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Cardiovascular disease 

Cardiovascular diseases (CVDs) are pathologies involving heart and vessels of the 
body. In 2017, CVD was the number one cause of death globally (WHO, May 2017). Within 
CVD mortality, 85% was because of a heart attack or stroke. Both heart attack (myocardial 
infarction) and stroke (brain infarction) can be the result of a ruptured atherosclerotic plaque. 
Atherosclerosis is the development of lesions in the intimal space of the arterial wall, 
ultimately hampering blood flow or causing thrombosis (1). Plaques develop at sites with 
high shear stress of which the branches in coronary arteries, carotid arteries and aorta are the 
most common sites (1). With time, atherosclerotic lesions progress from an intermediate 
lesion to an advanced atherosclerotic plaque (atheroma). Advanced atherosclerotic plaques 
can be divided into fibroatheroma, calcific, fibrous or thrombotic lesions (Table 1). Rupture 
of an atherosclerotic plaque potentially exposes the thrombotic core of the atherosclerotic 
plaque triggering thrombosis (also known as atherothrombosis) and subsequently leading to 
myocardial infarction or stroke (1). 

Table 1. Atherosclerotic lesion progression (adapted from (2, 3)). 

Atherosclerotic plaque 
classification 

Histological presentation 

Type I: Initial lesion, with foam cells 
Type II: Early lesion, fatty streak, with multiple foam cell layers / microcalcification 
Type III: Intermediate lesions, extracellular lipid pools / microcalcification 
Type IV: atheroma, confluent extracellular lipid core formation 
Type V: Advanced lesion, fibroatheroma, fibromuscular tissue layers produced 
Type VI: Advanced lesion, complicated lesion, surface defect, hematoma, thrombosis 

Type VII: 
Advanced lesion 

Microcalcification, calcium deposits < 50 μm, increases 
chance of plaque rupture 

Calcified plaques Macrocalcification, calcium deposits ³ 50 μm, 
stabilization of atherosclerotic plaque 

Type VIII: 
Advanced lesion, fibrotic plaque without lipid core, fibrous tissue changes 
predominates 

Coagulation 

Physiologically, coagulation prevents excessive blood loss after injury. However, risk 
factors including genetic predisposition, therapeutics and life style can result in increased 
coagulation potential with risk of thrombosis independent of vascular injury (4). Thrombosis 
can be classified as venous thromboembolism and arterial thrombosis. Venous 
thromboembolism consists mainly of deep vein thrombosis, which can induce pulmonary 
embolism when the blood clot breaks free. Arterial thrombosis is usually the consequence of 
atherosclerotic plaque erosion or rupture (5, 6). Patients experiencing thrombosis are 
prescribed anticoagulant therapy to reduce risk of recurrent thrombosis. Most used long-term 
anticoagulation drugs are vitamin K antagonists (VKA). Vitamin K is a cofactor for the 
posttranslational carboxylation and is recycled via the vitamin K-epoxide-reductase (VKOR) 
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thereby efficiently used to activate vitamin K dependent proteins (VKDP) (7). VKA inhibit 
the VKOR enzyme thereby blocking re-cycling and thus re-use of vitamin K, subsequently 
limiting carboxylation of VKDP (8). Use of VKA results in undercarboxylated vitamin K 
dependent coagulation factors II, VII, IX and X thereby inducing reduced coagulation. Since 
only recycling of vitamin K is limited, vitamin K supplementation counteracts VKA 
treatment. Recently, anticoagulant therapeutics targeting specifically activated coagulation 
factor IIa (thrombin) or Xa have been approved and are now being used in the clinic (8, 9). 
These so called direct non-vitamin K oral anticoagulants (NOAC) inhibit the activated 
coagulation factors by binding to their active sites (8). 

In addition to their role in the coagulation cascade, thrombin and factor Xa have been 
implicated in the development of atherosclerosis via protease activated receptor (PAR) 
signaling (10, 11). Upregulation or downregulation of thrombin has been shown to aggravate 
or reduce atherosclerosis severity, respectively in animal models (9, 12). Thus, blocking 
thrombin and factor Xa activity using NOACs may influence atherosclerosis development. 
VKA on the other hand is not expected to influence atherogenesis via PARs since 
uncarboxylated coagulation factors retain their ability to activate PAR signaling (9). 
However, VKA affects atherogenesis differently, namely by reducing the carboxylation of 
extrahepatic VKDP, especially the vascular calcification inhibitor matrix Gla protein (MGP) 
(13). VKA has been shown to increase vascular calcification in the Apoe-/- mouse model of 
atherosclerosis (14). VKA use is associated with a progressive increase of vascular 
calcification in patients (14, 15).  

Vascular calcification 

Vascular calcification present in any vascular bed increases chance of cardiovascular 
events by some 3 to 4-fold (16). Additionally, coronary artery calcification is a predictor for 
overall plaque burden and an independent risk factor for cardiovascular events that improves 
standard risk assessment (17, 18, 19). Moreover, progression of calcification over time has 
been associated with a 17-fold increased risk of cardiovascular events (20). Calcification can 
occur in the medial layer (also known as Monckebergs sclerosis) or in the intimal layer of 
the vasculature (Figure 1). Medial and intimal calcification are two different entities (21). 
Medial calcification is associated with aging, chronic kidney disease (CKD) and diabetes 
mellitus. Intimal calcification is associated with hypercholesterolemia and inflammation 
(22). While both medial and intimal calcification share common mechanistic pathways, such 
as loss of inhibitors, they have different clinical consequences. Therefore, it is important to 
distinguish between the two types of calcification (21). Medial calcification presents as rail-
tracking deposits along the vasculature and affects vascular stiffness. Intimal calcification 
presents as spotty or sheet like calcification and is linked to plaque instability. Further to this, 
both forms of calcification can be divided in micro- and macrocalcification based on size of 
the calcification (Figure 1, Table 2). 
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Figure 1. Crossover section of the lumen. Demonstration the vessel wall with calcification in the medial and 
intimal layer (A). Calcification can be distinguished based on size for micro (B) and macro calcification (C). 

Micro- and macrocalcification 

Calcium deposits < 50 µm are considered as microcalcification. Microcalcification 
present in the atherosclerotic plaque increases plaque vulnerability (23). Microcalcification 
represents the early phase of vascular calcification, initiated by extracellular vesicles 
including exosomes and apoptotic bodies (24, 25). In the atherosclerotic plaque it has been 
shown that microcalcification and inflammation are closely related in vivo (26) and in vitro 
(27). Microcalcification can be visualized by invasive methods such as histopathology of 
vascular sections and intravascular ultrasound (IVUS). It has been associated with high risk 
and culprit atherosclerotic plaques (28), likely because it affects distribution of blood flow 
induced mechanical stress on the cap of the atherosclerotic plaque (23, 29). Moreover, 
microcalcification has been associated with active remodeling of atherosclerotic plaques 
thereby contributing to increasing plaque vulnerability (28). While intimal calcification has 
frequently been observed in advanced atherosclerotic plaque, it can also be detected in early 
stages of atherosclerosis (Table 1) (27). This raises the question whether microcalcification 
propels atherogenesis or that it is a consequence of atherosclerosis.  

Non-invasive visualization of microcalcification has been challenging until recently. 
The resolution of computed tomography (CT) scanning is too low to detect 
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microcalcifications. A recent breakthrough was achieved by employing PET imaging with 
the radiotracer 18F-NaF. This protocol is able to visualize active calcifications and identifies 
microcalcifications (30, 31). The incorporation of 18F into the calcium deposits is based on 
the exchange of fluoride ions with hydroxyl groups in hydroxyapatite. The uptake of 18F-
NaF is increased when microcalcifications are present because of their high surface to 
volume ratios as compared to macrocalcifications.  

When calcification progresses and calcium deposits are ³ 50 μm it is considered 
macrocalcification. Microcalcification as detected by NaF18 has been shown to progress into 
macrocalcification detected by CT scanning (32, 33). Currently, macrocalcification is 
debated on its role in plaque stability (34). Prospective clinical data from the Multi-Ethnic 
Study of Atherosclerosis Trial (MESA) demonstrated an inverse correlation between arterial 
calcification per arterial volume whereas increased calcium density increased CVD risk (35). 
However, plaques with extensive calcification contribute to only a small percentage of total 
atherosclerotic plaque ruptures in acute coronary syndromes and sudden cardiac death (1), 
suggesting that calcium CT-score is merely a biomarker for plaque burden (36). 
Macrocalcification has been put forward to stabilize atherosclerotic plaques (37, 38). This is 
supported by data from patients treated with statins which increased coronary artery 
calcification progression while reducing plaque volume (39). Moreover, increased coronary 
artery calcification progression upon statin treatment is postulated to improve plaque repair 
rather than plaque volume (40), raising a possible hypothesis that statin treatment accelerates 
the conversion of microcalcification into macrocalcification (34). The mechanism behind 
statin increased plaque stability remains unknown. While micro- and macrocalcification are 
two different entities, both can be found in patients in close proximity (37). 

Table 2. Characteristics of micro- and macrocalcification (14). 

Microcalcification Macrocalcification 
Small spots of calcification Sheet like calcification 

Increased plaque vulnerability Associated with plaque stability 
Increased mechanical stress at the surface of 

the atherosclerotic cap 
Elevates inflammation 

Detected by radiotracer F18 Detected by CT 

Loss of calcification inhibitors 

Currently, there is no treatment for blocking, stopping or reducing vascular 
calcification in spite of the generally accepted notion that vascular calcification is a highly 
regulated process of which some molecular players and mechanisms have been elucidated 
(8). Fetuin-A and MGP have been identified as inhibitors of vascular calcification. MGP, a 
VKDP produced by VSMC in the vasculature, is a pivotal inhibitor of vascular calcification 
as revealed from MGP knockout (KO) mice which all died within 6-8 weeks after birth due 
to calcified and ruptured vessels (13). The lethal MGP KO phenotype could be restored by 
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rescuing MGP expression in VSMC but not by increasing MGP in the circulation (41). VKA 
treatment, which impairs carboxylation of MGP, caused vascular calcification similar to the 
calcification observed in MGP KO mice (42). MGP inhibits calcification via multiple 
mechanisms. MGP can directly inhibit calcification via binding to growing hydroxy apatite 
crystals and thereby blocking nucleation sides. Indirectly, MGP blocks VSMC phenotype 
switching as MGP-/- mice demonstrate reduced contractile and increased osteochondrogenic 
markers in VSMC (8). However, MGP is not the only VKDP in vascular tissue that is 
affected by VKA. Gas6 and Upper zone of growth plate Cartilage Matrix Associated protein 
(UCMA; also known as Gla Rich Protein (GRP)) are two VKDPs which are inhibited by 
VKA treatment. Gas6 protects from VSMC apoptosis (43), thereby indirectly protecting 
from apoptosis since apoptosis promotes vascular calcification (44). UCMA blocks 
calcification via inhibiting VSMC phenotype switching towards osteochondrogenic 
differentiation (45).Vitamin K supplementation has been shown to increase carboxylation of 
VKDP such as MGP, suggesting that vitamin K supplementation has the potential for 
treatment of vascular calcification. 

Outline of thesis 

The research presented in this thesis aims to gain further insight into how oral 
anticoagulant treatment and vitamin K supplementation affects vascular remodeling. In more 
detail, I investigated the role of VSMC in vascular calcification and atherogenesis.  

Chapter 2 focuses on the history and different aspects of oral anticoagulant treatments. 
This chapter compares oral anticoagulant treatment with VKA and NOAC. Moreover, direct 
and indirect effects of oral anticoagulant treatment and coagulation factors on arterial blood 
vessels are discussed. Chapter 3 investigates the role of vascular macrocalcification on the 
coagulation system. In a clinical cohort of patients on oral anticoagulation and in mice treated 
with oral anticoagulation I showed that vascular calcification is associated with a 
prethrombotic state. Additionally, I identified a potential mechanism by which VSMCs affect 
vascular remodeling thereby influencing thrombogenicity. Chapter 4 focuses on effects of 
VKA and vitamin K treatment on atherosclerosis development. Using a pre-clinical animal 
model, I studied the role of VKA and VKA replaced by vitamin K supplementation on 
atherosclerosis and vascular calcification. I present mechanistic insights into vitamin K 
dependent effects of VSMC on vascular remodeling. Chapter 5 elaborates on comparing 
VKA and NOAC treatment on atherosclerosis development. I emphasize the effect of VKA 
and NOAC on the development of intimal calcification. Using an immunohistochemical 
approach I demonstrate that long-term anticoagulation treatment has an aggravating or 
beneficial effect on atherogenesis for VKA and NOAC, respectively. In chapter 6 we 
investigate the role of Nox5 as key factor in driving VSMC phenotype switching. Here, we 
show that Nox5 is a novel modulator of synthetic VSMCs and that synthetic VSMCs cause 
calcification via oxidative stress driven extracellular vesicle release. Chapter 7 summarizes 
key findings of my thesis and discusses them in relation with published literature. 
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Abstract 
Vitamin K-antagonists (VKA) are the most widely used anticoagulant drugs to treat patients 
at risk of arterial and venous thrombosis for the past 50 years. Due to unfavorable 
pharmacokinetics VKA have a small therapeutic window, require frequent monitoring, and 
are susceptible to drug and nutritional interactions. Additionally, the effect of VKA is not 
limited to coagulation, but affects all vitamin K-dependent proteins. As a consequence, VKA 
have detrimental side effects by enhancing medial and intimal calcification. These limitations 
stimulated the development of alternative anticoagulant drugs, resulting in direct non-
vitamin K oral anticoagulant (DOAC or NOAC) drugs, which specifically target coagulation 
factor Xa and thrombin. NOACs also display non-hemostatic vascular effects via protease-
activated receptors (PARs). As atherosclerosis is characterized by a hypercoagulable state 
indicating the involvement of activated coagulation factors in the genesis of atherosclerosis, 
anticoagulation could have beneficial effects on atherosclerosis. Additionally, accumulating 
evidence demonstrates vascular benefit from high vitamin K intake. This review gives an 
update on oral anticoagulant treatment on the vasculature with a special focus on calcification 
and vitamin K interaction. 
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1. Arterial and Venous Thrombosis

In 1856 Rudolf Virchow, often regarded as the founder of modern pathology, 
delineated three major components that were responsible for the formation of emboli in the 
venous circulation. These three elements, now known as Virchow’s triad, can be briefly 
summarized as: (1) changes in the composition of blood; (2) alterations in the vessel wall; 
and (3) disruption of the blood flow. Coagulation is a protective response after vascular injury 
to prevent bleeding [1] and can be initiated via either the so-called intrinsic or extrinsic 
pathways, which although simplistic, are still useful schematic models of the coagulation 
process (Figure 1a). Both pathways are characterized by a series of enzymatic events 
whereby the activation of members of a hierarchical chain of coagulation enzymes (called 
coagulation factors) are successively activated by the preceding factor in the chain. Although 
the initiation steps are different, both pathways converge and lead to activation of pro-
thrombin (FII) to produce thrombin (FIIa). An important feature of this coagulation cascade 
is that it functions as a biochemical amplifier [2] in which the final product, thrombin 
catalyses the production of fibrin which forms a meshwork clot [3]. The coagulation events 
leading to the formation of a blood clot (thrombus) that adheres to the wall of a blood vessel 
and obstructs the flow of blood is termed thrombosis. Thrombosis can take place in both 
arteries and veins. Atherothrombosis is the term describing the occlusion of a blood vessel 
by a ruptured atherosclerotic plaque [4, 5]. Arterial thrombosis can lead to stroke and 
myocardial infarction. In contrast to arterial thrombosis, venous thrombosis is associated 
with dysregulation of coagulation proteins and manifests in deep-vein thrombosis and 
pulmonary embolism [6]. Obesity and diabetes mellitus are risk factors for both arterial and 
venous thrombosis whereas other risk factors such as smoking, hypertension and 
hyperlipidemia increase only the risk for arterial thrombosis [6]. Oral anticoagulant drugs 
are prescribed to patients to reduce the risk and incidence of both arterial and venous 
thrombosis, although mainly for the latter.  

2. The Discovery of Oral Anticoagulant Drugs

The story of the discovery of vitamin K antagonists (VKA) began in the 1920s as a 
result of an often fatal bleeding disorder in cattle that manifested after the animals had been 
fed on the hay derived from sweet clover [7]. For this reason the haemorrhagic disease 
became known as “sweet clover disease”. A crucial observation was the animals that bled 
had been fed on sweet clover hay that had become mouldy; those animals fed mould-free hay 
did not present with bleeding [7]. During the subsequent classical studies by Karl Link’s 
group in Wisconsin it was first shown that bleeding was associated with a low plasma activity 
of prothrombin as measured by early coagulation assays that were the precursors of the 
modern day prothrombin time. Link’s group then undertook the task of isolating the 
haemorrhagic component in spoiled sweet clover that was responsible for the prolonged  
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Figure 1. Effects of vitamin K antagonists and direct oral anticoagulants on coagulation. (A) The coagulation 
cascade can be activated by both the intrinsic and extrinsic pathway, which finally results in activation of thrombin 
and subsequently fibrin formation. Vitamin K antagonists (VKA) induce anticoagulation via inhibiting activation 
of the coagulation factors depicted in red (factors X, IX, VII, and II). Direct non-vitamin K oral anticoagulants 
(DOACs or NOAC) induce anticoagulation via blocking the activity of coagulation factors Xa (rivaroxaban and 
apixaban) and IIa (dabigatran) depicted in blue; (B) Vitamin K cycle is required to carboxylate, and thus activate, 
vitamin K dependent proteins. Vitamin K is converted to vitamin hydroquinone (KH2), which is oxidized by γ-
glutamylcarboxylase (3) to convert glutamate (Glu) residues in γ-carboxyglutamate (Gla) residues. This reaction 
results in vitamin K epoxide (K > O), which is recycled to vitamin K through vitamin K epoxide reductase (1). VKA 
disrupts the vitamin K cycle by inhibiting vitamin K epoxide reductase (VKOR) leading to depletion of vitamin K 
and uncarboxylated vitamin K dependent proteins. In the liver, the inhibition of warfarin can be circumvented via 
NAD(P)H quinone reductase (2), which can convert vitamin K into KH2 even in the presence of VKA. In extra-
hepatic tissues NAD(P)H quinone reductase activity is ca. 100 fold less, resulting in inactive vitamin K dependent 
proteins in the presence of VKA; (C) NOACs induce anticoagulation via inhibiting the activity of FXa and FIIa via 
binding to the activation site. 
prothrombin time. This proved a long and arduous process but finally resulted in the isolation 
and identification of the haemorrhagic agent that we now know as the compound dicoumarol 
and the first VKA [8]. Dicoumarol is a 4-hydroxycoumarin derivative and originated from 
microbial action on the compound coumarin which is rich in sweet clover.  

After animal trials, dicoumarol was rapidly introduced into the clinic with considerable 
success. At that time, dicoumarol had also been tested in field trials as a potential rodenticide 
but it was concluded that the anticoagulant activity of dicoumarol in the rat was not high 
enough to make it practical for rodent control [8]. Therefore, Link’s group synthesized a 
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large number of different 4-hydroxycoumarin compounds to try and find a derivative with 
increased anticoagulant activity over dicoumarol. It turned out that a 4-hydroxycoumarin 
anticoagulant number 42 (out of 150 synthetic variants) was more potent than dicoumarol 
and had superior pharmacokinetics [8]. This coumarin derivative is today known as warfarin, 
the word originating from the combination of the Wisconsin Alumni Research Foundation 
(WARF) and “arin” from coum”arin”. Warfarin revolutionized rodent control but clinicians 
were reluctant to use a rat poison in humans until an unforeseen event changed their minds. 
In 1951 an army conscript tried to commit suicide with warfarin. According to Link the slow 
onset time of warfarin gave him “too much time for thinking” enabling him to reconsider and 
admit himself to hospital where after receiving vitamin K supplementation he completely 
recovered. Clinical trials with warfarin in the 1950s confirmed its superiority over 
dicoumarol, being better absorbed and some 5–10 times more potent, although no head to 
head comparison was performed. Moreover, it became apparent that an overdose could easily 
be corrected by vitamin K supplementation [8, 9]. Today, warfarin is the most prescribed 
oral anticoagulant world-wide [10].  

