombin is caused by the circumstance that BBB is increasingly
leaky for plasma proteins, due to the evolving vascular dysfunction in CAA L8718l Fibrinogen can transgress from the
blood vessels into the parenchymal tissue. Here, it is converted into fibrin by thrombin and additional perivascular tissue
factor and procoagulant proteins, which are also abundant in this tissue after vascular damage 281718l | eakage of BBB
results from hemorrhage and infarction injuries, and from degeneration of pericytes in capillary walls, which interrupts
junctions between adjacent endothelial cells 8. Overall, BBB dysfunction and resulting processes are associated with
increased AP production, microglia activation, and malfunctioning and loss of synapses and neurons 19 (Figure 1).
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Figure 1. Model of the mechanism of action of the thrombin inhibitor dabigatran for treatment of hemostatic and vascular
abnormalities, and derived neurodegenerative changes, contributing to Alzheimer’s disease (AD). As an early and typical
event in AD, cerebral blood flow (CBF) decreases and restricts brain perfusion and supply of oxygen (hypoxia) and
nutrients, mainly in neocortical and hippocampal areas. Responsible for this hypoperfusion are pathological changes in
the cerebrovascular system, which disrupt vascular and blood—brain barrier (BBB) function. This condition is known as
cerebral amyloid angiopathy (CAA). In CAA, degradation-resistant fibrin clots containing amyloid-B-proteins (AB) are
formed (fibrin-AB clots) and deposit in and around the walls of blood vessels, causing microvascular constriction,
infarction, and hemorrhages. Risk of vessel occlusion is additionally promoted by thrombin-induced platelet aggregation.
AB intensify this process by activating the blood coagulation factor XlI that stimulates the production of inflammatory
thrombin and thrombin-mediated formation of fibrin and fibrin-Ap clots, as well as the synthesis of proinflammatory
bradykinin. CAA-induced hypoperfusion (ischemia) and hypoxia up-regulate - and y-secretase activities for amplified
production of AB, oligomers and plagues in nervous system parenchyma. Parenchymal A3 accumulation is additionally
increased by reduced perivascular AR clearance, caused by BBB dysfunction. Leakage of BBB also allows plasma
proteins, such as thrombin and fibrin(ogen), to pass from the blood vessels into the brain parenchyma, where they
accumulate. Thrombin, fibrin and AP activate phagocytic microglia cells for production of inflammatory proteins, which
further stimulate A production, aggregation and cerebral spread. Fibrin(ogen) interacts with AR and promotes fibrin-Ap
clot deposition between neurons. AB induce neuronal hyperactivation and synaptic dysfunction, and tau protein-seeded
neurotoxic pathologies. Ultimately, this downward spiral of steadily deteriorating vascular and parenchymal changes
triggers chronic neuroinflammation, loss of synapses and neurons, and cognitive decay. Dabigatran intervenes at a
central point of AD-associated vasculopathies. The drug inactivates free and fibrin-bound thrombin, thus preventing
accumulation of inflammatory thrombin, fibrin and fibrin-Af3 clot deposition in cerebral vessels and parenchymal tissue.
Consequently, dabigatran could preserve vascular and BBB function, CBF and brain perfusion delivering oxygen and
nutrients. Therefore, in brain parenchyma, thrombin-, fibrin- and AB-triggered inflammatory milieu and neurodegenerative
and cognitive changes could be mitigated or prevented, provided that dabigatran treatment starts immediately after early
diagnosis of CAA and AD.



To sum up, recent results confirm a key role of AB, thrombin and fibrin in CAA and AD pathogenesis. The cerebrovascular
system and BBB are impaired in their function, regional CBF and brain perfusion decrease, and tissue supply of oxygen
and nutrients arrives at a limit (Figure 1). The result is a downward spiral of ever-worsening and amplifying vascular,
neuroinflammatory and neurodegenerative changes. In brain parenchyma, this disaster is further intensified by hypoxia-
induced production of AR and fibrin-AB deposits, and accumulation of thrombin, fibrin(ogen) and AR, which is additionally
amplified through reduced perivascular clearance. Originally, these effects have their cause in CAA and trigger vascular
and BBB dysfunction, and in AB-induced FXII activation in the hemostatic system. Further detrimental effects include A(3-
intensified tau and neuronal pathology, and the activation of phagocytic microglia by AB, thrombin and fibrin. Microglia
cells produce inflammatory proteins after activation, which trigger further AR production and cerebral spread of
aggregates, as well as chronic neuroinflammation. Ultimately, these processes lead to the death of synapses and
neurons, and cognitive decay (Figure 1).

| 4. Alzheimer’s Disease—Treatment with DOAC-Type Anticoagulants

The new therapeutic approach with DOAC-type anticoagulants relies on their specific mechanism, which acts on key
hemostatic drivers in CAA and related neuronal defects in AD. By inhibiting activity or synthesis of thrombin, DOACs are
capable of blocking inflammatory thrombin and fibrin for microglia activation, and inhibiting formation of degradation-
resistant AB-containing fibrin clots. Fibrin-AB clots accumulate in the nervous system parenchyma, leading to neuronal
damage U3, They also deposit in blood vessels in areas of CAA, where they cause vascular dysfunction, leading to the
collapse of BBB, CBF and brain perfusion ©l18 DOAC treatment has the potential to counteract CAA and vascular
dysfunction, and to maintain brain perfusion and supply of oxygen and nutrients. CAA-resulting parenchymal changes,
which include accumulation of AP, thrombin and fibrin, tauopathies, microglia activation, neuroinflammation, loss of
synapses and neurons, and cognitive decline, could also be mitigated or prevented (Figure 1). In order to achieve the
best success, AD patients should be treated with DOAC immediately after early diagnosis of vascularly-driven
neurodegenerative changes in AD.

5. Alzheimer’'s Disease and Other Brain Amyloidosis—Outlook for
Therapeutic Use of Dabigatran

DOACs can achieve beneficial effects on vascular and neural dysfunction, contributing to AD. Particularly, the direct
thrombin inhibitor dabigatran opens up the opportunity to effectively combat both the accumulation and harmful effect of
inflammatory thrombin and fibrin, as well as the production and deposition of AR and fibrin-Af clots in cerebral blood
vessels and parenchyma. Consequently, dabigatran could be able to treat CAA and related vascular dysfunction, in order
to mitigate or prevent resulting effects, such as BBB dysfunction, CBF decrease, brain hypoperfusion and lack of oxygen
and nutrients, as well as progressive neuroinflammatory, degenerative and cognitive changes (Figure 1).

In conclusion, there are strong rationales that would warrant realization of a first pilot clinical study using dabigatran
against AD B3] These rationales result from (1) recent research on the roles of thrombin, fibrin and A in triggering
vascular and neurological changes in AD [RIAUSIL7 2y preclinical studies showing beneficial effects of dabigatran
treatments (222112211231 anq (3) clinical observer studies 42311261271 For sych a clinical pilot study, the oral direct thrombin
inhibitor dabigatran with its well-known application and safety profile, including availability of a fast-acting antidote 28129
would be a reasonable drug solution to investigate the therapeutic value of thrombin inhibition in AD. This intervention
study should ideally be carried out in close cooperation between neurological and cardiovascular medicine. In this way,
dabigatran effects on the early course of CAA and neuropathy in AD patients could be studied comprehensively and
competently. The possible method repertoire used could include position emission tomography (PET) and magnetic
resonance imaging (MRI) technologies for visualizing brain biomarkers, such as A deposits, bleeding events, and CBF
dynamics BABUBABS  |nyasive cerebrospinal-fluid (CSF) analyses, e.g., on AP, tau 28 and preferentially, blood
biomarker tests, which indicate neurodegenerative (e.g., Nfl 24 AR fragments B3) and hemostatic alterations (e.g.,
thrombin, fibrin clot forming), as well as cognitive ability checks, can supplement the study. However, cost/benefit of the
intended methods should be parsed before the analysis 2. Highly important for this clinical study is that participating
persons are carefully evaluated, particularly according to their bleeding risk, using, e.g., clinical HAS-BLED-Score criteria
and imaging methods [l As with any drug, benefit as well as risk of undesirable effects must be individually weighted
and discussed, as the basis for consent of participants. It is also extremely critical for the success of the therapy with
dabigatran that subjects, who are at the beginning of AD pathogenesis, are selected according to a lesson learned from
past clinical studies on AB-targeting therapies 2. At best, the onset of AD should be diagnosed very early, using, e.g., AD
blood biomarkers and confirmation by CSF analysis and brain imaging methods, if cognitive failures are already
suspected or feared. Then, after positive diagnosis, treatment with dabigatran should start immediately, in order to



possibly combine the highest therapeutical efficiency with the lowest risk of bleeding. In the case of individuals with

genetically high AD risk predisposition (early onset AD), dabigatran could/should be administered prophylactically, before

this terrible disease begins.
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