2.1. Vitamin K and Vitamin K Antagonists 

Vitamin K is a fat-soluble vitamin that exists in different forms (Table 1). All forms of 
vitamin K contain a 2-methyl-1,4-naphthoquinone ring structure, also known as menadione 
(vitamin K3). Phylloquinone (vitamins K1) and menaquinones (vitamin K2) are classified 
according to the length and degree of saturation of the aliphatic side chain. Phylloquinone 
contains a phytyl side chain, and its main dietary sources are green leafy vegetables and 
certain vegetable oils. Menaquinones have an unsaturated aliphatic side chain comprising a 
varying number of prenyl units, abbreviated as MK-n (menaquinone with n representing the 
number of prenyl units). All menaquinones, except MK-4, are produced by bacteria and can 
be found in fermented foods such as cheese. Additionally, some bacteria in our intestines 
produce long-chain menaquinones (mainly MK-10 and MK-11) and although they make up 
the majority of human hepatic reserves their bioavailability for the synthesis of coagulation 
Gla proteins in the liver is debatable [11]. Both phylloquinone and menaquinones can 
participate in the γ-glutamylcarboxylation of both hepatic and extra-hepatic vitamin K-
dependent proteins, although the longer residence times and better absorption of long chain 
menaquinones such as MK-7 and MK-9 in the circulation [12, 13] makes them more effective 
for carboxylating both hepatic and extrahepatic vitamin K-dependent proteins [14]. 
Interestingly, menadione has been shown to act as an endogenous metabolite formed during 
the in vivo conversion of phylloquinone to MK-4 [15]. Furthermore, whereas phylloquinone 
and menaquinones can reverse VKA induced anticoagulation, menadione per se has no 
cofactor activity for γ-carboxylation and thus cannot reverse VKA-induced anticoagulation.  

The molecular function of vitamin K is to serve as an essential cofactor to drive the γ-
glutamyl carboxylation reaction (Figure 1b). In this vitamin K-dependent reaction, specific 
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protein bound glutamate residues are modified to γ-glutamate residues, hence the name of 
the γ-carboxylated protein products as vitamin K-dependent proteins (VKDP).  
To achieve this protein modification vitamin K is first reduced to the active cofactor vitamin 
hydroquinone (KH2) via quinone reductases. Next, the enzyme γ-glutamyl carboxylase 
(GGCX) oxidizes vitamin KH2 with vitamin K epoxide (K > O) as the product. This 
oxidation reaction is intimately linked and essential to the γ-carboxylation modification of 
VKDP [16]. The metabolite K > O can be recycled by the microsomal enzyme vitamin K 
epoxide reductase (VKOR), first to vitamin K and then to KH2. This cyclic pathway is called 
the “vitamin K-epoxide cycle” or simply the “vitamin K cycle” [17, 18]. By this salvage 
mechanism, one molecule of vitamin K is able to carboxylate some 500 glutamate residues 
[17].  

Table 1. Structural forms of vitamin K. 

Drug Characterization Dietary Sources 
Phylloquinone (vitamin K1) Phytyl side chain Leafy green vegetables 

Menaquinones (vitamin K2) Isoprenoid side chain 
MK-4 Meat, eggs 
MK-7 Natto, Cheese 
MK-9 Cheese, curd, sauerkraut 

Menadione (vitamin K3) 2-methyl-1,4- naphthoquinone 
Non-dietary metabolite. 

Precursor of MK-4 

A deficiency of vitamin K can result from an insufficient dietary intake of vitamin K 
leading to depletion of local vitamin K tissue stores or via interference with the vitamin K 
cycle by VKA [18, 19]. VKA exert their anticoagulant effect by inhibiting the VKOR 
enzyme resulting in reduced recycling of K > O, thereby limiting KH2 production. As the 
cellular concentrations of KH2 decline a stage is reached when the cofactor supply to the 
GGCX becomes insufficient to fully carboxylate the VKDP that are synthesized in a 
particular tissue. This in turn leads to the secretion of undercarboxylated species of VKDP 
in the circulation. The anticoagulant balance exerted by VKA can be said to be ultimately 
determined by the concentrations of γ-carboxylated coagulation proteins II, VII, IX and X 
that are secreted into the circulation. Changes in nutritional vitamin K intake interfere with 
VKA treatment by altering the size of the available pool of KH2 cofactor because dietary 
vitamin K in its quinone state can be converted to KH2 by a dehydrogenase enzyme not 
affected by VKA [18]. Remarkably, despite the long use of VKA the exact mechanism of 
inhibition of VKOR remains to be elucidated [18].  

Owing to their unfavorable pharmacokinetics, VKA have a small therapeutic window, 
require frequent monitoring, and are susceptible to drug and nutritional interactions. A major 
disadvantage is that because of their indirect mechanism of action there is a lag phase of 2–
3 days before a therapeutic anticoagulant effect is achieved. Therefore, considerable 
resources have been directed to the discovery of new anticoagulant agents that can directly 
target specific factors in the coagulation cascade. Several of these so-called direct non-
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vitamin K oral anticoagulants (DOACs or NOACs) have been approved for clinical use and 
can be subdivided into agents that either target coagulation factor IIa (FIIa, thrombin) or 
factor Xa (FXa). 

2.2. Direct Thrombin Inhibitors 

As with the discovery of VKA, the presence in nature of another anticoagulant (albeit 
in this case an anticoagulant without a lag phase) proved a catalyst to the future discovery of 
direct inhibitors of coagulation factors. Here it was the isolation of hirudin, a peptide present 
in the saliva of leeches as a direct inhibitor of thrombin, and long known to prevent 
coagulation [20, 21]. For a detailed review on hirudin, see [22]. Hirudin binds to both the 
active and substrate recognition sites of thrombin. In addition, it is slowly reversible and 
excreted predominantly by the kidneys. In the 1990s, recombinant hirudin was shown to 
prevent postoperative venous thromboembolism [23]. However, a major concern was the 
increased bleeding tendency with hirudin treatment [21, 24]. As with heparin another major 
disadvantage of hirudin is that it could only be administered by subcutaneous injection. 
Despite the specific concerns with hirudin, the theory behind designing a direct thrombin 
inhibitor as a clinical anticoagulant gained support and in the early 2000s a compound called 
ximelagatran became the first synthetic direct inhibitor of thrombin to be trialed as an oral 
anticoagulant. However, although initial human trials were promising, later trials led to 
concerns of hepatotoxicity, which ultimately prevented ximelagatran from being used in the 
clinical setting [25, 26]. 

The second direct oral anticoagulant to undergo clinical trials was dabigatran etexilate, 
and this agent received approval for clinical use in 2008 (Table 2). Dabigatran etexilate is a 
prodrug that requires hydrolysis by carboxylesterases in the body to the active metabolite 
dabigatran [27]. Dabigatran binds with high specificity to the active site of thrombin thereby 
inhibiting both bound and free thrombin activity (Figure 1c). It takes two hours before 
dabigatran etexilate is metabolically active, which eliminates the need for parental 
anticoagulation. Dabigatran has a half-life of 12–17 h and is usually taken twice daily. Since 
80% of dabigatran is excreted by the kidneys, patients with renal problems are not suited for 
this drug [25, 28, 29].  

2.3. Factor Xa Inhibitors 

The idea of using FXa inhibitors as clinical anticoagulants also originates from 
naturally occurring inhibitors. The first FXa inhibitor to be studied was a compound called 
antistasin, originally isolated from the Mexican leech haementeria officinalis [33]. However, 
the concept of FXa inhibitors as anticoagulant drugs was not supported until a second FXa 
inhibitor called the tick anticoagulant peptide (TAP) had been isolated from the soft tick 
ornithodors moubata [34]. In vitro and in vivo studies demonstrated that FXa inhibitors block 
the activity of FXa generated via both intrinsic and extrinsic pathways and thus subsequently 
block the formation of thrombin [35, 36].  
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In 2012 the FXa inhibitor called rivaroxaban was approved for clinical use (Table 2). 
Rivaroxaban acts via inhibition of the active site of FXa (Figure 1c) [35], and has predictable 
pharmacokinetic and dynamics [30]. Peak activity of rivaroxaban occurs 2–3 h after intake, 
with a half -life of 5–9 h [30]. The short half-life suggests that rivaroxaban needs to be taken 
twice daily, however guidelines for rivaroxaban usage recommend once daily. This 
recommendation comes from both clinical phase II and III trials, which provided evidence 
that once daily administration is most beneficial with respect to the balance between safety 
and efficacy [37]. In addition, the duration of rivaroxaban inhibiting FXa lasts 24 h thereby 
supporting the once daily policy. Rivaroxaban is mainly excreted by the kidneys (66% with 
36% as unchanged drug) with a smaller fraction excreted in the faeces (28% with 7% 
unchanged) [31].  

To date, the most recently approved NOAC is another FXa inhibitor called apixaban 
(Table 2). Like rivaroxaban, apixaban inhibits both bound and free FXa (Figure 1c).  

Table 2. Characteristics of VKA and NOACs. 

VKA [10] Dabigatra
n Etexilate 
[24,27,28] 

Rivaroxab
an [30,31] 

Apixaban 
[32] Warfarin 

Acenocoumar
ol 

Phenprocoum
on 

Target 
Vitamin K 

epoxide 
reductase 

Vitamin K 
epoxide 

reductase 

Vitamin K 
epoxide 

reductase 
Thrombin Factor Xa Factor Xa 

Pro-drug No No No 

Yes, active 
metabolite 

is 
dabigatran 

No No 

Half-life 
(hours) 

20–60 8–11 120–144 12–17 5–9 9–14 

Onset time 
peak effect 

(hours) 
72–96 36–48 48–72 2 2–3 3 

Duration of 
action 

2–5 days <48 h 7–14 days 24–36 h 24 h 24 h 

Metabolism 
Via 

cytochrom
e P 450 

Via 
cytochrome P 

450 

Via 
cytochrome P 

450 

Via P-
Glucoprote

in 
transporter 

Via 
cytochrome 

P450 
(30%), and 

P-
Glucoprotei

n 
transporter 

Via 
cytochrom

e P450 
(15%), and 

P-
Glucoprote

in 
transporter 

Elimination 
Hepatical 
metaboliz

ed 

60% Renal 63% Renal 85% Renal 66% Renal 
25% Renal 

29% Fecal 33% Fecal 6% Fecal 28% Fecal 

Bioavailabili
ty 

79%–
100% 

60% >99% 6.5% 80% 66% 
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Apixaban activity peaks 3 h after intake and has a half life of 9–14 h [32]. Bioavailability of 
apixaban is 66%, and apixaban is partly (25%) excreted by the kidneys.  

3. Clinical Trials with Oral Anticoagulation Drugs

3.1. Vitamin K Antagonists (VKA)

The promise and later importance of VKA as oral anticoagulant drugs for clinical use 
became apparent in a randomized trial performed in the 1960s [38]. In this trial, patients with 
pulmonary embolism were divided in two groups receiving either the anticoagulant drug or 
placebo control. Of the group receiving anticoagulation therapy none of the patients died, 
whereas 5 patients in the placebo group died of pulmonary embolism [38]. 

Ever since the clinical introduction of VKA, their clinical efficacy and safety have been 
monitored through measuring the coagulation activity of the blood, mainly using the 
prothrombin time (PT) test or a close variant of this test [39]. A central ingredient of the PT 
test is a biological tissue reagent called thromboplastin. It quickly became apparent that 
innate variations in the source and batch of thromboplastin led to significant variabilities in 
PT results which were usually reported as a prothrombin time ratio (PTR) representing the 
patient’s PT divided by normal PT [39]. In principle, when a high or low laboratory PTR is 
reported, the anticoagulant dosage is adjusted accordingly to reach the target coagulation 
ratio [39]. In the early 1960s it became apparent that some commercial thromboplastins were 
insufficiently responsive to the anticoagulant-induced effect leading to an underestimation 
of the dose of VKA required to achieve the target PTR. The subsequent overdosing with 
VKA led to an increase in bleeding complications and indicated the importance of using 
sensitive thromboplastin-based assays to prevent over or under dosing with VKA. 
Comparison of thromboplastin assays between North America and the UK revealed that 
increased sensitivity of assays reduced the incidence of hemorrhage [39, 40]. These results 
also addressed the need for increased standardization of PT assays and international 
guidelines for monitoring anticoagulation therapy. In 1983, the World Health Organization 
(WHO) adopted a universally standardized system of reporting patient PT data during VKA 
therapy called the international normalized ratio (INR) which is still used today [41].  

3.2. NOACs 

With the approval of NOACs for clinical use, an alternative to VKA or heparin 
treatment became available. Recent clinical trials have investigated efficacy and safety 
profiles of NOACs in comparison to VKA treatment. The outcomes of these comparative 
trials are briefly described below.  

3.2.1. Dabigatran Etexilate 

The RE-LY and RE-COVER clinical trials demonstrated non-inferiority of dabigatran 
etexilate compared to warfarin in atrial fibrillation (AF) patients and patients with acute 
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venous thromboembolism, respectively [25, 42]. Additionally, the RE-MODEL clinical trial 
demonstrated non-inferiority of dabigatran compared to enoxaparin treatment with respect 
to preventing venous thromboembolism after total knee replacement surgery [43]. Taken 
together these clinical trials demonstrated the non-inferiority of dabigatran compared to 
VKA treatment. Thus, dabigatran etexilate seems a suitable alternative for VKA for the 
treatment of patients with increased thrombosis risk.  

3.2.2. Rivaroxaban 

The clinical trials ROCKET AF, RECORD, EINSTEIN-DVT and EINSTEIN-
Extension demonstrated the non-inferiority of rivaroxaban as compared to VKA and heparin 
treatment in patients with non-valvular atrial fibrillation, symptomatic venous 
thromboembolism, deep-vein thrombosis, and recurrent thrombosis in deep-vein thrombosis 
patients [44–46]. Moreover, rivaroxaban demonstrated no difference in risk for major 
bleedings in patients undergoing elective hip/knee replacement, though rivaroxaban was 
more effective in preventing symptomatic venous thromboembolism [47].  

3.2.3. Apixaban 

The ARISTOTLE and ADVANCE clinical trials showed non-inferiority of apixaban 
as compared to VKA and heparin in AF patients and for thromboprophylaxis in patients after 
hip replacement, respectively [48, 49]. Similar to dabigatran and rivaroxaban, apixaban 
showed no difference as compared to VKA treatment with respect to risk for major bleedings. 

These clinical trials did not demonstrate superiority of NOACs over VKA, questioning 
whether NOACs should replace VKA as standard treatment. A meta-analysis comparing 
NOACs with VKA provided additional insight and showed the superiority over NOACs 
compared to VKA treatment with respect to major bleedings [50]. However, care is required 
interpreting these results and more research is needed.  

4. Advantages and Disadvantages of VKA and NOACs

The use of VKA treatment over 60 years is one of the major advantages, since this 
revealed both short and long-term effects in humans. Disadvantages of VKA include the 
narrow therapeutic window and thus indirectly safety and efficacy. Therefore, VKA therapy 
requires regular monitoring by measuring the INR [21, 51]. Additionally, the 
pharmacokinetic and pharmacodynamics are unpredictable through drug interactions, 
cytochrome P450-dependent mechanisms, and the influence of dietary vitamin K intake [10, 
52]. All the coumarin VKA listed in Table 2 (i.e., warfarin, acenocoumarol, and 
phenprocoumon) have a slow onset, taking ca. two to seven days to be effective in inducing 
anticoagulation [10, 21]. Therefore, VKA therapy requires initial co-administration with 
other anticoagulants, such as heparin. Moreover, it has been shown recently that patients 
taking VKA treatment display hitherto unreported non-hemostasis side effects [53]. One of 
these side effects is VKA-induced vascular calcification. Vascular calcification is associated 
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with an increased risk for cardiovascular disease [53–55]. In addition, VKA treatment is 
associated with arterial stiffness, which in turn is related to vascular calcification [56, 57].  

NOACs were developed to circumvent the disadvantages of VKA therapy without 
negatively influencing safety profiles. Initially, the manufacturers of NOACs promoted the 
view that a major advantage of NOACs was that they did not require routine coagulation 
testing (as needed for VKA) or the measurement of circulating drug concentrations. 
However, data from the dabigatran RE-LY trial suggested that adjusting the dosage of 
dabigatran based on measurements of plasma dabigatran concentrations may reduce major 
bleeding events by as much as 30%–40% as compared to well-controlled warfarin [58]. 
Moreover, monitoring dabigatran plasma concentrations has the potential to improve safety 
and efficacy profiles as compared to fixed dosage [58, 59]. Therapeutic drug monitoring of 
NOACs is supported by population studies which demonstrated a wide range of plasma 
dabigatran concentrations in different patient groups and at different time points although 
drug concentrations remained within the putative therapeutic range [60]. Variations in 
plasma concentration are ascribed to drug interactions, differences in absorption in the 
gastrointestinal tract, and clearance by the liver and kidneys [61]. These issues raise the 
question whether NOAC treatment should be regularly monitored.  

A major issue of oral anticoagulation using VKA and NOACs is the need for reversal 
agents and coagulation assays to monitor the precise degree of anticoagulation. This is of 
importance in the event of bleeding and to allow surgical procedures or to counteract 
overdosing. The importance of reversal agents is illustrated by warfarin-related bleeding 
events, in which 50% of patients die within 90 days, mainly due to intracranial hemorrhage 
[62]. In the case of VKA, guidelines for the reversal of over-anticoagulation are well 
established with effective reversal agents (phylloquinone, and prothrombin complex 
concentrates) and sensitive coagulation assays (e.g., INR) to monitor haemostasis [62]. 
Vitamin K can counteract the effect of VKA via a NAD(P)H-dependent quinone reductase, 
the precise identity of which is uncertain. The enzyme that counteracts VKA is 
predominantly active in the liver and unlike VKOR is not inhibited by VKA thereby enabling 
the reduction of vitamin K into KH2 cofactors needed for γ-glutamyl carboxylation (Figure 
1b) [63]. Reversal agents for NOACs were initially lacking, but are currently under 
development (idarucizumab for dabigatran, and andexanet and PER977 for FXa) [64]. 
Idarucizumab was developed to inactivate dabigatran, and works by binding to dabigatran 
with an affinity 350 times higher than thrombin. Recently, the clinical trial RE-VERSE AD 
investigated the capability and safety of idarucizumab as a reversal agent, and demonstrated 
a complete reversal of the anticoagulation effect of dabigatran within minutes. Of note, a 
major limitation in the RE-VERSE AD trial is the lack of a control group [65].  

It should be noted that all NOACs are partially excreted by the kidneys (80%, 65%, 
and 25% for dabigatran, rivaroxaban and apixaban, respectively) [66, 67] and are therefore 
unsuitable for patients with severe renal deficiency. In contrast, VKA are predominantly 
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metabolized through the liver and are thus the best option for anticoagulation with this patient 
population.  

5. Vitamin K Dependent Proteins and Atherosclerosis  

5.1. Coagulation and Atherosclerosis  

Coagulation factors are effective activators of the vascular system independent of their 
effects on coagulation and exhibit pleiotropic effects on the vasculature that contribute to 
cardiovascular disease. More specifically, coagulation factors can affect the vessel wall 
through regulation of the proliferation, migration and differentiation of vascular smooth 
muscle cells (VSMCs) as well as by inducing oxidative stress, inflammation and apoptosis 
[66, 67], all processes that contribute to the development of atherosclerosis. In addition, 
micro plaque ruptures and subclinical thrombosis are pivotal to the progression and increased 
vulnerability of plaques, thereby increasing the risk for atherothrombosis [67].  

5.2. Thrombin and Atherosclerosis  

Thrombin is the central player in the coagulation cascade and influences non-
hemostasis signaling via the protease-activated receptors (PAR-1, PAR-2, PAR-3, PAR-4) 
[66]. Thrombin activates these receptors via proteolytic cleavage of the N-terminal domain 
of PAR-1, PAR-3 and PAR-4 resulting in a tethered ligand activating the receptor [68, 69]. 
In the vasculature, endothelial cells express PAR-1, PAR-2 and PAR-4, whereas VSMCs 
express PAR-1 and PAR-2 [70]. The effects of thrombin on the different PARs are likely to 
induce different effects, of which PAR-1 related effects have been most studied [66, 71].  

Human atherosclerotic plaques express elevated levels of PAR-1 [72], suggesting that 
PAR-1 plays a role in atherosclerosis development. In line with this hypothesis, thrombin 
induced PAR-1 activation can lead to VSMC migration and proliferation (Figure 2b). 
Moreover, thrombin elevates collagen production by VSMCs in a PAR-1 dependent manner 
[73], indicating a possible role for thrombin in plaque stability. Another feature of 
atherosclerotic plaque development is apoptosis. VSMCs that undergo apoptosis can 
generate thrombin via a process that accelerates the assembly of the prothrombinase complex 
[74]. In addition, thrombin generation is associated with vascular dabigatran was shown to 
attenuate atherosclerosis development [77] and promote plaque stability calcification [75].  

Of note, rodents lack PAR-1 expression on platelets [71]. Therefore, experiments 
targeting PAR-1 in rodents can be directly ascribed to PAR-1 expressed by the vessel wall. 
Indeed, vascular injury is altered in PAR-1 deficient mice possibly via extracellular matrix 
formation and remodeling [72]. In line with these results, in vitro stimulation of VSMCs by 
thrombin stimulates extracellular matrix production [70].  

Dabigatran inhibits thrombin mediated PAR1 function by inhibiting N-terminal 
cleavage and internalization [76]. The inhibition of thrombin activity by dabigatran may thus 
inhibit the development of cardiovascular disease by reducing pro-inflammatory signaling  
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Figure 2. Effects of anticoagulants and vitamin K on vascular calcification. (A) Mechanism by which vitamin K 
antagonist (VKA) induces calcification. VKA induces phenotypic switching of contractile to synthetic vascular 
smooth muscle cells (VSMCs) by increasing oxidative stress resulting in increased vitamin K antagonist (VKA) 
induces calcification. VKA induces phenotypic switching of contractile proliferation and migration. Synthetic 
VSMCs secrete uncarboxylated matrix Gla protein (ucMGP) to synthetic vascular smooth muscle cells (VSMCs) 
by increasing oxidative stress resulting in as a result of vitamin K depletion induced by VKA. ucMGP is unable to 
inhibit bone morphogenetic increased proliferation and migration. Synthetic VSMCs secrete uncarboxylated matrix 
Gla protein protein (BMP) 2 and 4, a marker for osteochondrogenic differentiation. Osteochondrogenic VSMCs 
(ucMGP) as a result of vitamin K depletion induced by VKA. ucMGP is unable to inhibit bone are prone to 
calcification. Additionally, ucMGP is directly associated with increased calcification; morphogenetic protein (BMP) 
2 and 4, a marker for osteochondrogenic differentiation. (B) Thrombin and factor Xa induce non-hemostasis 
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signaling via protease-activated receptors (PARs). Osteochondrogenic VSMCs are prone to calcification. 
Additionally, ucMGP is directly associated Activation of PARs on contractile VSMCs can induce phenotypic 
switching resulting in increased proliferation and migration. PAR signaling in these synthetic VSMCs increases 
oxidative stress and adhesion molecules and induces extracellular (ECM) remodeling thereby facilitating 
calcification; (C) NOAC treatment in combination with (D) supplemental vitamin K administration has the potential 
to prevent both hypercoagulability and inhibit vascular calcification. 

[67]. Indeed, dabigatran was shown to attenuate atherosclerosis development [77] and 
promote plaque stability [78]. 

5.3. Factor Xa and Atherosclerosis 

Like thrombin, FXa induces non-hemostatic signaling via PARs. However, in contrast 
to thrombin FXa interacts only with PAR-1 and PAR-2 [70, 79]. As with PAR-1, the 
expression of PAR-2 is upregulated in human vascular lesions [70, 80]. FXa has been linked 
to pathophysiological conditions, including inflammation, tissue fibrosis and vascular 
remodeling [81]. In line with this link, FXa has been shown to induce inflammatory signaling 
and increase expression of cell adhesion molecules [67]. Moreover, FXa induces 
proliferation and migration of VSMCs via activation of PAR-2 thereby altering the 
composition and accumulation of extracellular matrix [82, 83]. The in vivo importance of 
PAR-2 in the inflammation process is suggested by findings that PAR-2 deficient mice 
display lower inflammation in a model of arthritis [84] and from rat studies in which 
lipopolysaccharide and oxidative stress increased the expression of PAR-2 [85, 86].  

Taken together, the available data suggests that FXa has a role in atherosclerosis via 
its interaction with PAR-1 and PAR-2. Recently, treatment of atherosclerosis prone apoE-/- 

mice with rivaroxaban resulted in increased plaque stability [87]. Since FXa activates 
prothrombin it is tempting to speculate that inhibition of FXa also prevents thrombin-
mediated effects in atherothrombosis.  

6. Vitamin K Dependent Proteins and Calcification

Originally, vascular calcification was thought to be a passive process. The discovery 
of calcification inhibitors that actively prevent vascular calcification showed that it is a highly 
regulated process involving proteins and cellular components. The VKDP matrix Gla protein 
(MGP) is a local calcification inhibitor associated with calcifications in human lesions [88, 
89]. Other VKDP associated with vascular calcification are osteocalcin (OC) and the more 
recently discovered Gla Rich Protein (GRP) [90]. Moreover, MGP, OC and the downstream 
regulator bone morphogenetic proteins (BMP) 2 and 4 are associated with 
microcalcifications in early human atherosclerotic lesions [88]. Microcalcifications in 
atherosclerosis are associated with increased plaque vulnerability [91–94].  

6.1. Osteocalcin 

Like all VKDP proteins, OC requires vitamin K for the γ-glutamylcarboxylation of 
three glutamate-residues, which in turn confers functional protein activity. In tissues and the 
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Figure 3. Similarities in bone metabolism and vascular calcification. The calcification process can be divided into 
three stages: initiation, nucleation and crystal growth. In order to initiate mineralization resting chondrocytes and 
contractile vascular smooth muscle cells (VSMCs) lose calcification inhibitors. Moreover, vesicles derived from 
chondrocytes and VSMCs form a nidus for calcification. In both bone metabolism and vascular calcification the 
matrix plays an important role in the nucleation stage. In bone metabolism, an osteoblast matrix results in 
proliferation of chondrocytes. Likewise, a calcifying matrix consisting of elastin, collagen and Ca2+ and P 
accompany vascular calcification. Additionally, contractile VSMCs undergo phenotypic switching resulting in 
synthetic VSMCs, which have increased proliferation and migration in comparison to contractile VSMCs. Finally, 
osteoblasts and osteochondrogenic VSMCs induce crystal growth in bone metabolism and vascular calcification, 
respectively. 

circulation OC is present in both the carboxylated (cOC) and uncarboxylated (ucOC) 
conformations. OC is mostly associated with bone metabolism [95] where it promotes bone 
growth [96–98]. The processes of bone metabolism and soft tissue calcification are closely 
related, suggesting a possible role of osteocalcin in vascular calcification (Figure 3). As in 
bone metabolism, OC is thought to both promote [99] and inhibit [100–103] soft tissue 
calcification in order to regulate remodeling and mineralization [104]. It has been suggested 
that the inhibitory effect of OC on calcification is via mechanisms that prevent calcium and 
phosphate precipitation [17]. The role of OC in vascular calcification suggests the possibility 
that OC measurements can be used as a biomarker of calcification. OC-positive endothelial 
progenitor cells are elevated in patients with a history of cardiovascular events and were 
associated with calcification of coronary arteries [105, 106]. During atherosclerosis, VSMCs 
undergo phenotypic switching resulting in osteoblast-like VSMCs, which are prone to 
calcification. Calcifying VSMCs express OC [107] and thus increased circulating 
concentrations of OC may reflect vascular calcification. Indeed, calcification of osteoblast-
like VSMCs is associated with OC synthesis [108]. Furthermore, circulating levels of ucOC 
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could provide insights into the relationship between vitamin K status and calcification. 
Indeed, it has been shown that ucOC concentrations are an independent predictor of carotid 
artery calcification [109]. 

6.2. Matrix Gla Protein 

MGP is found in a wide range of tissues including heart, lungs, skin and the 
vasculature. In the vessel wall MGP is secreted by VSMCs [110]. Besides posttranslational 
carboxylation, MGP can also undergo serine phosphorylation. The precise role of the latter 
modification is not fully understood, but is thought to play a role in the secretion of MGP 
[111]. 

The pivotal role of MGP became clear from MGP-deficient mice, which all died within 
eight weeks after birth due to rupture of severely calcified arteries [112]. Analyses of the 
arteries revealed fragmented and calcified elastic fibers and the presence of 
osteochondrogenic-like cells. Surprisingly, the calcification phenotype of MGP−/− mice was 
not rescued by restoring circulating levels of MGP via hepatic MGP expression [113]. In 
contrast, restoring MGP expression in VSMCs rescued the vascular phenotype completely 
[113]. These data demonstrated that only VSMCs synthesis of carboxylated MGP (cMGP) 
is able to inhibit vascular calcification. MGP deficiency is also present in humans resulting 
in Keutel syndrome. Patients with Keutel syndrome suffer from abnormal soft tissue 
calcification [104] and have low levels of circulating cMGP [114]. 

Administration of warfarin results in similar calcification of arteries as observed in 
MGP−/− mice suggesting that warfarin-induced calcification is via impairment of MGP 
function [115]. Additionally, since warfarin chemically knocks down γ-carboxylated MGP 
it can be used as a model to investigate the role of MGP in vascular calcification [115]. 

There are several routes by which cMGP may inhibit calcification [110]. MGP is 
present in matrix vesicles and apoptopic bodies released from VSMCs [116]. In the presence 
of increased extracellular calcium MGP levels initially increase. However, when calcium 
levels are chronically elevated, MGP levels decrease [110]. Furthermore, MGP blocks 
VSMC phenotypic switching. Under physiological conditions, VSMCs display a contractile 
phenotype supporting vascular tone, and are not prone to calcify. In contrast, VSMCs 
undergoing synthetic or osteochondrogenic differentiation are susceptible to vascular 
calcification [17]. MGP−/− mice had decreased VSMC contractile markers and increased 
osteochondrogenic markers [112, 117]. The phenotypic switching of VSMCs is under the 
regulation of BMP 2 and 4, which in turn are inhibited by cMGP [118, 119]. MGP also 
directly inhibits calcium crystal growth by its ability to block nucleation sites through the 
binding of the negatively charged Gla domain and phosphorylated serine residues of MGP 
with growing hydroxyapatite crystals [120, 121]. Finally, MGP prevents mineralization of 
elastin fibers by shedding nucleation sites, this process being facilitated by the low molecular 
weight and small size of MGP allowing it to prevent mineralization within the elastin fibers 
[122, 123]. 
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6.3. Gla Rich Protein 

GRP, also termed Upper zone of growth plate and Cartilage Matrix Associated protein 
(UCMA), is a recently discovered VKDP highly conserved in animals and humans and 
involved in the inhibition of vascular calcification. Human gene expression and protein 
accumulation of GRP was shown in the fetal growth plate, vascular system and skin [124]. 
In human pathological conditions, GRP expression is associated with calcification of skin 
and arteries [90]. GRP has, like MGP, calcium-binding properties and acts as a calcification 
inhibitor [125]. The calcification-inhibitory effect of GRP is dose-dependent, requires γ-
glutamylcarboxylation, and is thought to act via inhibition of osteochondrogenic switching 
of VSMCs [125]. GRP knockout mice, however lack phenotypic alterations [126]. 

7. Role for Vitamin K in Cardiovascular Disease

The first evidence that vitamin K is associated with vascular health came from data 
from the Rotterdam study [127]. In this observational study the risk for cardiovascular 
disease was some 50% lower in people in the highest tertile for menaquinone dietary intake 
(MK4 through MK10) [127]. In epidemiological studies, dietary intakes of menaquinones 
(MK-4 through MK-10) have been reported to be associated with a reduced risk for 
cardiovascular mortality [127, 128]. Additionally, higher menaquinone intakes (MK-4 
through MK-10) or supplementation with MK-7 were associated with reduced calcification, 
which is presumed to be due to the improved γ-carboxylation and greater functional activity 
of VKDP [129, 130]. Finally, the long chain menaquinone isoprenologue MK-7 has been 
shown to have a greater impact on restoring coagulation compared to phylloquinone in VKA 
treated healthy volunteers indicating the overall better efficacy of MK-7 for the γ-
carboxylation of the coagulation VKDP synthesized in the liver [14, 131]. Explanations for 
the putative beneficial effect of MK-7 on the vascular system for the γ-carboxylation of MGP 
and GRP is that long chain menaquinones such as MK7 are mainly transported via low-
density lipoproteins and have a slower clearance rate from the circulation [13] as well as a 
higher co-factor activity for the γ glutamyl-carboxylase [132].  

In order to investigate the effect of vitamin K on the vascular system in humans a 
biomarker that reflects vitamin K status is required. Since vitamin K is essential for 
carboxylation of VKDP, the carboxylation status of VKDP can be used as a biomarker for 
vitamin K status. Dialysis patients have significantly increased levels of circulating 
uncarboxylated MGP (ucMGP) and reduced levels of cMGP indicative of a subclinical 
vascular vitamin K deficiency [133]. Moreover, circulating levels of ucMGP are positively 
associated with vascular calcification. Taken together, ucMGP seems a promising biomarker 
for vascular vitamin K status in relation to vascular calcification [89, 133–135]. Therefore, 
clinical studies investigating the effect of vitamin K on the vascular system and calcification 
use the carboxylation status of MGP as a biomarker [130]. Currently, clinical trials are 
ongoing to assess the effect of high intake of vitamin K on vascular calcification progression 
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[136]. In these clinical studies both phylloquinone and menaquinones are under investigation 
and can therefore provide novel insights into the differential effect of vitamin K forms on 
vascular calcification.  

8. Vitamin K and Direct oral Anticoagulation

Treating patients with hypercoagulability and vascular disease requires personalized 
medicine. Whereas both VKA and NOACs are equally suitable for treating 
hypercoagulability, VKA induces vascular calcification thereby affecting the vessel wall in 
a negative way (Figure 2a). Effects of NOACs on vascular calcification are not known yet, 
but are unlikely to affect VKDP activity (Figure 2b) [137]. Moreover, high intake of vitamin 
K has shown to inhibit and even reverse warfarin-induced vascular calcification in 
experimental animals [56, 138] and in adenine treated rats [52]. It is tempting to speculate 
that co-administration of vitamin K with anticoagulation therapy can target both coagulation 
and calcification. Since this co-administration is unsuitable with VKA [131], it should be 
investigated whether combining NOACs and vitamin K can be beneficial for both 
coagulation and calcification (Figure 2c). Presently, clinical trials assessing these aspects of 
co-administration are being conducted and the results of these studies should provide novel 
insights into personalized anticoagulation therapy [136].  

9. Conclusions

Currently, VKA are still the most widely prescribed drugs used for anticoagulation 
therapy. However, owing to the unfavorable pharmacokinetics and actions of VKA, direct 
thrombin and FXa inhibitors have been introduced as alternatives to VKA. Clinical studies 
have demonstrated that NOACs are non-inferior to VKA but are likely to lack the 
calcification-inducing side effect of VKA. Additionally, NOACs exert beneficial effects on 
atherogenesis via PAR signaling. Presently, ongoing clinical trials are addressing whether 
vitamin K supplementation can halt or regress vascular calcification. The outcome of these 
trials will pave the way to test whether co-supplementation of vitamin K with NOACs can 
benefit both coagulation and calcification.  
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Abstract 

Aims. Vascular calcification is a hallmark of atherosclerotic burden and can predict 
cardiovascular outcome. Vitamin K-antagonists (VKA) are widely used anticoagulant drugs 
to treat patients at risk of arterial and venous thrombosis, but are also known to increase 
vascular calcification progression. Here we aim to unravel the paradox that VKA suppress 
plasma coagulation but promote atherosclerosis-dependent coagulability of the vessel wall. 
Methods and results. Apoe-/- mice on western type diet enriched with the VKA warfarin 
showed increases in both atherosclerotic plaque progression and calcification. Higher plaque 
calcification was associated with increased plasma levels of thrombin-antithrombin and 
factor IXa-antithrombin complexes in mice and patients treated with VKA. Mechanistically, 
phenotypic switching of vascular smooth muscle cells (VSMC) into synthetic VSMC 
promotes thrombin generation, which is enhanced in a tissue-factor (TF)-dependent manner 
by VSMC calcification. Moreover, calcified VSMC exposed to whole blood under flow 
significantly enhanced platelet deposition and TF-dependent fibrin formation. 
Conclusions. Oral anticoagulation with VKA aggravates vascular calcification and 
atherosclerosis. VSMC phenotype differentiation influences coagulation potential in a TF-
dependent manner. Vascular calcification increases hypercoagulability and could thereby 
potentially positively affect atherothrombosis. 
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Introduction 

Vascular calcification is clinically assessed by computed tomography (CT), and is 
currently used as independent predictor of cardiovascular burden, event and mortality (1). 
Patients displaying vascular calcification are four times more likely to suffer from 
cardiovascular events in a time span of 3 to 5 years (2). Markedly, also an annual increase in 
vascular calcification has been found to be predictive for the risk of cardiovascular disease 
(3). Patients who experience a yearly >15% increases in vascular calcification are considered 
to have a 17 fold increased risk of myocardial infarction, when compared to patients without 
significant vascular calcification-progression (4). 

Despite the strong association between vascular calcification progression and 
cardiovascular outcomes, the mechanism of how calcification alters the atherosclerotic 
plaque is unclear and subject to debate. CT quantifies calcification volume and density, but 
because of the poor resolution only reflects macrocalcifications. CT is not able to detect 
microcalcifications, nor metabolic activity of calcification (5, 6). The presence of 
microcalcifications, also termed spotty calcification, is strongly associated with plaque 
progression and vulnerability (7, 8). While microcalcification is a key feature of high risk 
atheroma plaques, recent studies put forward that macrocalcification confers plaque stability 
(5, 9). The rationale for this comes from studies with intensive lipid-lowering therapy, 
showing reduces risk of cardiovascular events and at the same time accelerated progression 
of vascular calcification (7). Moreover, plaque volume correlates with increased 
cardiovascular events, whereas an inverse association has been reported between coronary 
artery calcification (CAC) density and cardiovascular events (8). 

Atherothrombosis is characterized by plaque rupture or progressive stenotic narrowing 
of the lumen to such an extent that platelet thrombi can occlude the vessel lumen completely. 
Such occlusive thrombi in coronary arteries would arrest flow and cause ST-segment 
elevation myocardial infarction (9). Acute coronary syndromes without ST-segment 
elevation results from an incomplete or transient obstruction of flow in the culprit coronary 
artery at a site of critical stenosis.  

Vitamin K-antagonist (VKA) treatment is used to reduce risk of recurrent thrombosis 
but as a side effect accelerates vascular calcification (10). Recently, VKA treatment was 
shown to be associated with increased arterial stiffness, higher LV mass, and decreased 
cardiac systolic function (11). Experiments in rodents have shown that VKA treatment shifts 
atherosclerotic plaques towards a vulnerable phenotype by inducing both medial and intimal 
calcification, increasing apoptosis and promoting inward remodeling (12). On the other hand, 
accelerated thrombin formation is predictive for presence and severity of CT angiographic 
coronary atherosclerosis (13).  

In this study we aim to unravel the apparent paradox that VKA lower coagulation 
tendency and induce atherosclerotic plaque progression and calcification yet increase 
hypercoagulability. 
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Materials and methods 

Experimental animals. Animal studies were performed under an approved protocol by the 
animal ethics committee of Maastricht University. Twelve-week-old female C57/BL6 Apoe-

/- mice were housed in climate-controlled cages under 12-hour day/night cycle with ad 
libitum access to food and water. Mice were fed an irradiated (0.9 Mrad) vitamin K-deficient 
Western type diet (WTD: 0.25% cholesterol and 15% cocoa butter, derived from Altromin, 
Lage, Germany). For the control group, the WTD was supplemented with vitamin K1 (5 
mg/Kg, Merck KGaA, Darmstadt, Germany) dissolved in corn oil. For the experimental 
group, this diet was supplemented with warfarin and vitamin K1 (3 mg/g warfarin + 1.5 mg/g 
vitamin K1, Merck KGaA, Darmstadt, Germany). Vitamin K1, counteracting warfarin 
effects in the liver was added in addition to warfarin in order to prevent bleeding, but 
allowing vitamin K-deficiency in the vasculature, such as described previously (15, 17). Mice 
were randomly assigned to receive control or warfarin diet for 18 weeks. 
After the treatment period of 18 weeks, mice were sacrificed, and blood was collected from 
the portal vein into 105 mM trisodium citrate. Plasma was prepared and aliquots were frozen 
at -80 o C until analysis. After bleeding, the mouse vasculature was washed by injection of a 
sterile isotonic buffer (40 mM Hepes, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2 and 2.5 mM 
CaCl2, pH 7.3) via the left ventricle. Aortas were harvested, dissected and fixed overnight 
into 1% (v/v) Hepes-buffered paraformaldehyde, containing 150 mM saline at 4˚C, before 
embedding into paraffin. 
Study population. In a cross-sectional observational study, we included 54 patients 
displaying paroxysmal atrial fibrillation (AF) with a low cardiovascular risk, who were 
treated with VKA (acenocoumarol). The patient cohort has been described previously (15, 
16). The patients were diagnosed of paroxysmal AF by cardiac multislice computed 
tomography (MSCT). Exclusion criteria were symptoms of untreated cardiovascular disease, 
hypertension, diabetes mellitus, hypercholesteremia, coronary artery disease, chronic kidney 
disease or heart failure. For each patient, Agatston score was calculated from CT scans, using 
a 3 mm slice thickness and a detection threshold of ³ 130 HU involving ³ 1 mm2 area/lesion 
(3 pixels). After scanning, blood was drawn by venipuncture into 3.2% trisodium citrate. 
Plasma samples were prepared and stored at -80 ˚C until analysis. 
Blood analysis. Warfarin levels in plasma were determined using HPLC. Plasma levels of 
total cholesterol and triglycerides were assessed using a Synchron LX20 (Beckman Coulter, 
Brea, USA). Factor IXa-antithrombin (FIXa:AT) and thrombin-antithrombin (TAT) complex 
levels were determined via in house developed assays, as described previously (17). 
Immunohistochemistry. Mouse aortic sections embedded in parafin were cut at 4 µm 
thickness. In selected sections, plaque size was determined by hematoxylin and eosin 
staining. In adjacent sections, plaque calcification was determined by staining with Alizarin 
Red S. Stained sections were analyzed by ImageJ Software. Other sections were 
immunostained with antibody against anti-uncarboxylated matrix Gla-protein (1:400; IDS, 
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Boldon, UK), in order to assess for vascular vitamin K deficiency (18). Visualization was 
with a HRP conjugated secondary antibody and Nova-RED substrate (Vector Labs, 
Amsterdam, the Netherlands). Two-dimensional image analysis was performed using a Leica 
Application Suite X microscope and software (Leica Microsystems, Wetzlar, Germany). 
Data were expressed as percentage coverage of plaque area, or as stated otherwise. 
Cell culture. Human primary vascular smooth muscle cells (VSMC) were derived from 
tissue explants from males and females aged between 18 and 65 years of age. The cells were 
cultured, as described (19). In brief, the VSMC were hold in DMEM medium (Gibco, 
Thermo Fisher Scientific, Paisley, Scotland, UK) supplemented with 20% fetal bovine serum 
(FBS), 100 U/mL penicillin and 100 µg/mL streptomycin. Cells were used between passages 
5 and 10. 
Flow cytometry. Matrix Gla protein (MGP) carboxylation status of VSMC was determined 
after fixing the cells in 4% paraformaldehyde. Hereafter, the cells were stained with primary 
antibody against uncarboxylated MGP (ucMGP) or against carboxylated MGP (cMGP, 
1:400; IDS, Boldon, UK), followed by a secondary FITC-labeled anti-mouse IgG (1:250, 
Hycult Biotechnology, Wayne, USA). MGP intensity was measured using flow cytometry. 
Tissue factor activity. Tissue factor (TF) activity was determined in lysates of VSMC, as 
previously described (20). 
Calcification assays. VSMC were placed in calcifying medium consisting of DMEM 
supplemented with 2.5% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin in the 
presence of additional 1.8 mmol/L CaCl2. After growing and incubation with warfarin (10-
100 µM), calcium deposits were assessed by the O-cresolphthalein method. Amounts of 
calcium deposits were normalized for protein content (micro BSA protein kit, Thermo Fisher 
Scientific, Paisley, UK). 
Thrombin generation. VSMC were cultured under low serum conditions (0.5% FBS) to 
obtain contractile VSMC. Contractile VSMC were plated in 12 wells until 80% confluence 
or incubated with PDGF (20 ng/mL, Merck GBaA, Darmstadt, Germany) to obtain synthetic 
VSMC, as described before (21). Synthetic cells remained in PDGF medium supplemented 
with or without 3.6 mmol/L additional CaCl2. After 48 hours, all types of cells were washed 
twice in HN buffer (Hepes buffered saline, pH 7.7) before collection in HN buffer containing 
0.5% BSA. Cell lysates were stored at -20 °C until analysis. Continuous thrombin generation 
was monitored in vitro by using the Calibrated Automated Thrombography (CAT) method 
(Thrombinoscope B.V., Maastricht, the Netherlands) (22). The reaction was triggered by cell 
lysate in the presence of either normal, factor XII- or factor VII-deficient plasma, lipids (4 
µM micro phosphatidylserine/phosphatidylcholine (PS/PC) vesicles) and fluorescent 
substrate plus calcium (FluCa). Active-site inhibited factor VIIa (ASIS; 30 nM) or corn 
trypsin inhibitor (CTI; 25 µg/mL) was added to block the intrinsic or extrinsic coagulation 
pathway. 
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Whole-blood microfluidics assay. For microfluidics tests, VSMC were cultured on glass 
cover slips in cell culture dishes. Prior to the flow experiments, VSMC were differentiated 
with PDGF (20 ng/mL) and subsequently incubated in the presence or absence of 3.6 mmol/L 
CaCl2. The glass cover slips with VSMC were placed in a Maastricht flow chamber, and 
perfused with recalcified human whole blood containing Alexa Fluor-647 fibrinogen for 7 
min at arterial wall-shear rate of 1000 s1 (23, 24) . After 7 min of flow, the cells were post-
perfused with rinse buffer to reveal staining of fluorescent fibrin (25) . Citrated blood samples 
from healthy subjects were used, supplemented with the contact activation inhibitor CTI or 
ASIS, added after blood collection. Images were analyzed using Fiji/Image J (26). 
Statistical analyses. In vivo data are presented as median with interquartile range. All in 
vitro data were obtained in three or more independent experiments in triplicates or more 
wells and data are expressed as mean with SD. Data were analyzed using Mann-Whitney T-
test or Kruskal-Wallis One-way ANOVA as indicated using PRISM software (GraphPad 
8.3.0, San Diego, US). Values of p < 0.05 were considered statistically significant. 

Results 

Apoe-/- mice were fed for 18 weeks as control with Western-type diet, or supplemented 
with warfarin, in order to determine the effect of warfarin on plaque progression and 
calcification (Supplemental Figure 1A). After 18 weeks, plasma triglycerides and cholesterol 
as well as animal body weights were similar between the two groups (Supplemental Table 
1). Warfarin treated mice showed high plasma levels of warfarin, in contrast to the control 
mice (Supplemental Table 1), thus confirming adequate uptake of warfarin from the diet.  

Supplemental Table 1. Model validation 

Control Warfarin 
Weight (gram) 23.8 ± 1.6 22.5 ± 1.7 

Cholesterol (mM) 21.27 ± 3.34 21.54 ± 3.07 

Triglycerides (mM) 2.77 ± 0.20 2.96 ± 0.28 

Warfarin (mg/L) 0 11.52 ± 5.81 

After 18 weeks of diet, the atherosclerotic plaques from mice treated with warfarin 
showed significantly increased vascular calcification, as compared to the control group 
(Figure 1A). In addition, warfarin treatment resulted in significant increased calcification of 
aortic valves (supplemental Figure 1B). Furthermore, warfarin diet for 18 weeks caused an 
enlarged atherosclerotic plaque size, compared to control diet (0.4 ± 0.16 mm2 vs. 0.54 ± 
0.21 mm2; p < 0.05, Figure 1B). Since vascular calcification is clinically used as a marker of 
atherosclerotic burden, we also determined plaque progression. This parameter was 
quantified as fold increase in plaque size between 6 and 18 weeks of treatment; quantification 
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Figure 1. Warfarin treatment increases plaque calcification. A) 18 weeks of treatment demonstrated that warfarin 
increased calcification compared to control treatment detected by Alizarin Red S staining. B) Plaque size was significant 
increased after 18 weeks of warfarin treatment compared to control treatment. C) Plaque progression, determined as fold 
increase of plaque size from 6 weeks towards 18 weeks of treatment, was significantly increased after warfarin compared 
to control.  

revealed that warfarin treatment significantly increased plaque progression, when compared 
to the control diet (3.8-fold vs. 7.6-fold; p < 0.001, Figure 1C).  

Warfarin is known to inhibit the enzyme vitamin K-epoxide reductase (VKOR), 
thereby interfering with the recycling of vitamin K resulting in the accumulation of 
uncarboxylated proteins (27). To verify this, we quantified uncarboxylated matrix Gla 
protein (ucMGP) in aortic atherosclerotic plaques (12). The ucMGP expression was 
significantly higher in the warfarin group (Supplemental Figure 1E). In addition, levels of 
ucMGP strongly correlated with extent of plaque calcification (r = 0.82, p < 0.01; 
Supplemental Figure 1F).  

Using cultured VSMC, we tested whether warfarin addition (10 µM for 48 or 72 hours) 
also could affect MGP carboxylation in vitro. Indeed, in cultured VSMC warfarin caused a 
time-dependent increase in ucMGP at the expense of carboxylated MGP (cMGP) 
(Supplemental Figure 1C). Additionally, warfarin increased calcification of VSMC in a dose-
dependent way (Supplemental Figure 1D). 

In patients with coronary artery disease, the severity of atherosclerosis, as measured 
by computed tomographic angiography, has been linked to accelerated thrombin generation 
(13). To evaluate this in the present setting, we determined the levels of thrombin-
antithrombin (TAT) and factor IXa:antithrombin (FIXa:AT) complexes in plasma from 
control and warfarin treated animals.  
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Supplemental Figure 1. Warfarin induced atherogenesis and vascular calcification is sex independent. A) Schematic 
overview of our experimental animal model. B) Warfarin treatment increased valve calcification after 18 weeks of treatment 
as compared to control. C) Warfarin (10 µM) induced a time-dependent switch in MGP carboxylation status towards an 
uncarboxylated (Glu residue) state. D) Warfarin treatment increased calcification in VSMC in a dose dependent manner. E) 
Uncarboxylated MGP (ucMGP) was increased in atherosclerotic plaques after 18 weeks of warfarin treatment compared to 
control treatment. F) ucMGP expression in the atherosclerotic plaque correlates (r = 0.82, p = < 0.01) with calcification 
detected by alizarin Red S.  
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Figure 2. Vascular calcification induces a prethrombotic state. A) Circulating Factor IXa-antithrombin (FIXa:AT) levels 
remained similar between warfarin and control treated mice after 18 weeks. B) Warfarin treated mice had significantly 
increased circulating thrombin-antithrombin (TAT) levels as compared to control mice. C) Stratification of all mice by 
calcification revealed a significant increase in circulating FIXa:AT ratio levels in mice with higher than the median 
calcification percentage. D) Stratification resulted in a borderline significant increase (p 0.068) of circulating TAT levels in 
mice with higher than median calcification percentage. 

Elevation in these complexes points to the presence of a prethrombotic state (17). 
Interestingly, levels of TAT but not of FIXa:AT complexes were markedly increased in mice 
treated with warfarin (Figure 2A, B). To assess a possible relation to extent of plaque 
calcification, we stratified control and warfarin treated mice based on median plaque 
calcification percentage (median; 58% calcification of plaques). We noted a significant 
increase in FIXa:AT levels (p < 0.01) and a close to significant increase in TAT levels (p = 
0.068) in animals with calcification exceeding the median (Figures 2C and D). 

Phenotypic switching of VSMC is known to play a crucial role in maintaining 
structural integrity of the blood vessel (28), and in vascular calcification (29). We used 
lysates of contractile, synthetic or calcified VSMC to investigate consequence of VSMC 
phenotypic switching on coagulation stimulation in normal plasma, by measuring thrombin 
generation parameters using the CAT assay. Typically, synthetic VSMC showed a shorter  
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Figure 3. Thrombogenicity of vascular smooth muscle cell phenotype. A) Using normal plasma, both synthetic (yellow) 
and contractile (red) VSMC were inducers of thrombin generation. Synthetic VSMC showed a shorter lag time (B), slighty 
increased ETP (C) and higher peak (D) and velocity (E)compared to contractile VSMC. F) Calcified VSMC (dark red) 
demonstrated a shorter lag time (G), similar ETP (H), higher peak (I) and velocity (J) as compared to synthetic VSMC 
(green).  

lag-time and increased thrombin peak height, velocity and endogen thrombin potential (ETP) 
when compared to contractile VSMC (Figure 3A-E). Lysates from calcified VSMC showed 
a slightly shorter lag-time and higher peak height and velocity, when compared to synthetic 
VSMC (Figure 3F-J). In order to eliminate a role of contact activation, further experiments 
were performed with factor XII deficient plasma. In this case, thrombin generation 
parameters were unaltered. However, administration of Active-site inhibited factor VIIa 
(ASIS), blocking the tissue factor (TF)-dependent coagulation pathway, prolonged the lag-
time and reduced the thrombin peak height, ETP and velocity in all VSMC phenotypes 
(Figure 4A-J). These findings were confirmed for synthetic and calcified VSMC using factor 
VII deficient plasma in the presence or absence of corn trypsin inhibitor (CTI; inhibitor of 
factor XIIa) or ASIS (Supplemental Figure 2).  



INTERPLAY BETWEEN CALCIFICATION AND COAGULATION 

53 

Figure 4. Intrinsic and extrinsic coagulation inhibition of vascular smooth muscle cell phenotype. Thrombin 
generations of contractile, synthetic and calcified VSMC were unaffected by factor XII deficient plasma compared to 
normal plasma (A and F). Supplementation of activated site inhibitor seven (ASIS) in factor XII deficient plasma increased 
lag time (B and G) and reduced ETP (C and H), peak height (D and I) and velocity (E and J) of all VSMC phenotypes 
synthetic. K) Contractile VSMC showed significant lower TF activity levels as compared to synthetic and calcified VSMC. 
Calcified VSMC show a significant increase in TF activity as compared to synthetic VSMC. 
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Supplemental Figure 2. Thrombin generation in VSMC is tissue factor dependent. A) In normal plasma, addition of 
ASIS increased lag time (B) and reduced ETP (C), peak height (D) and velocity (E) in synthetic and calcified VSMC lysates. 
F) Similarly, thrombin generation in FVII deficient plasma resulted in long lag times and short peak heights. Addition of 
CTI in FVII deficient plasma slightly increased lag times (G), reduced ETP (H), peak (I) and velocity (J) in synthetic and 
calcified VSMC.

Here, the use of factor VII deficient plasma or addition of ASIS reduced the thrombin peak 
height and prolonged the lag time. Since the extrinsic pathway seems key in VSMC-mediated 
activation of thrombin we measured TF procoagulant activity of VSMC lysates. TF activity 
was significantly increased in synthetic VSMC compared to contractile VSMC (Figure 4K). 
Moreover, calcified synthetic VSMC showed a further increase in TF activity, when 
compared to non-calcified synthetic VSMC (p < 0.05; Figure 4K). 

To further prove the TF-mediated procoagulant activity, we investigated the 
coagulation ability of calcified or non-calcified synthetic VSMC cultured in a microfluidic 
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Figure 5. Thrombogenicity of vascular smooth muscle cells under flow conditions. A) Synthetic VSMC were cultured 
on a glass coverslip under conditions stimulating calcification or not. The cells were then mounted in a Maastricht flow 
chamber, and subjected to perfusion with recalficied whole blood flowed for 7 min at wall-shear rate of 1000/s. Shown are 
representative images of platelet thrombus formation (brightfield), VSMC nuclei (DAPI, blue) and AF647-fibrin formation 
(red). B) Quantification of fluorescent fibrin formation, indicating an increase in the presence of calcification, and a 
reduction in the presence of either CTI or ASIS. C) Platelet deposition on calcified VSMC was reduced in the presence of 
ASIS.

device, when subjected to whole blood flow. Markedly, calcified VSMC showed an 
increased thrombin- dependent fibrin formation and denser platelet thrombus formation 
Figure 5A and B). To investigate whether the fibrin formation was induced via the intrinsic 
or extrinsic coagulation pathway, CTI or ASIS was added to the flowed blood. Using 
calcified VSMC, the CTI treatment resulted in an attenuation of fibrin formation (p < 0.05), 
whereas ASIS pre-treatment completely prevented fibrin formation (p < 0.01). Moreover, 
ASIS significantly reduced the platelet thrombus formation (Figure 5C). Together, these data 
indicate that VSMC calcification enhances the cellular coagulant activity, predominantly in 
a TF dependent manner.  

To further evaluate if patients with high vascular calcification show evidence for a pre-
thrombotic state, we analyzed the TAT and FIXa:AT levels in VKA treated patients with or 
without CAC. It appeared that the presence of CAC (Agatston score > 0) significantly 
associated with higher FIXa:AT levels, but not with TAT levels (Figure 6A and B, 
respectively). 
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Figure 6. Vascular calcification promotes a prethrombotic state in patients on VKA. VKA treated patients with 
coronary calcification (Agatston score > 0) compared to no coronary calcification (Agatston score 0) showed no difference 
on circulating TAT levels, (A) but significantly increased circulating FIXa:AT levels (B). 

Discussion 

In the present study we demonstrated that VKA treatment with warfarin increased both 
the progression and calcification of atherosclerotic plaques in atherosclerosis prone mice.  
Increased calcification was accompanied by overall increased plasma levels of TAT and 
FIXa:AT. We show that calcified synthetic VSMC express higher levels of TF-activity as 
compared to synthetic and contractile VSMCs. Furthermore, calcified VSMC caused 
significantly more platelet aggregation and fibrin formation when exposed to flowing whole 
blood as compared to non-calcified VSMC. Taken together our data indicate that 
calcification renders atherosclerotic lesions more prone to cause atherothrombosis.

Vascular calcification is highly prevalent in cardiovascular disease and is associated 
with increased cardiovascular mortality and morbidity (2). CAC strongly associates with 
atherosclerosis and progression of CAC is a strong predictor of future adverse cardiac events 
(4). VKA has been shown to increase vascular calcification (13, 30). Here we confirm that  
VKA treatment enhances atherosclerotic plaque calcification (12). Recently it has been 
shown that VKA treatment enhances calcification and increases plaque volume in patients 
with non-valvular atrial fibrillation undergoing coronary computed tomographic 
angiography with one-year follow up as compared to apixaban (31). It has been put forward 
that statin treatment is associated with a favorable cardiovascular outcome and increased 
vascular calcification, yet a lower plaque volume (32). Our data demonstrate that VKA 
treatment increases both calcification and atherosclerotic plaque size, indicating different 
mechanisms and impact on plaque stability (33). 

Vascular calcification has long been regarded as passive, an end-stage in vascular 
disease resulting from chronic inflammation. During recent years, this view has changed 
dramatically. Vascular calcification is now appreciated to be a regulated process involving 
active participation of VSMC (29). VKA-induced calcification is most likely mediated via 
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impaired carboxylation of vitamin K-dependent MGP and Gla Rich Protein (GRP) (18, 34). 
Gla residues in circulating coagulation factors, prothrombin in particular, also contribute to 
inhibition of vascular calcification (35). One of the strongest inhibitors of vascular 
calcification is MGP synthesized by VSMC (36). Increased levels of inactive MGP 
significantly correlates with increased vascular calcification in atrial fibrillation patients (15) 
and cardiovascular mortality in patients with coronary artery disease (37). Indeed, ucMGP 
positivity in the atherosclerotic plaque significantly correlated with amount of atherosclerotic 
plaque calcification, and also VSMC in vitro produced inactive ucMGP in response to VKA 
treatment. It is noteworthy to mention that we visualized atherosclerotic calcification using 
Alizarin Red S, a calcification stain that strongly correlates with the PET tracer NaF18 that is 
known to detect active calcification (38). 

Patients with no or very low CAC scores have low risk on future clinical CVD events 
compared to patients with higher CAC scores (39). Moreover, CAC score is used as marker 
for atherosclerotic plaque burden (1). This confront us with the intriguing and crucial 
question as to whether calcium deposits in atherosclerotic plaques contribute to plaque 
stability or increase plaque instability. Upon rupture of an atherosclerotic plaque, thrombosis 
occurs which is termed atherothrombosis. In the arterial circulation atherothrombosis causes 
myocardial infarction and stroke, the most common causes of death in the Western world 
(40). Platelets play a pivotal role in vascular occlusive disease where they contribute to fibrin 
formation and inflammation (41, 42). 

Because trace amounts of thrombin are continuously formed under physiological 
conditions, complexes of active serine proteases with their natural inhibitor, antithrombin, 
are always detectable. FIXa:AT reflects an early part of the coagulation cascade, immediately 
prior to factor X and prothrombin conversion. Additionally, TAT complex is a marker of 
downstream coagulation activity. Patients with increased CAC were shown to have increased 
FXIIa levels (43) and TAT complex levels (13, 44) . In low-risk paroxysmal atrial fibrillation 
patients increased FIXa:AT suggests an indication for future hypercoagulability (17). 
Subsequently, hypercoagulability promotes atherogenesis and atrial fibrillation (45, 46). We 
show that FIXa:AT ratio was significantly increased in presence of increased vascular 
calcification. Therefore, our data indicate that presence of calcification promotes a 
prethrombotic state. To further unravel the mechanism by which calcification activates 
coagulation, we used VSMC in vitro. Upon endothelial disruption, TF is released which 
ignites the extrinsic coagulation pathway via activation of FVII (47). VSMC normally 
express low levels of TF but during atherogenesis TF is expressed abundantly (48). In the 
atherosclerotic plaque, VSMC acquire a synthetic phenotype. Here we show that synthetic 
VSMC harbor significantly more TF activity compared to contractile VSMC and that 
calcified VSMC have even more TF activity, which is in line with increased endogenous 
thrombin potential (ETP).  

It has been shown that membrane-associated platelet polyphosphate is condensed into 
insoluble spherical nanoparticles with divalent metal ions such as calcium, and that these 
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calcium-phosphate particles activate factor XII (49). We showed that the initiation of 
coagulation was in part mediated via the intrinsic pathway but completely abolished by 
inhibition of the extrinsic pathway. The importance of TF activity of VSMC was shown in 
mice lacking VSMC derived TF, which had reduced thrombus formation after ferric chloride 
injury (50). It has also been shown that VSMC exposed to flow reveal a burst of TF 
expression (51), confirming involvement of the extrinsic coagulation pathway. Moreover, in 
aortic valves, TF expression was increased in calcified compared to non-calcified regions 
(52), suggesting that calcification correlates with TF expression. Local calcified vascular 
areas might initiate fibrin formation, which is known to promote atherogenesis and plaque 
instability (53). These data were confirmed by our in vitro flow experiments, showing that 
calcified VSMC caused significantly more fibrin formation. Taken together, this suggest that 
atherosclerotic calcified plaques harbor more TF activity, thereby driving atherothrombosis 
upon plaque rupture.  

Figure 7. Schematic overview of VKA and calcification on atherothrombosis. Short-term treatment of VKA induces 
systemic and local vitamin K deficiency. Long-term VKA treatment aggravates atherogenesis and results in increased 
vascular calcification. Vascular calcification induces a prethrombotic state priming for an increased risk on 
atherothrombosis.

In conclusion, our results show that long-term VKA treatment aggravates calcification 
and atherosclerotic plaque progression (Figure 7). VSMC phenotype switching promotes 
calcification and TF-dependent coagulation. Calcification of atherosclerotic plaques might 
be a lesion stabilizing process but it also renders the lesion more prone to cause 
atherothrombosis following rupture of the plaque. Our findings provide additional support to 
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the observed association between CAC and risk for future cardiovascular events. 
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Abstract 

Introduction: Vascular calcification is a strong predictor of cardiovascular outcome. 
Vascular calcification is in part mediated via loss of vitamin K dependent calcification 
inhibitor matrix Gla protein (MGP). Vitamin K supplementation has been shown to protect 
development of medial calcification and thus provides a promising intervention potential. 
However, the effect of vitamin K on intimal calcification remains unknown. Therefore, we 
questioned whether vitamin K supplementation holds progression of atherosclerotic plaque 
calcification. 
Method: Female Apoe-/- mice were placed on western type diet (WTD) or WTD 
supplemented with warfarin (Warfarin) for 18 weeks. Additionally, after 6 weeks of initial 
warfarin supplementation diet was substituted to WTD without (Ctrl) or with vitamin K2 
(MK7). Aortic arches were used to assess effects of vitamin K on atherosclerotic plaque 
development and calcification by (immuno)histochemical analyses. Moreover, in vitro 
effects of warfarin and MK7 on vascular smooth muscle cells (VSMC) were determined.  
Results: Warfarin induced local vitamin K deficiency as shown by significant elevated 
vascular uncarboxylated MGP, which was accompanied by significantly increased intimal 
atherosclerotic plaque size and calcification compared to WTD. Substituting warfarin to Ctrl 
or MK7 significantly attenuated atherosclerotic calcification. Moreover, switching to MK7 
significantly reduced plaque size and oxidative stress compared to continuing warfarin, while 
increasing collagen content of atherosclerotic plaques compared to Ctrl. Exogenous injected 
fetuin-A-alexa488, a fluorescent calcification binding probe, showed significant reduced 
atherosclerotic plaque uptake after MK7 compared to warfarin and Ctrl. In vitro, MK7 
reduced and attenuated warfarin induced VSMC oxidative stress and extracellular vesicle 
release and subsequent calcification.  
Conclusion: VKA induces vitamin K deficiency and aggravates atherosclerosis and 
calcification. Stopping VKA treatment resulted in less atherosclerosis and calcification. 
Switching to MK7 supplementation reduced atherosclerotic plaque progression and 
improved markers of plaque stability. The beneficial effects of restoring vitamin K status in 
the vessel wall are probably mediated by direct effects on VSMC. Our data support clinical 
trials testing the hypothesis that vitamin K treatment can hold progression of atherosclerosis 
and vascular calcification. 
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Introduction 

Vascular calcification is associated with increased risk of all-cause cardiovascular 
mortality (1). Coronary artery calcification (CAC) develops with atherosclerosis and is 
measured to predict cardiovascular events (2). In an observational study of 25,253 
asymptomatic patients, a CAC score higher than 1,000 was correlated with a 16% lower 10-
year survival rate, even after the adjustments for risk factors, such as age, 
hypercholesterolemia, diabetes, smoking, hypertension, and a family history of premature 
coronary heart disease (3). Additionally, annual increase of vascular calcification predicts 
cardiovascular events (4, 5). Location, size and activity of vascular calcification determine 
to worsening cardiovascular outcome. Micro- and metabolic active calcification increase 
plaque vulnerability and thus risk on myocardial infarction and stroke (6).  

While initially thought of as a passive process, vascular calcification is now accepted 
to be highly regulated by vascular smooth muscle cells (VSMC) and calcification inhibitory 
proteins. Vitamin K antagonist (VKA), used as antithrombotic agent, is associated with 
increased vascular calcification (7). VKA induce vascular calcification in part by loss of 
vitamin K-dependent calcification inhibitor matrix Gla protein (MGP) (8). The function of 
MGP was highlighted in MGP deficient mice, which developed severe vascular calcification 
leading to death by ruptured vessels within 6 weeks of birth (9). In vivo mutagenesis 
experiments showed that the calcification inhibitory function of MGP requires the Gla-
residues (10), which are formed with the aid of vitamin K and thus inhibited by VKA. 
Elevated uncarboxylated MGP (ucMGP) is localized around areas of vascular calcification, 
suggesting lack of inhibition (11). Also increased circulating levels of inactive MGP have 
been shown to correlate with vascular calcification (12, 13) and cardiovascular mortality (14, 
15). 

An extensive list of potential medications that address vascular calcification has been 
compiled (16). However, most of these have only been studied in preclinical models, lack 
clinical research or have serious side effects. Of all enlisted drugs, vitamin K seem to have 
great potential considering that it is safe and cost-effective for inhibiting vascular 
calcification. MGP requires vitamin K unequivocally for its activity. Indeed, high vitamin K 
supplementation has been shown to stabilize or inhibit medial calcification in pre-clinical 
models of VKA-induced calcification (8, 17). Data from epidemiological studies have 
pointed out an important role of vitamin K as a potentially protective factor for 
cardiovascular health. People with the highest intake of food rich in vitamin K2 had a 
significantly reduces cardiovascular risk and vascular calcification (18-20).  

Increasing dietary vitamin K intake or oral vitamin K supplementation is relatively 
easy and cost effective and thus it is intriguing to speculate about a favorable risk-benefit 
ratio. Vitamin K supplementation appears to be safe and the WHO has set no upper tolerance 
level for vitamin K intake (21). Indeed, vitamin K has been shown to hold progression of 
vascular (22) and valvular (23) calcification. Vitamin K2 subtype menaquinone-7 (MK7) has 
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been shown to dose-dependently reduce inactive MGP concentrations (24, 25). Currently, 
several clinical trials are testing the hypothesis whether MK7 supplementation holds 
progression of CAC (VitaK-CAC (NCT01002157) and BASIK2 (NCT02917525)). Here, we 
studied the effect of vitamin K (MK7) supplementation on atherosclerotic plaque 
development and calcification. 

Materials and methods 

Animals. All animal studies were performed under an approved protocol by the ethics 
committee for animal experiments of Maastricht University. Twelve-week-old female 
C57BL6 Apoe-/- mice were purchased from Charles River (Den Bosch, The Netherlands) and 
housed in climate-controlled spaces under 12-hour day/night cycle with ad libitum access to 
food and water. All mice were fed an irradiated (0.9Mrad) vitamin K-deficient Western Type 
Diet (WTD: 0.25% cholesterol and 15% cocoa butter, derived from Altromin, Germany). 
WTD was supplemented with in corn oil dissolved vitamin K1 (5 µg/g; Merck KGaA, 
Darmstadt, Germany) for control, warfarin (3 mg/g warfarin, Merck KGaA, Darmstadt, 
Germany) and vitamin K1 (1.5 mg/g) for VKA treatment or vitamin K2 (MK7; 100 µg/g, 
kindly supplied by Nattopharma, Oslo, Norway) for vitamin K supplementation. Vitamin 
K1, antagonises the effect of warfarin in liver, yet has little to no effect in extrahepatic tissue 
(26). Therefore, vitamin K1 is co-administered with warfarin to prevent bleedings, yet 
introducing vitamin K-deficiency in the vasculature (27).  
Mice were randomly assigned to receive WTD without (WTD) or with warfarin (Warfarin) 
for 18 weeks. After 6 weeks of warfarin diet, part of the animals was placed on WTD (Ctrl) 
or WTD supplemented with MK7 (MK7) for another 12 weeks of treatment (Figure 1A). 
Mice that received warfarin were intraperitoneally injected with fetuin-A-Alexa488 24 hours 
before sacrificing.  
After treatment periods, mice were sacrificed and blood was collected via the portal vein in 
105 mM trisodium citrate and plasma aliquots were frozen at -80 o C until analysis. Next, the 
vasculature was washed with a sterile binding buffer (40mM Hepes, 150mM NaCl, 5mM 
KCl, 1mM MgCl2 and 2.5mM CaCl2, pH 7.3) via the left ventricle. The aortic arch was 
dissected and fixated overnight in 1% (v/v) HEPES-buffered formaldehyde containing 
150mM saline at 4˚C before being embedded in paraffin. Sections were cut at 4 µm thickness. 
Blood analysis. Total plasma cholesterol was assessed with the Synchron LX20 (Beckman 
Coulter, Brea, USA). Vitamin K concentration in plasma was determined using HPLC as 
described previously (28). 
Histochemical analysis. Plaque size was determined by hematoxyline and eosine (HE) stain 
and analysed using ImageJ software. Plaques were analysed for calcification (alizarin Red 
S), collagen (picro Sirius red), necrotic core (Toluidine blue) and number of elastin breaks 
(Elastica von Gieson). Elastin breaks found in the medial layer beneath the atherosclerotic 
plaque were scored using a scoring system ranging from 0 to 4; 0, no breaks; 1, one-three 
breaks; 2, four-six breaks; 3, seven-nine breaks and 4, 9 > breaks. 
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Immunohistochemistry was used to further examine plaque phenotype. Plaques were 
assessed for uncarboxylated matrix Gla protein (ucMGP, 1:400; IDS, Boldon, UK), 
carboxylated MGP (cMGP, 1:400; IDS, Boldon, UK), oxidative stress (8-hydroxyguanisine 
1:300; Meridian Life Science, Tennessee, USA), alpha-SMA (1:400, Merck KGaA, 
Darmstadt, Germany), MAC3 (1:50, Biosciences, San Jose, United States) and to visualize 
injected fetuin-A-488 (anti-Alexa488 1:5000; Invitrogen, California, USA). HRP conjugated 
secondary antibodies were visualized with Nova-RED substrate (Vector Labs, Amsterdam, 
the Netherlands). 2D analysis quantification was performed using Leica Application Suite X 
(Leica Microsystems, Wetzlar, Germany).  
Vascular smooth muscle cells. Human primary vascular smooth muscle cells (VSMC) were 
obtained from human aortic tissue explants obtained from males and females aged between 
18 and 65 years of age. VSMCs were cultured in DMEM medium (Gibco, Thermo Fisher 
Scientific Inc, Paisley, Scotland, UK) supplemented with 20% fetal bovine serum (FBS), 100 
U/mL penicillin and 100 µg/mL streptomycin. Cells were used between passage 5 and 10.  
qPCR. RNA extraction, cDNA synthesis and qPCR were performed as described previously 
(29). The following primers were used: Nrf2 forward; 5’-
CAGCGACGGAAAGAGTATGA-3, Nrf2 reverse; 5’-TGGGCAACCTGGGAGTAG-3, 
GAPDH forward; 5’-AACGGATTTGGTCGTATTGGGC-3, GAPDH reverse; 5’-
CTTGACGGTGCCATGGAATTTG-3. 
In vitro calcification measurement. VSMC were plated in a 24 well plates to adhere 
overnight in culture medium. Next, VSMC were placed in calcifying medium consisting of 
DMEM supplemented with 2.5% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin 
in the presence of an additional 1.8 mmol/L calcium in addition of stimulus. Calcium deposits 
were assessed by O-cresolphthalein and calcium content was normalized for protein content 
(micro BSA protein kit, Thermo Fisher Scientific Inc, Paisley, Scotland, UK).  
Extracellular oxidative stress in VSMC. To determine oxidative stress, we measured 
extracellular ROS using Amplex Red, which detects hydrogen peroxide or peroxidase 
activity. VSMC were seeded in a 96-well which were allowed to adhere overnight. After 24 
hours of treatment, cells were washed twice and placed in the presence of stimulus in Krebs-
Ringer Phosphate Glucose buffer (KRPG; 145mM NaCl, 5.7mM sodium phosphate, 4.86 
mM KCl, 0.54mM CaCl2, 1.22mM MgSO4, 5.5mM glucose, pH 7.4) mixed 1:1 with 
Amplex Red mixture (50 μM Amplex Red (Thermo Fisher Scientific Inc, Waltham, MA, 
USA) and 0.1 U/ml HRP. Fluorescence (excitation wavelength 544nm; emission wavelength 
590nm) was measured using the Cytation 3 Cell Imaging Multi-Mode Reader (BioTek 
Instruments Inc., Winooski, VT, USA). To normalize for cell number, total protein content 
was measured using a micro BCA protein assay kit from Thermo Scientific (Thermo Fisher 
Scientific Inc, Waltham, MA, USA) according to the manufacturer’s instructions. 
Intracellular VSMC hydrogen peroxide. To identify intracellular ROS, we used the cell 
permeable fluoregenic substrate 2 ,7 - dichlorofluorescein diacetate (DCFDA, Merck KGaA, 
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Darmstadt, Germany) which is oxidized to 2 ,7 –dichlorofluorescein in the presence of 
reactive oxidants.  
VSMC were seeded in a 96-well plate and left to adhere overnight. Next, culture medium 
was replaced by Krebs-Ringer Phosphate Glucose buffer (KRPG; 145mM NaCl, 5.7mM 
sodium phosphate, 4.86 mM KCl, 0.54mM CaCl2, 1.22mM MgSO4, 5.5mM glucose, pH 
7.4) in the presence of 20 µM DCFDA for 60 min in the dark at 37 °C and 5% CO. After 
washing, cells were incubated with stimulus in combination with 1 µg/mL Hoechst and 
fluorescence was measured (Excitation 485, Emission 529) with a Cytation 3 Cell Imaging 
Multi-Mode Reader (BioTek Instruments Inc., Winooski, VT, USA) for a total of 30 minutes. 
Fluorescence intensity was corrected for background and normalized to cell count.  
Extracellular vesicle quantification. VSMC cells were seeded in a 12-well plate and 
allowed to adhere overnight. Next, VSMC were placed in low serum conditions (0.5% FBS) 
with stimulus for 24 hours, after which medium was collected. Medium was centrifuged at 
3000 x g for 15 minutes and incubated with CD-63 (BD Bioscience, San Jose, United States) 
coupled beads overnight. After washing with PBS-2% BSA, beads were incubated with a 
secondary antibody anti-CD-81-APC (1:50, BD Bioscience, San Jose, United States) and 
incubated for 60 minutes in the dark. After washing, beads were placed in Hepes buffer with 
additional 2.5 mM Ca2+ and 250 ng/mL Alexa-647 labelled AnnexinA5. Hereafter, 
extracellular vesicles were detected by flow cytometry (Accuri C6, BD bioscience, San Jose, 
United States). Exosome secretion is expressed as arbitrary units, which were calculated as 
follow: median fluorescence was multiplied by percentage positive beads and this was 
normalized for cell number, as described before (29). 
Statistical analyses. In vivo data are presented as median with interquartile range or stated 
otherwise. All in vitro data were obtained in three or more independent experiments in 
triplicates or more wells and data are expressed as mean with SD. Data were analysed using 
Mann-Whitney T-test or Kruskal-Wallis One-way ANOVA as indicated using PRISM 
software (GraphPad 8.3.0, San Diego, US). Values of p < 0.05 were considered statistically 
significant. 

Results 

Mice were fed a western type diet (WTD) or WTD supplemented with warfarin 
(Warfarin) for 18 weeks. Additionally, mice were fed a warfarin diet for 6 weeks, after which 
the diet was substituted to WTD supplemented without (Ctrl) or with MK7 supplementation 
(MK7) (Figure 1A, schematic experimental overview). Weight and cholesterol levels were 
unaltered between groups after 18 weeks of treatment (Table 1). MK7 supplementation was 
confirmed in plasma of mice. Here, mice receiving MK7 supplementation showed a mean of 
69 µg/L MK7 and 2 µg/L of MK4 levels in blood plasma, while both forms of vitamin K2 
were absent in treatment without MK7 supplementation (Table 1).  
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Table 1. Model validation. 
WTD Warfarin Ctrl MK7 

Weight (g) 23.82 ± 1.6 22.5 ± 1.93 23.87 ± 0.99 23.28 ± 1.81 
Cholesterol (mM) 21.27 ± 3.34 20.56 ± 4.26 19.23 ± 4.75 19.91 ± 5.84 

MK7 (µg/L) - - - 69 ± 11 
MK4 (µg/L) - - - 2 ± 0.8 

Vitamin K metabolism in atherogenesis and calcification. 

First, we tested effect of long term warfarin treatment on the vasculature. After 18 
weeks of treatment, calcification was significantly increased in warfarin treated animals 
compared to WTD control (median of 66% and 21% of plaque area, respectively; Figure 1B). 
Moreover, 18 weeks of warfarin treatment resulted in a significant increase in plaque size 
compared to WTD (median of 0.40 mm2 vs 0.57 mm2; p < 0.05; Figure 1C).  

Next, we treated animals for 6 weeks with warfarin, after which mice were split and 
put on control or MK7 diet for another 12 weeks (Figure 1A). In animals treated for 6 weeks 
with warfarin, no calcification could be detected histochemically using Alizarin Red S stain 
(data not shown). Substitution to Ctrl and MK7 showed significant reduction in amount of  

Figure 1. Warfarin increase atherosclerotic calcification and progression after 18 weeks of treatment. A) 
Schematic overview of animal experiment. B) Warfarin treatment significantly increased calcification compared to 
WTD treatment. Switching from warfarin to Ctrl or MK7 supplementation significantly reduced calcification to 
similar levels are WTD. C) Plaque size (mm2) was significantly increased after warfarin treatment compared to 
control. MK7 supplementation significantly reduced plaque size compared to warfarin. Data is presented as median 
with interquartile range. Statistical significance was assed using Kruskal-Wallis test, * p < 0.05, **. 
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calcification compared to warfarin and same calcification area as compared to WTD (p < 
0.05; Figure 1B). Switching from warfarin diet to Ctrl or MK7 resulted in a plaque size 
similar to WTD (0.38 mm2 plaque size), with a significant attenuation in plaque size of MK7 
compared to warfarin (0.33 mm2 plaque size; Figure 1C). 

To test for local vitamin K deficiency, uncarboxylated MGP (ucMGP) in the 
atherosclerotic plaque was determined. Warfarin treatment for 18 weeks significantly 
increased ucMGP positivity in the atherosclerotic plaque compared to WTD (p < 0.001; 
Figure 2A). Although switching from warfarin to either control or MK7 reduced ucMGP, no 
significant difference was found (Figure 2A). In contrast, MK7 significantly increased cMGP 
in atherosclerotic plaque compared to Ctrl (2.9% vs 0.5% of plaque area; Figure 2B). No 
significant difference in cMGP was observed between warfarin and WTD or Ctrl.  

Figure 2. Vitamin K metabolism in atherosclerotic plaques. A) 18 weeks of warfarin treatment significantly 
increased uncarobxylated MGP (ucMGP) presence compared to control. No significant difference was found in 
ucMGP presence after switching to Ctrl or MK7 in atherosclerotic plaques. B) MK7 supplementation significantly 
increased presence of carboxylated MGP (cMGP) in atherosclerotic plaques compared to Ctrl. C) Visualization of 
intraperitoneal injected fetuin-A-Alexa488 demonstrated a significant reduction after MK7 supplementation compared to 
warfarin and Ctrl treatment. Data is presented as median with interquartile range. Statistical significance was assed 
using Kruskal-Wallis test, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Warfarin treated animals received an intraperitoneal injection of fluorescently labelled 
fetuin-A-Alexa488, 24 hours before sacrifice. Fetuin-A is a calcification inhibitor with strong 
affinity for calcium-crystals (30). Moreover, fetuin-A is internalized and secreted by VSMC 
vesicles (29, 31). Fetuin-A-Alexa488 was detected by an HRP-labelled antibody directed 
against the fluorophore Alexa488. Visualization revealed high presence of fetuin-A-
Alexa488 in atherosclerotic plaques after warfarin treatment (20.5 % of plaque volume; 
Figure 2C). Switching to MK7 showed a significant reduction of fetuin-A presence in 
atherosclerotic plaques (1.2% of plaque volume) compared to warfarin (p < 0.01) and Ctrl 
(11.2% of plaque volume; p < 0.05; Figure 2C). Fetuin-A was also present in the medial and 
adventitial layer, however this was similar between all treatment. 

MK7 promotes plaque stability 

MK7 substitution significantly reduced oxidative stress (as measured by positive 8-
OHdG stain) in the plaque compared to 18 weeks of warfarin treatment (23% vs 57% of 8-
OHdG+ cells for MK7 and warfarin respectively; Figure 3A). No difference was observed 
in intraplaque oxidative stress between WTD and warfarin treated groups after 6 weeks of 
treatment (data not shown), but was significantly increased in warfarin treated mice after 18 
weeks of treatment (Figure 3A). Additionally, elastin breaks in the medial layer under the 
plaque and collagen content of the plaque were measured as markers of plaque vulnerability. 

Figure 3. MK7 promotes plaque stability. A) Warfarin significantly increased oxidative stress in the atherosclerotic 
plaque, as visualized by 8-OhDG, compared to control. MK7 significantly reduced oxidative stress in atherosclerotic 
plaques compared to 18 weeks of warfarin treatment. B) MK7 treatment significantly increased collagen in 
atherosclerotic plaques compared to warfarin treatment. Data is presented as median with interquartile range. 
Statistical significance was assed using Kruskal-Wallis test, * p < 0.05, ** p < 0.01.
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Table 2. Plaque characteristics after 18 weeks of treatment. 

 WTD Warfarin Ctrl MK7 
Elastin breaks (score) 1.56 ± 0.77 2.5 ± 0.57 * 2.07 ± 0.44 2.2 ± 0.6 

Necrotic core (% of plaque) 5.8 ± 4.38 7.91 ± 10 17.18 ± 17.1 9.97 ± 8.48 
aSMA+ cells (% of plaque) 1.82 ± 1.32 1.46 ± 1.26 1.48 ± 1.31 1.11 ± 0.6 
MAC3+ cells (% of plaque) 5.37 ± 4.1 5.33 ± 5.28 5.89 ± 3.98 10.66 ± 7 

No difference in medial elastin breaks was observed after 6 weeks of treatment between 
WTD and warfarin treatment (data not shown). However, 18 weeks warfarin treatment 
significantly increased elastin breaks compared to control (p < 0.01; Table 2). No significant 
difference was observed after switching from warfarin diet to either Ctrl or MK7 
supplemented diet. No difference was observed between warfarin and Ctrl in collagen 
content of atherosclerotic plaques (Figure 3B). Switching to MK7 supplementation increased 
collagen content in atherosclerotic plaques compared to warfarin (p = 0.099) and was 
significantly increased compared to Ctrl (9.1%, 6.9% and 17.4% of plaque volume for 
warfarin, Ctrl and MK7 treated groups respectively; Figure 2B). Plaque parameters of 
necrotic core size, aSMA+ and MAC3+ cells showed no significant difference between any 
groups (Table 2). 

Warfarin treatment of human vascular smooth muscle cells increases calcification. 

VSMC have been shown to be pivotal players in vascular calcification and  

Figure 4. Antioxidant properties of Vitamin K in vascular smooth muscle cells. A) Warfarin treatment increased 
calcification of VSMC and warfarin induced calcification can be blocked by co-stimulation with MK7. B) Warfarin 
treatment increased extracellular oxidative stress in a dose dependent manner after 24 hours of stimulation C) Direct 
warfarin stimulation induced dose-dependent intracellular oxidative stress, which is blocked by co-stimulation with 
MK7. D) Direct MK7 stimulation reduced intracellular oxidative stress in VSMC compared to control. E) 
Stimulation of VSMC with warfarin and MK7 reduced and increased Nrf2 mRNA levels, respectively. Data is 
presented as mean ± SD. Statistical significance was assed using t-test or Kruskal-Wallis test when applicable, * p 
< 0.05, ** p < 0.01, **** p < 0.0001. 
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atherogenesis development. Therefore, we tested the effect of warfarin and MK7 on VSMC 
in vitro. Warfarin significantly increased calcification of VSMC compared to vehicle control 
(Figure 4A). To test whether warfarin induced calcification is vitamin K dependent, warfarin 
was cotreated with an equal dose of MK7. Warfarin induced VSMC calcification was 
completely prevented by MK7 (Figure 4A). 

MK7 reduces oxidative stress and protects from warfarin induced ROS. 

Switching diet from warfarin to MK7 reduced oxidative stress in atherosclerotic plaques. 
Therefore, we examined the role of warfarin and MK7 on VSMC oxidative stress. Incubating 
VSMC for 24 hours with warfarin significantly increased extracellular peroxide levels in a 
dose dependent manner compared to control treated VSMC (1.4 and 2.1-fold increase for 10 
and 100 µM warfarin, respectively; Figure 4B). Moreover, incubation of VSMC with 
warfarin induced a significant dose dependent increase in intracellular ROS (2.5-fold; p < 
0.05 and 3.7-fold; p <0.001 for 25 µM and 50 µM of warfarin, respectively; Figure 4C). 
Stimulation of VSMC with a combination of warfarin and MK7 prevented increased 
intracellular ROS levels (p < 0.001; Figure 4C). Moreover, MK7 significantly reduced 
intracellular ROS levels compared to control (66% of control levels, p < 0.05; Figure 4D). 
The master transcription regulator of oxidative stress is nuclear factor erythroid 2-related 
factor 2 (Nrf2). Therefore, we assessed the impact of vitamin K and warfarin on mRNA level 
of nuclear factor Nrf2. Warfarin stimulation significantly reduced Nrf2 levels compared to 
control (0.65-fold; p < 0.05), whereas MK7 significantly increased Nrf2 mRNA levels 
compared to both control (1.5-fold; p < 0.05)) and warfarin (p < 0.01), respectively (Figure 
4E).  
MK7 counteracts warfarin induced extracellular vesicle release. 

Extracellular vesicles have been associated with vascular calcification by forming a nidus for 
calcification (29). Reduced fetuin-A presence in plaques of MK7 treated mice might be a 
result of altered extracellular vesicle uptake or secretion. Presence of fetuin-A in vesicles 
promotes vesicles phagocytosis and blocks vesicle-mediated VSMC calcification. Therefore, 
we determined quantity of extracellular vesicles secreted by VSMC when incubated with 
either warfarin or MK7. After 24 hours of stimulation, warfarin significantly increased 
extracellular vesicle number in culture medium (2.2-fold; p < 0.01), which was inhibited by 
simultaneous stimulus of MK7 (p < 0.05; Figure 5A). MK7 treatment significantly reduced 
extracellular vesicle number compared to control (0.86-fold of control; Figure 5B). To test 
whether phagocytosis potential would be affected, we detected phosphatidylserine on 
extracellular vesicles using AnxA5-FITC. Warfarin treatment significantly increased 
phosphatidylserine exposure on extracellular vesicles compared to control and MK7 
treatment, while no difference was present between control and MK7 (Figure 5C). 
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Figure 5. Vitamin K metabolism and extracellular vesicles in vascular smooth muscle cells. A) 24 hours of 
warfarin treatment increased extracellular vesicles in the medium. Warfarin increased extracellular vesicles numbers 
was blocked by co-stimulation with MK7. B) MK7 reduced extracellular vesicle numbers compared to control, after 
24 hours. C) Warfarin significantly increased phosphatidylserine (PS) exposure on extracellular vesicles compared 
to control and MK7. Data is presented as mean ± SD. Statistical significance was assed using t-test or Kruskal-
Wallis test when applicable, * p < 0.05, ** p < 0.01. 

Discussion 

In this paper we show that warfarin aggravates atherosclerosis and calcification and 
that discontinuing warfarin treatment results in attenuation of both atherosclerosis 
progression and calcification. Supplementation of MK7 improves plaque stability, in part via 
direct effects on VSMC by reducing oxidative stress and extracellular vesicle release. Our 
data support clinical trials that test the hypothesis whether MK7 supplementation has 
beneficial effects on the cardiovascular system. 

Long term warfarin treatment results in increased calcification and plaque progression. 
In patients, VKA duration is associated with more vascular calcification (8, 32, 33) and 
increased intraplaque haemorrhages (34). Additionally, duration of VKA treatment is 
associated with a negative outcome in subclinical phenotypes of cardiovascular disease and 
promoting of disease development (32, 35). VKA treatment negatively influences 
atherosclerosis by increasing atherosclerotic plaque vulnerability (8, 36). Although it is 
generally accepted that long term VKA treatment induces vascular calcification, short term 
treatment of VKA is regarded as safe without detrimental side-effects. Therefore, we tested 
whether discontinuation of VKA treatment would prevent long term detrimental vascular 
effects. Discontinuing VKA prevented long term detrimental effects on vascular calcification 
and atherosclerosis progression. Additional MK7 supplementation did not further attenuate 
atherosclerosis progression and calcification, likely because of sufficient vitamin K intake in 
control treated animals (37).  

Previous reports have shown that high vitamin K2 intake prevents medial calcification 
(17, 38, 39). In our study we specifically focussed on atherosclerotic plaque calcification, 
which is distinct from medial calcification (40). Intimal calcification is linked to vitamin K 
deficiency (8) but also to inflammation and increased oxidative stress (41, 42). This 
corroborates our findings of ucMGP presence in atherosclerotic plaques, highlighting the 
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large variation in vitamin K-status in both control and MK7 treated animals. High vitamin K 
has been shown to have limited effects on ucMGP levels but significantly increases 
carboxylated MGP levels (43). Indeed, MK7 significantly increased presence of cMGP in 
atherosclerotic plaques compared to discontinuing of warfarin. 

MK7 treated animals displayed reduced levels of oxidative stress in the atherosclerotic 
plaques. We provide in vitro evidence that warfarin rapidly increased intracellular VSMC 
oxidative stress and subsequent extracellular vesicle release. It has been shown that both 
oxidative stress and extracellular vesicle release are features of synthetic VSMCs (44) and 
involved in atherosclerosis progression and calcification (42, 45, 46). Cellular oxidative 
stress is under the control of the master regulator Nrf2, which has been associated with 
VSMC calcification (47) and Nrf2 activation in VSMC has been shown to have protective 
effects on atherosclerosis (48). Downstream of Nrf2 is NAD(P)H Quinone Dehydrogenase 
1 (NQO1), also termed DT-diaphorase, which is involved in recycling of vitamin K (49). 
NQO1 is, like vitamin K epoxide reductase (VKOR), inhibited by VKA. Thus, warfarin 
could increase oxidative stress via both inhibition of VKOR and NQO1, which could be 
counteracted by additional vitamin K. Decreased Nrf2 promotes oxidative stress which has 
been associated with increased cellular senescence (50). Cellular senescence contributes to 
vascular aging and is associated with elevated inflammation (50) and vascular calcification 
(51). It has been proposed that vitamin K is linked to senescence, as a strong inverse 
correlation was observed between CDKN2A/p16INK4a expression and carboxylated 
osteocalcin levels. Thus, vitamin K deficiency may contribute to premature vascular 
senescence (52). 

Oxidative stress is linked to increased extracellular vesicle release, which is a known 
nidus for vascular calcification (53, 54). Warfarin induces a dose-dependent increased 
secretion of extracellular vesicles, via a vitamin K-dependent mechanism since vitamin K 
could abolish secretion of extracellular vesicles. Extracellular vesicles from warfarin treated 
VSMCs exhibited increased phosphatidylserine (PS) exposure, which is known to promote 
recognition and clearance via phagocytosis. Extracellular vesicles exposing PS have been 
observed in human atherosclerotic plaques and contribute to plaque thrombogenicity (55). 
Gla-residues from gamma-carboxylated vitamin K-dependent proteins can bind to the 
negatively charged PS (56, 57), thereby preventing the formation of a nucleation site. 
Moreover, calcification and inflammation result in decreased presence of MGP and fetuin-A 
in extracellular vesicles while enriching PS exposure (46). Fetuin-A is a systemic 
calcification inhibitor that is internalized and secreted by VSMC derived vesicles (29, 31). 
While fetuin-A is not expressed by VSMC, it is efficiently loaded into VSMC secreted 
vesicles (31). We injected fluorescently labelled fetuin-A as novel imaging probe. Warfarin 
treatment resulted in significant uptake of fluorescently labelled fetuin-A in the 
atherosclerotic plaques. MK7 treated animals had significantly less labelled fetuin-A present 
in atherosclerotic lesions, suggesting a decreased nidus for calcification. In addition, in vitro 
MK7 reduced VSMC extracellular vesicle presence. 
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In conclusion, discontinuation of short term warfarin use prevents long term 
detrimental effect on atherosclerosis progression and calcification. MK7 supplementation 
attenuates atherosclerotic plaque progression by supporting an environment with reduced 
oxidative stress and increased collagen deposition. These effects of vitamin K are suggested 
via controlling VSMC mediated oxidative stress and subsequently could reduce vascular 
senescence of VSMC.  
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Abstract 

Introduction: Vitamin K Antagonists (VKA) and direct non-vitamin K antagonists (NOAC) 
are used in the clinic to reduce the risk of thrombosis. However, both oral anticoagulant 
agents alter non-haemostatic effects in the arterial vasculature as well. VKA treatment is 
associated with increased vascular calcification in both preclinical and clinical studies. Initial 
studies with NOAC point towards beneficial inhibitory effects on atherogenesis. Here, we 
investigated both short- and long-term effects of VKA and the NOAC, dabigatran on vascular 
calcification and atherosclerosis development. 
Material and methods: Female Apoe-/- mice (age 12 weeks) were fed western type diet 
(WTD) as control (n = 24) or supplemented with dabigatran etexilate (dabigatran; 7.5mg/g; 
n = 24) or warfarin (3mg/g; n = 24) for 6 or 18 weeks. Vascular calcification was measured 
in whole aortic arches using µCT and 18F-NaF. Atherosclerotic burden in aortic arches was 
assessed by haematoxyline & eosin histochemistry followed by determination of plaque 
parameters using (immuno)histochemistry. Additionally, in vitro effects of warfarin, 
thrombin and dabigatran on primary vascular smooth muscle cells (VSMC) were assessed.  
Results: Short-term treatment with warfarin promoted formation of atherosclerotic lesions 
with a pro-inflammatory phenotype, and more rapid plaque progression compared to control 
and dabigatran. In contrast, dabigatran significantly reduced plaque progression compared to 
control. Long-term warfarin treatment significantly increased both activity and presence of 
plaque calcification compared to control and dabigatran. Dabigatran treatment showed a non-
significant reduction in calcification as detected by µCT compared to control. Calcification 
induced by warfarin treatment was accompanied by increased presence of uncarboxylated 
matrix Gla protein and bone morphogenetic protein 4. In vitro, both warfarin and thrombin 
significantly increased VSMC oxidative stress and extracellular vesicle release, which was 
prevented by dabigatran. 
Conclusion: Warfarin aggravates atherosclerotic disease activity, increasing plaque 
inflammation, active calcification and plaque progression. In contrast, dabigatran shows 
beneficial effects on atherosclerosis progression and lacks undesired side effects on vascular 
calcification. The choice of anticoagulation impacts atherosclerotic disease by differential 
off target effect.  
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Introduction 

Upon atherosclerotic plaque rupture or erosion, atherothrombosis may cause the 
occlusion of arteries which remains the main cause of morbidity and mortality worldwide (1, 
2). For decades, vitamin K-antagonists (VKAs) have been the most widely used 
anticoagulant drugs for treatment of patients at risk of arterial and venous thrombosis. Due 
to unfavorable pharmacokinetics of VKA, direct thrombin and factor Xa (FXa) inhibitors 
(direct non-vitamin K antagonist oral anticoagulants, NOACs) have been introduced to the 
clinic as alternative anticoagulants.  

Both VKA and NOACs are proven effective in reducing thrombotic risk, however they 
also influence non-hemostatic activities of coagulation factors. VKAs exhibits its side effects 
on the vessel wall via vitamin K dependent proteins (VKDP) (3, 4). In the vasculature, 
vascular smooth muscle cells (VSMC) synthesize the vitamin K dependent matrix Gla 
protein (MGP), which acts as a local vascular calcification inhibitor (5). Inhibition of MGP 
activity by VKA treatment is associated with increased vascular calcification (6). VKA 
treatment increases intimal calcification in patients and experimental animal models of 
atherosclerosis (7, 8). The consequences of vascular calcification on plaque stability are 
debated and dependent on the extend of calcification, size, localization and density (9). 
Macrocalcification, or sheet-like calcification, and dense calcification are suggested to 
stabilize the atherosclerotic plaque (10). In contrast, microcalcification, or spotty 
calcification, and increased calcification volume have been implicated in promoting plaque 
instability, and subsequently increasing risk of plaque rupture and risk for stroke and 
myocardial infarction (11-13). Microcalcifications are metabolically active and can be 
detected with the PET tracer 18F-NaF (14). Recently, it was shown that VKA use was 
associated with increased spotty coronary artery calcification (15).  

The NOAC dabigatran etexilate (DE) was one of the first non-vitamin K oral 
antagonist on the market. DE is an oral prodrug that is rapidly converted by esterases to 
dabigatran, which is a direct, competitive inhibitor of thrombin (factor IIa). Thrombin is a 
key enzyme in the coagulation cascade, ensuring the conversion of fibrinogen into fibrin. 
Thrombin has also a wide spectrum of effects directly on the vessel wall, which contribute 
to atherogenesis (16, 17). Increased thrombin formation has been shown to aggravate 
atherogenesis (18). Inhibition of thrombin by dabigatran reduced plaque size and 
atherogenesis (18, 19). Since dabigatran exhibits these beneficial effects on reducing plaque 
size, we addressed the question whether dabigatran also has an effect on plaque calcification. 
Using a pre-clinical experimental animal model of atherosclerosis, we assessed the short- 
and the long-term effect of the VKA warfarin and the NOAC dabigatran on atherosclerotic 
plaque calcification and atherogenesis.  

Materials and methods 



Chapter 5 

84 

Experimental animals. All animal studies were performed under an approved protocol by 
the Ethics Committee for animal experiments of Maastricht University. Twelve-week-old 
female C57/BL6 Apoe-/- mice were purchased from Maastricht University and housed in 
climate-controlled spaces under 12-hour day/night cycle with ad libitum access to food and 
water. Mice were fed an irradiated (0.9Mrad) vitamin K-deficient Western Type Diet (WTD: 
0.25% cholesterol and 15% cocoa butter, derived from Altromin, Lage, Germany). WTD was 
supplemented with in corn oil dissolved vitamin K1 (5 mg/Kg, Merck KGaA, Darmstadt, 
Germany) and was used as control diet or supplemented with dabigatran etexilate (DE; 7.5 
mg/g, Boehringer Ingelheim, Ingelheim, Germany) for NOAC treatment. Additionally, WTD 
was supplemented with warfarin (3 mg/g warfarin; Merck KGaA, Darmstadt, Germany and 
vitamin K1 (1.5 mg/g K1, Merck KGaA, Darmstadt, Germany), for VKA treatment. Vitamin 
K1, which counteracts the warfarin’s effects predominantly in liver and less in extrahepatic 
tissue, was additionally added to the warfarin diet to prevent bleeding (8, 20).  
Mice were randomly divided to receive WTD (control), DE (dabigatran) or warfarin 
(warfarin) supplemented food for 6 or 18 weeks (n=12 per treatment per time point; Figure 
1A). Hereafter, mice were sacrificed, and blood was collected in 105 mM trisodium citrate 
via the portal vein. Plasma was prepared and frozen in aliquots at -80 o C until analysis. Next, 
the vasculature was washed with a sterile binding buffer (40 mM Hepes, 150 mM NaCl, 5 
mM KCl, 1 mM MgCl2 and 2.5 mM CaCl2, pH 7.3) via the left ventricle. Aortas were 
harvested, dissected and fixed in 1% (v/v) HEPES-buffered formaldehyde containing 150 
mM saline, overnight at 4˚C, before they were embedded in paraffin. Before sections were 
cut, paraffin embedded aortas were analyzed ex vivo for calcification using µCT.  
Blood analysis. Warfarin and dabigatran plasma levels were determined using HPLC and 
Hemoclot thrombin inhibitor assay (HTI; Hyphen Biomed, Neuville-sur-Oise, France), 
respectively. The prothrombin time of plasma, a measure for clotting tendency, was 
determined according to standard laboratory methods using the appropriate tests. 
International normalized ratio (INR) was calculated using the prothrombin time of untreated 
mice (control mice) as baseline. Total plasma cholesterol and triglyceride levels were 
assessed with the Synchron LX20 (Beckman Coulter, Brea, USA) according to 
manufacturer’s instructions.  
18F-NaF. Mice (n=7, 6 and 8 for control, warfarin and DE, respectively) were fasted for two 
hours before intravenously injection with 18F-NaF. Thirty minutes post injection, the animals 
were killed by an overdose of pentobarbital and the vasculature was washed with a sterile 
binding buffer (40 mM Hepes, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2 and 2.5 mM CaCl2, 
pH 7.3) via the left ventricle. Aortic arch was dissected and 18F-NaF uptake was measured 
ex vivo using autoradiography and with a gamma counter (Wallac Wizard, Turku, Finland). 
Uptake was corrected for injected dose and time.  
µCT analysis of aortic calcification. Ex vivo µCT scans were performed to quantify 
calcification in the whole aortic tissue (n=11 for control and DE, and n=12 for warfarin 
treatment). The paraffin embedded aortas were scanned for 40/50 minutes by µCT 
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(NanoSPECT/CT®, Bioscan, USA) using 45keV energy, and 360 projections with a 
resolution of 0.1 mm. Scan data were assessed for Hounsfield units (HU), with HU > 1000 
considered as positive calcification.  
Immunohistochemistry. Embedded aortic sections were cut at 4 µm thickness. Plaque size 
and volume was determined using hematoxyline and eosine (H/E) staining. Additionally, 
plaque characteristics were determined using histochemical analysis for calcification 
(Alizarin Red S), and elastin fiber breaks (Elastica von Giesson). Stained sections were 
analyzed by ImageJ Software. Elastin breaks found beneath the atherosclerotic plaque were 
scored in different sections for every mouse, using a scoring system ranging from 0 to 4; 0, 
no breaks; 1, one-three breaks; 2, four-six breaks; 3, seven-nine breaks and 4, > 9 breaks. 
The following antibodies were used: anti-uncarboxylated matrix Gla-protein (1:400; IDS, 
Boldon, UK), anti-BMP4 (1:50; Santa Cruz Biotechnology, Dallas, TX, USA), anti-8-
hydroxyguanisine (8OHdG; 1:300; Meridian Life Science, Tennessee, USA), anti-MAC3 
(1:50, Bioscience, Merck KGaA, Germany) and anti-integrin ß 3 (ITGB3 1:100, Sigma-
Aldrich). HRP conjugated secondary antibodies were visualized with Nova-RED substrate 
(Vector Labs, Amsterdam, Netherlands). 2D analysis quantification was performed using 
Leica Application Suite X (Leica Microsystems, Wetzlar, Germany). Data were expressed 
as the percentage of positive plaque area unless otherwise stated. 
Cell culture. Human primary VSMC were derived from tissue explants from males and 
females aged between 18 and 65 years of age and cultured as described previously (21). In 
brief, VSMC were cultured in DMEM medium (Gibco, Thermo Fisher Scientific Inc, 
Paisley, Scotland, UK) supplemented with 20% fetal bovine serum (FBS), 100 U/mL 
penicillin and 100 µg/mL streptomycin. Cells were used between passage 4 and 10. 
Calcification assays. VSMC were placed in calcifying medium consisting of DMEM 
supplemented with 2.5% FBS and 1% PS in the presence of an additional 1.8 mmol/L 
calcium. After incubation with stimulus calcium deposits were assessed by the O-
cresolphthalein method and calcium content was normalized for protein content. 
VSMC proliferation. xCELLigence, VSMC were seeded in 96-xCELLigence-well. After 24 
hours stimulus was added directly in the well. The slope of impudence over 3 days was 
determined as an indication of proliferation. EdU, VSMC were seeded in a 24 well-plate. 
The cells were allowed to adhere overnight, then the medium was replaced with stimulus and 
EdU (10 µM, Life Technologies) containing 0.5% FBS. After 24 hours, cells were washed 
twice and fixed using 4% paraformaldehyde (Merck KGaA, Darmstadt, Germany). Cells 
were then incubated with staining solution (0.1 M Tris, 1mM CuSO4, 10.5 µM azide-F488 
(click chemistry tools) and 0.1 M ascorbic acid) for one hour in the dark. Cells were 
counterstained with Hoechst (1 µg/mL) for 15 min. GFP and DAPI images were obtained 
using Cytation 3 Cell Imaging Multi-Mode Reader (BioTek Instruments Inc., Winooski, VT, 
USA) and percentage of GFP positive cells over all cells were calculated.  
VSMC migration. VSMC migration was determined using xCELLigence using Boyden 
chamber principal. First, VSMC were starved overnight in 0.5% FBS. Next day, bottom and 
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upper chamber were coated with collagen (0.1 mg/mL collagen G, Biochrome MERKC). 
Hereafter, 40.000 VSMC were placed in the upper chamber and migration was analyzed over 
the following 4 hours.  
qPCR. RNA extraction, cDNA synthesis and qPCR were performed as described previously 
(22). The following primers were used: MCP1 forward; 5’- CCCCAGTCACCTGCTGTTAT 
-3, MCP1 reverse; 5’-TGGAATCCTGAACCCACTTC -3, IFNγ forward; 5’- 
CCAACGCAAAGCAATACATGA -3, IFN γ reverse; 5’- 
CCTTTTTCGCTTCCCTGTTTTA -3, IL1 ß forward; 5’-AAACCTCTTCGAGGCACAAG 
-3, IL1 ß reverse; 5’- GTTTAGGGCCATCAGCTTCA -3, TNFα forward; 5’- 
TGCACTTTGGAGTGATCGGC -3, TNFα reverse; 5’- 
AGCTTGAGGGTTTGCTACAACA -3, 5’--3, and for normalization: GAPDH forward; 5’-
AACGGATTTGGTCGTATTGGGC-3, GAPDH reverse; 5’-
CTTGACGGTGCCATGGAATTTG-3. 
mRNA isolation for micro-assay. VSMC were fasted overnight and stimulated with 
thrombin (1U/mL), warfarin (50 µM) or control for 4 hours. After 4 hours, VSMC were 
washed in ice cold PBS before RNA was isolated using the miRNeasy Mini Kit (Qiagen, The 
Netherlands) including a DNase treatment, according to the manufacturer’s protocols. The 
concentration of total RNA was measured on a Nanodrop® ND-1000 spectrophotometer 
(Thermofischer, The Netherlands). The integrity of total RNA was checked using RNA 
Nanochips on a 2100 Bioanalyzer (Agilent Technologies, The Netherlands). Only samples 
with an RNA Integrity Number (RIN) higher than 8.9 were used for microarray analysis. 
Microarray preparation and data validation. A total amount of 200 μg RNA of each 
sample was used as input material for synthesizing dye (Cyanine 3 or Cy3) labeled 
complimentary-RNA according to the Agilent one-color Quick-Amp labeling protocol 
(Agilent Technologies, Amstelveen, The Netherlands). Individual samples were hybridized 
to an Agilent SurePrint G3 Human Gene Expression 8 × 60 K v2 (Agilent Technologies, 
Santa Clara, CA, USA). The microarrays were scanned using the Agilent Microarray Scanner 
(AgilentTechnologies, Amstelveen, The Netherlands). Pixel intensities were extracted as raw 
data from the scan images using Agilent Feature Extraction Software (Agilent). Quantile 
normalization and data processing were performed using ArrayQC 
(https://github.com/BiGCAT-UM/arrayQC_Module/), a quality control pipeline in R 
(version 2.10.1; The R Foundation for Statistical Computing, Vienna, Austria). For each spot 
the following steps were taken: local background correction, flagging of bad spots, controls 
and spots with too low intensity, log2 transformation, and quantile normalization. Probes 
with no flagged bad spots were selected and repeated identifiers merged, resulting in 21532 
transcripts, representing 15163 unique known genes, were used for statistical analysis.  
Selection of differentially expressed genes. Differentially expressed genes (DEGs) were 
selected using the linear model for microarrays (LIMMA) approach (23). The resulting p-
values were FWER-corrected using the False Discovery Rate (FDR) method. The following 
criteria were applied: (1) a FDR-corrected p-value < 0.05 obtained through a moderated t-
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test, and (2) for the biological replicates an average absolute fold change (FC) of 1.5 or 
higher. Selected gene data sets used “inflammation” and “atherosclerosis” are available on 
disgenet. 
Intracellular generation of oxidative stress. To identify intracellular ROS, we used the cell 
permeable fluorogenic substrate 2 ,7 - dichlorofluorescein diacetate (DCFDA, Merck KGaA, 
Darmstadt, Germany) which is oxidized to 2 ,7 –dichlorofluorescein in the presence of 
oxidants.  
VSMC were seeded in a 96-well plate and left to adhere overnight. Next, cells were incubated 
with 20 µM DCFDA for 60 min in the dark at 37°C and 5% CO. After washing, cells were 
incubated with stimulus in combination with Hoechst (1 µg/mL) and fluorescence intensity 
was measured (Excitation 485, Emission 529) with Cytation 3 Cell Imaging Multi-Mode 
Reader (BioTek Instruments Inc., Winooski, VT, USA) for a total of 30 minutes. 
Fluorescence intensity was corrected for background measurement and normalized to cell 
count.  
Extracellular vesicles quantification. VSMC were seeded in a 12-well plate and allowed 
to adhere overnight. Next, VSMC were stimulated in DMEM 31966, supplemented with 
0.5% FBS and 1% PS for 24 hours, after which medium was collected. Medium was 
centrifuged at 3000 x g and incubated with CD-63 coupled beads overnight. After washing 
with PBS-2%BSA, beads were incubated with secondary antibody CD81-APC (1:50; BD 
biosciences) and incubated for 60 minutes in the dark. After washing, exosomes were 
detected by flowcytometry (BD Accuri C6). Exosome secretion is expressed as arbitrary 
units, which were calculated as follows: median fluorescence was multiplied by percentage 
positive beads and this was normalized for cell number. 
Statistical analysis. All in vitro data were obtained in three or more independent experiments 
in triplicates (or more) wells. Data are expressed as mean with standard deviation (SD). Data 
were analyzed using the Mann-Whitney T-test or Kruskal-Wallis One-way ANOVA using 
PRISM software (Graphpad 8.2.1, San Diego, US). Values of p < 0.05 were considered 
statistically significant. 

Results 

Female Bl6/C57-Apoe-/- mice were fed a western type diet (WTD; control) or WTD 
supplemented with VKA (Warfarin) or dabigatran etexilate (DE; dabigatran) for 6 or 18 
weeks (Figure 1A). No difference was observed in weight, cholesterol and triglycerides 
levels between the groups after 18 weeks of treatment (Table 1). Increased warfarin and 
dabigatran plasma levels confirmed respective treatment. Moreover, warfarin significantly 
increased prothrombin time compared to control, confirming anticoagulant effect (Table 1).  

Effect of short-term oral anticoagulation on atherosclerotic development. 

Table 1. Model validation of control, warfarin and dabigatran treatment. 
Control Warfarin Dabigatran 
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Weight (gram) 23.82 ± 1.60 22.50 ± 1.68 24.33 ± 2.46 

Cholesterol (mM) 21.27 ± 3.34 21.54 ± 3.07 18.93 ± 1.74 

Triglycerides (mM) 2.77 ± 0.20 2.96 ± 0.28 2.70 ± 0.17 

Dabigatran (ng/mL) - - 370.3 ± 175.9 

Warfarin (mg/L) - 11,52 ± 5,81 - 

Prothrombin time (sec) 8.73 ± 0.83 54.2 ± 22.7* 12.5 ± 4.28 

* p < 0.05

Serial sections of the aortic arch were used to visualize atherosclerotic plaques. Firstly, 
we compared two methods to express plaque size: 1) plaque size was based on the section 
with the largest measured plaque area in mm2, or 2) plaque size was based on volume (mm3) 
determined by reconstructing every 5th section of serially cut specimen. The two 
methodsshowed a very strong correlation (r 0.911, p < 0.0001; supplemental Figure 1A), thus 
due time consumption we selected the first method and expressed plaque size in mm2. Short-
term treatment did not significantly alter plaque size between groups, although warfarin 
showed a trend towards smaller plaques compared to control and dabigatran treatment (p = 
0.24 and p = 0.09 for warfarin vs control and dabigatran, respectively; Figure 1B). Next, we 
measured the inflammatory status of plaques by staining macrophage and macrophage-like 
cells using anti-MAC3 antibodies. Warfarin treatment significantly increased MAC3 positive 
staining (38.9% of plaque area) as compared to both control (25.8 % of plaque area) and 
dabigatran treatment (23.9% of plaque area) (Figure 1C). At 6 weeks of treatment, Alizarin 
Red S stain did not detect any calcification in any of the groups (data not shown). However, 
warfarin treatment significantly increased uncarboxylated MGP (ucMGP) in atherosclerotic 
lesions as compared to both control and dabigatran (p < 0.05; Figure 1D). Furthermore, a 
trend of increased integrin ß 3 (ITGß3) expression was observed after warfarin treatment  

Supplemental Figure 1. Atherosclerotic plaque determination. A) Plaque size based on the section with the 
largest measured plaque area in mm2 or based on volume (mm3) determined by reconstructing every 5th section of 
serially cutted specimen showed a very strong significant correlation (r 0.911, p < 0.0001). B) Short-term treatment 
with warfarin resulted in a trend towards increased integrinß3 (ITGß3) presence in atherosclerotic plaques compared 
to dabigatran treatment. C) UcMGP detected in atherosclerotic plaques correlates strongly and significantly with 
presence of vascular calcification (r 0.58, p < 0.01).
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Figure 1. Short-term oral anticoagulant effects on atherosclerotic lesions. A) Schematic overview of 
experimental set-up. B) Aortic arches of Apoe-/- mice on WTD without or with warfarin or dabigatran showed no 
significant difference on plaque size. C) MAC-3+ cells were significantly increased in lesions of warfarin treated 
mice compared to control (p < 0.05) and dabigatran (p < 0.01). D) Warfarin treatment significantly increased ucMGP 
in atherosclerosis lesions compared to control and dabigatran.

compared to dabigatran (p = 0.09; Supplemental Figure 1B). No significant difference was 
observed in smooth muscle cell content (αSMA) and oxidative stress levels (8-OhdG) 
between the plaques of the groups (data not shown). 

Long-term VKA treatment increases active vascular calcification. 

We next determined long-term effects of warfarin treatment on plaque progression and 
calcification and compared those with control and dabigatran treatment. Firstly, the amount 
of vascular calcification was detected by µCT in whole mouse aortic arches. Warfarin 
treatment significantly increased vascular calcification compared to control (30.8 ± 31.9 and 
6.22 ± 4.59 total hounsfield units for warfarin and control, respectively; p < 0.05) and  
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Figure 2. Long-term oral anticoagulant treatment has a differential effect on vascular calcification. A) 
Vascular calcification detected by µCT on whole aortic arches showed significant increased calcification after 
warfarin treatment compared to control (p < 0.05) and dabigatran (p < 0.01). B) Calcification in atherosclerotic 
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lesions were visualized by Alizarin Red S and was significantly increased after warfarin treatment compared to 
control (p < 0.05) and dabigatran (p < 0.01). C) Calcification detected by µCT and Alizarin Red S strongly correlate 
(r 0.72, p < 0.05). D) 18F-NaF activity in whole aortic arches was significantly increased after warfarin treatment 
compared to control and dabigatran (p < 0.05). E) Visualization of 18F-NaF in an aortic arch by autoradiography. F) 
In warfarin treated mice, amount of vascular calcification correlates with elevated prothrombin time (r 0.81, p < 
0.01). G) Uncarboxylated matrix Gla protein (ucMGP) presence in atherosclerotic lesion was significantly increased 
in warfarin treated mice compared to control (p< 0.001) and dabigatran (p < 0.05). Moreover, dabigatran treatment 
significantly increased ucMGP presence compared to control (p < 0.05). H) Presence of bone morphogenetic protein 
4 (BMP4) in plaques was only elevated in warfarin treated mice (p < 0.01 and p < 0.05 for control and dabigatran, 
respectively). 

dabigatran (3.77 ± 6.57 total hounsfield units; p < 0.01) (Figure 2A). Dabigatran treatment 
showed a borderline significant reduction of vascular calcification compared to control (p = 
0.07). Second, vascular calcification at 18 weeks was assessed histologically by Alizarin Red 
S staining of serial sections. Warfarin treatment showed a significant increase in plaque 
calcification compared to both control and dabigatran treatment (61%, 33% and 21% of 
plaque area for warfarin, control and DE respectively; Figure 2B). Detection of calcification 
by µCT and Alizarin Red S showed a strong and significant correlation (r = 0.72, p < 0.05; 
Figure 2C). In order to determine whether warfarin induces active calcification, calcification 
was investigated using the PET tracer 18F-NaF (24). After 18 weeks of treatment, 18F-NaF 
uptake by aortas, as measured ex vivo, was significantly increased by warfarin treatment as 
compared to control and dabigatran treatments (Figure 2D). Autoradiography showed that 
18F-NaF uptake predominantly localizes to the aortic arch where the atherosclerotic burden 
is highest (Figure 2E). 

To investigate whether calcification was associated with vitamin K deficiency, we 
determined the correlation between anticoagulation (prothrombin time) and vascular 
calcification. Increased vascular calcification in the warfarin treated group correlated 
strongly with prothrombin time after 18 weeks of treatment (r = 0.81, p < 0.01; Figure 2F). 
To further test whether calcification is related to vascular vitamin K deficiency, ucMGP 
positivity in the plaques was analyzed. Warfarin significantly increased ucMGP in 
atherosclerotic plaques (0.89% of plaque area) compared to control (0.09% of plaque area; p 
< 0.001) and dabigatran (0.38% of plaque area; p < 0.05) (Figure 2G). UcMGP positivity 
was also significantly increased in dabigatran compared to control treatment (Figure 2G). To 
examine the contribution of MGP in the process of calcification we correlated ucMGP 
presence with vascular calcification detected with Alizarin Red S. UcMGP significantly 
correlates with vascular calcification in atherosclerotic plaques (r 0.58, p < 0.01; 
Supplemental Figure 1C). Moreover, effects of increased ucMGP in atherosclerotic plaques 
was determined by assessing bone morphogenetic protein 4 (BMP4), a known downstream 
effector and promoter of osteochondrogenic differentiation, was measured (25). Similar to 
ucMGP, warfarin treatment significantly increased BMP4 in the atherosclerotic plaque 
compared to both control and dabigatran (Figure 2H). In contrast to ucMGP, no difference 
was observed between dabigatran and control. 



Chapter 5 

92 

Figure 3. Long-term warfarin and not dabigatran promote plaque vulnerability. A) Aortic plaque size was 
significant increased after warfarin treatment compared to dabigatran treatment (p < 0.05). B) Calculating plaque 
progression based on the fold change of plaque size measured at 6 and 18 weeks demonstrated significant higher 
plaque progression after warfarin treatment compared to control (p < 0.05) and dabigatran (p < 0.0001). Moreover, 
dabigatran treatment significantly reduced plaque progression compared to control (p < 0.01). C) Oxidative stress 
in atherosclerotic lesions was significantly increased after warfarin treatment compared to control (p < 0.05) and 
dabigatran (p < 0.01). D) Warfarin treatment resulted in significant more elastin breaks under atherosclerotic lesions 
compared to control and dabigatran (p< 0.05). 

Differential effects of oral anticoagulation on atherogenesis. 

Warfarin treatment significantly increased atherosclerotic plaque size compared to 
dabigatran treatment by 2.6-fold after 18 weeks (0.54 mm2 and 0.21 mm2 lesion size 
respectively; Figure 3A). Vascular calcification is also linked to plaque progression and used 
in the clinic to determine cardiovascular risk (26). Therefore, we calculated the increase in 
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plaque progression as x-fold increase in plaque size from 6 to 18 weeks of treatment. 
Warfarin treatment showed a significant 7.2-fold increase in plaque progression compared 
to a 3.7-fold increase in control (p < 0.05) and a 1.9-fold increase in dabigatran treatment (p 
< 0.001). Moreover, dabigatran treatment significantly reduced plaque progression compared 
to control (p < 0.01) (Figure 3B).  

Long-term VKA treatment induces a vulnerable atherosclerotic plaque phenotype. 

Next, plaque composition was determined to gain insight into plaque vulnerability. 
Oxidative stress is considered a major cause of vascular calcification (27, 28). 
Oxidativestress, measured by 8OHdG+ cells, was significantly increased after warfarin 
treatment compared to control and dabigatran (Figure 3C). No difference was observed in 
smooth muscle cell content (αSMA), macrophages (MAC3), matrix metalloproteinases 2 
(MMP2) and 9 (MMP9) or necrotic core size between any of the groups (data not shown). 
Elastin breaks in the tunica media underneath the atherosclerotic plaque were significantly 
more abundant after warfarin treatment (score 2.3) compared to control (score 1.5) or 
dabigatran treatment (score 1.3) (p < 0.05; Figure 3D). 

Systemic inflammation is not affected by warfarin or dabigatran treatment. 

After 18 weeks of treatment, cytokine levels were determined in plasma to investigate 
whether systemic inflammation is involved in oral anticoagulation effects on atherosclerosis. 
No difference in cytokines levels were found between any of the treatment regimens 
(supplemental Table 1). 

Supplemental Table 1. Cytokine concentration in blood plasma after 18 weeks of treatment. 
Control Warfarin Dabigatran 

IFNy pg/mL 0.339 ± 0.161 0.265 ± 0.0569 0.516 ± 0.263 
IL10 pg/mL 17.7 ± 4.30 13.2 ± 5.70 22.5 ± 14.7 
IL4 pg/mL 0.216 ± 0.00894 0.372 ± 0.265 0.245 ± 0.0568 
IL5 pg/mL 7.77 ± 4.85 7.43 ± 4.38 5.95 ± 1.14 
IL6 pg/mL 7.40 ± 1.41 10.0 ± 4.34 11.9 ± 9.59 
KC/GRO 

pg/mL 
36.1 ± 9.76 38.0 ± 12.0 31.3 ± 7.35 

TNFα pg/mL 7.30 ± 2.06 8.25 ± 2.20 9.16 ± 4.25 

Warfarin promotes an inflammatory response in vascular smooth muscle cells. 

Since warfarin treatment induced a proinflammatory phenotype at 6 weeks of 
treatment, we stimulated VSMC with warfarin. Proliferation and migration of VSMC is a 
key feature in the genesis of atherosclerosis. Unexpectedly, warfarin treatment reduced 
proliferation to 68% compared to control as measured by xCELLigence (Figure 4A). 
Reduced VSMC proliferation by warfarin was confirmed by lower EdU incorporation in a 
dose-dependent manner (p < 0.001; Figure 4B). Moreover, warfarin significantly reduced 
VSMC migration compared to control (Figure 4C). Since warfarin treatment for 6 weeks  
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Figure 4. Differential effect of warfarin in vascular smooth muscle cells. A, B) Warfarin treatment significantly 
reduced VSMC proliferation and migration (C). Warfarin (50 µM) significantly promoted inflammatory mRNA 
levels of MCP1 (D), IFNγ (E), IL1ß (F) and elevated TNFα (G).

increased MAC3+ cells in the atherosclerotic plaque, we measured effects of warfarin on 
VSMC inflammation. VSMC treated with warfarin for 4 hours significantly increased MCP1 
(1.6-fold; Figure 4D), IFNγ (4.3-fold; Figure 4E) and IL1ß (2-fold; Figure 4F) mRNA levels. 
Although not significant, warfarin treatment also increased TNFα mRNA levels (Figure 4G). 

Interaction of warfarin but not dabigatran with oxidized LDL. 

The experimental animal model used to investigate the effect of oral anticoagulation 
was the Bl6/C57-Apoe-/- which is known for its increased cholesterol levels. We tested 
potential synergistic effects of warfarin or dabigatran in combination with oxidized LDL 
(oxLDL). While oxLDL alone was a significant inducer of VSMC calcification (4.5 – 6.4-
fold compared to control), no effect of additional dabigatran on VSMC calcification was 
observed (Figure 5A). Moreover, dabigatran alone did not influence VSMC calcification 
(Figure 5A). On the other hand, warfarin treatment alone significantly increased VSMC 
calcification (2-fold; Figure 5B). Co-stimulation of warfarin with oxLDL significantly 
increased VSMC calcification compared to either warfarin or oxLDL alone (2.2-fold 
compared to oxLDL alone; Figure 5B). 

Thrombin increased oxidative stress and extracellular vesicles. 

Because warfarin increased oxidative stress in Apoe-/- mice, we tested whether warfarin 
and dabigatran also induce oxidative stress in VSMC in vitro. Intracellular oxidative stress 
in VSMC was determined over 30 minutes, directly after stimulation with either warfarin, 
thrombin or thrombin combined with dabigatran. Warfarin significantly increased oxidative  
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Figure 5. Interaction of warfarin and thrombin in vascular smooth muscle cells. A) Oxidized LDL (oxLDL) 
significantly increased calcification on VSMC. Moreover, dabigatran did not influence oxLDL mediated 
calcification. B) Both warfarin and oxLDL significantly increased calcification compared to control. Co-stimulation 
of warfarin with oxLDL resulted in significant more calcification compared to warfarin or oxLDL alone. C) 
Warfarin and thrombin significantly increased intracellular ROS compared to control. Thrombin induced 
intracellular ROS was significantly attenuated when combined with dabigatran, while dabigatran alone had no 
significant effect. D) Extracellular vesicles were significantly increased after both warfarin and thrombin 
stimulation. In contrast, high dosage of dabigatran showed a significant reduction in extracellular vesicles. Elevated 
extracellular vesicles after thrombin stimulation was significantly and dose dependently reduced with dabigatran.  

stress compared to control (50 µM warfarin, 3.7-fold increase; Figure 5C). Thrombin 
significantly increased oxidative stress in VSMC compared to control treatment (1.9-fold; 
Figure 5C). Co-stimulation of dabigatran with thrombin significantly reduced thrombin 
induced oxidative stress (p < 0.05; Figure 5C). Dabigatran stimulation alone had no effect 
on oxidative stress. Oxidative stress is an inducer of extracellular vesicle secretion which are 
known to induce VSMC calcification (22). Therefore, we analyzed the number of secreted 
extracellular vesicles from VSMC. Warfarin stimulation significantly increased extracellular 
vesicles compared to control (2.2-fold, p < 0.01; Figure 5D). Thrombin also increased 
extracellular vesicle release significantly (3.1-fold), which was dose-dependently reduced 
after co-stimulation with dabigatran (2-fold for 0.1 µM dabigatran and 1.5-fold for 1 µM 
dabigatran compared to control; Figure 5D). Moreover, dabigatran stimulation alone 
significantly reduced extracellular vesicles compared to control (0.9-fold of control for 1 µM 
dabigatran; Figure 5D). 
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Differently expressed genes after thrombin and warfarin stimulation in vascular smooth 
muscle cells.  

To further analyze the effects of warfarin and thrombin on VSMC, we performed 
transcriptomic analysis after 4 hours of stimulation of warfarin and thrombin compared to 
control. While warfarin affected 44 transcripts (27 genes increased expression and 17 
reduced compared to control), thrombin altered a total of 1582 transcripts (expression of 979 
genes were increased and expression of 603 genes were reduced compared to control). 
Altered genes were compared with known datasets associated with atherosclerosis 
development (1133 genes; Table 2). Thrombin significantly changed expression of 107 genes 
in this transcriptome while warfarin only significantly altered expression of 4 genes. FABP5 
and IL1ß were significantly altered for both warfarin and thrombin. Transcriptomic analysis 
was also compared with a known inflammatory gene dataset (428 genes; Table 3) because 
of the important role of inflammation in atherosclerosis together with the observed 
inflammatory effect of warfarin in vivo and in vitro. Here, thrombin altered 43 genes of which 
only 3 were also altered by warfarin stimulation (IL1ß, leukemia inhibitory factor (LIF), 
CXCL2).  

Table 2. Altered gene transcripts of an atherosclerotic dataset of genes. 

Atherosclerosis 

Gene 
Thrombin Warfarin 

Gene 
Thrombin Warfarin 

Gene 
Thrombin Warfarin 

LogFC logFC LogFC logFC LogFC logFC 

ABCA
1 

-1.29 0.02 
GREM

1 
2.15 0.20 

PLA2G
4A 

0.67 0.11 

ABR 0.64 0.18 HAS2 2.00 0.44 PLAT 0.67 0.14 

ADAM
8 

-0.75 -0.08
HILPD

A 
0.88 -0.06 PLAUR 1.52 0.05 

ADAM
TS1 

0.66 -0.18
HMGA

1 
0.62 0.09 PNP 0.96 0.04 

ADAM
TS5 

-2.08 -0.08
HS3ST

1 
1.28 0.12 PPARG 1.28 0.09 

AHRR 0.01 (NS) 0.78 * 
HSD11

B1 
0.62 0.12 PTGS1 0.62 0.19 

APOL
6 

-0.83 -0.03 HSPA2 1.95 -0.16 PTK2B -0.88 -0.12

BDNF -0.60 -0.34 ICAM1 0.83 0.24 RGS2 0.73 -0.14

BMP4 -0.74 -0.16 IL11 0.60 -0.04
SAMD4

A 
1.45 0.01 

CASP1 -0.71 0.18 IL1B 1.30 0.76 * SAMD9 0.79 0.05 

CASP3 0.73 -0.06 IL33 0.83 0.05 
SERPI

NE1 
1.69 -0.12

CAV1 0.85 0.06 IL6 0.76 -0.25
SLC16

A3 
0.94 -0.16
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CCL2 1.47 0.24 IRS2 -0.81 -0.04
SLC17

A5 
0.79 -0.14

CD44 0.67 0.17 ISG20 1.46 0.09 
SLC6A

4 
-0.67 0.09 

CDKN
1C 

-0.82 0.15 ITIH4 -0.70 0.13 SMAD3 0.78 0.00 

CHDH 1.53 -0.12 KLF4 0.88 -0.22 SOCS1 0.65 0.37 

CREB
3 

0.60 -0.09 KLF5 -0.72 -0.32 SOCS3 0.78 0.10 

CRY1 0.99 -0.32 LDB2 -1.19 0.06 SOD2 0.99 0.04 

CTF1 -0.83 0.08 LIPE -0.70 0.06 
ST8SIA

1 
-1.56 0.08 

CXCL
1 

2.49 0.41 LMNA 0.95 -0.08
TCF7L

2 
-0.91 -0.38

DDAH
1 

1.45 -0.25 LRP8 0.67 0.26 TFPI2 0.97 0.08 

DUSP1 0.76 -0.29
MAP2

K1 
0.89 -0.05 THBD 2.71 0.19 

ECE2 0.71 -0.09
MAP3

K5 
-1.17 0.16 

TNFRS
F11B 

0.76 -0.23

EDN1 -1.25 -0.20 MPRIP 0.89 -0.19
TNFRS
F12A 

1.03 -0.39

EDNR
A 

-0.99 0.32 MTSS1 1.81 0.23 
TNFRS

F14 
-0.72 0.14 

EFNB1 -0.77 0.17 MYH9 0.63 -0.28
TNFRS

F4 
0.29 (NS) 1.22 * 

EGFR 0.78 0.08 
NCEH

1 
0.71 0.21 

TNFSF
4 

1.10 -0.05

ELK1 0.61 0.14 
NOTC

H1 
0.78 0.21 

TNFSF
9 

0.66 0.01 

ENPP1 0.63 -0.12 NOV 0.69 -0.09
TRAF3

IP2 
0.88 0.24 

ETS1 0.68 0.02 NR1D1 -0.82 0.10 TRIB3 -1.57 -0.05

FABP5 -0.70 0.60 * NR4A3 3.41 0.18 UNC5B -0.76 -0.05

FGF2 -0.96 -0.25 NRG1 -1.47 -0.16 VCL 1.05 -0.15

FGFR1 0.60 0.00 NUP62 0.69 -0.13
VKOR

C1 
0.61 0.01 

FOS -1.00 -0.23
PDGF

A 
1.50 -0.09 VWF 1.72 0.21 

FST 0.95 -0.28
PECA

M1 
1.12 0.15 

WNT5
A 

-0.69 0.08 

FURIN 0.87 0.20 
PIK3C

D 
1.15 0.00 XPR1 0.94 -0.20

GDF15 -0.71 -0.05

 Increased (red) and reduction (blue) compared to control. All thrombin, except for (NS), altered 
gene expressions were significant different compared to control and * present significant difference of warfarin 
compared to control.
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Table 3. Altered gene transcripts of an inflammatory dataset. 

Inflammation 
Thrombin Warfarin Thrombin Warfarin 

Gene LogFC logFC Gene LogFC logFC 

AQP3 0.90 0.08 NRG1 -1.47 -0.16

BDKRB1 0.64 0.20 PDGFA 1.50 -0.09

BDNF -0.60 -0.34 PECAM1 1.12 0.15 

BMP4 -0.74 -0.16 PLAT 0.67 0.14 

CASP1 -0.71 0.18 PLAUR 1.52 0.05 

CCL2 1.47 0.24 PPARG 1.28 0.09 

CD44 0.67 0.17 SERPINE1 1.69 -0.12

CD83 0.63 0.40 SETD7 0.66 0.01 

CXCL1 2.49 0.41 SMAD3 0.78 0.00 

CXCL2 1.68 1.04 * SOCS1 0.65 0.37 

CXCL6 1.55 0.47 SOCS3 0.78 0.10 

EDN1 -1.25 -0.20 TFPI2 0.97 0.08 

EFNB1 -0.77 0.17 THBD 2.71 0.19 

FGF2 -0.96 -0.25 TIMP4 0.65 0.12 

ICAM1 0.83 0.24 TNFAIP3 1.70 -0.03

IL1B 1.30 0.76 * TNFRSF11B 0.76 -0.23

IL1RAP -1.19 0.13 TNFRSF12A 1.03 -0.39

IL33 0.83 0.05 UCN -1.04 -0.01

IL4R 0.74 0.12 VWF 1.72 0.21 

IL6 0.76 -0.25 WDR1 0.90 -0.08

LIAS -0.61 -0.02 YWHAH 0.73 -0.06

LIF 1.65 0.75 * 

 Increased (red) and reduction (blue) compared to control. All thrombin altered gene expressions 
were significant different compared to control and * present significant difference of warfarin compared to control.

Discussion 

In the presented study, we demonstrate that warfarin and dabigatran have differential 
effects on atherosclerosis. Warfarin treatment accelerated plaque inflammation, oxidative 
stress, calcification activity and plaque progression. By contrast dabigatran had no effect on 
vascular inflammation or calcification, and reduced plaque progression in vivo. These data 
suggests that the choice of anticoagulant in patients at risk of venous or arterial thrombosis  
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Warfarin promotes atherosclerotic disease activity by increased presence of 
calcification and calcification activity. Recently, greater calcification volume but not higher 
density was associated with increased cardiovascular disease risk (29). Our data show that 
warfarin increases calcification volume in atherosclerotic plaques, suggesting that warfarin 
increases plaque vulnerability. Dabigatran had no effect on calcification and even reduced 
plaque progression, implying that local effects play key roles in cardiovascular disease. It is 
known that warfarin as with all VKA inhibits carboxylation of vitamin K dependent proteins, 
thereby reducing coagulation tendency, at the expense of MGP activity (30). MGP is one of 
the strongest vascular calcification inhibitors (31) and reduced activation of MGP by 
warfarin appears to tip the balance towards calcification. Carboxylated MGP binds to BMP4, 
thereby reducing osteochondrogenic differentiation (25). Also, in our animal model, warfarin 
treatment increased the presence of BMP4 in the atherosclerotic plaque. Moreover, 
dabigatran increased ucMGP presence in atherosclerotic plaque, but, in contrast to warfarin, 
did not affect BMP4 presence in atherosclerotic plaque. These data suggest that elevated 
levels of ucMGP point towards a coping mechanism for elevated calcification pressure (4, 
32), while carboxylated MGP is present in dabigatran treated animals. 

MGP binds to calcium crystals and extracellular vesicles, blocking further growth of 
calcification (33). Warfarin treatment increased ucMGP already in early atherosclerotic 
lesions, even before calcification could be visualized. Active calcification, detected by 18F-
NaF, is associated with increased plaque vulnerability (34). We show that mice treated with 
warfarin displayed higher 18F-NaF positivity in the vasculature compared to dabigatran and 
control, indicating that VKA induces active mineralization. Our data is in line with recently 
published clinical studies comparing VKA, NOAC or no oral anticoagulant treatment on 
vascular calcification. VKA treatment showed higher prevalence of vascular and valvular 
calcification, which was not seen in NOAC treated patients (7). Moreover, plaque burden 
and prevalence of high-risk plaques have been shown to be increased in patients using VKA 
compared to NOAC treatment (15). Although caution should be taken with generalizing 
NOAC treatments. 

Oxidative stress has been shown to increase vascular calcification development (28). 
Warfarin increases oxidative stress in vivo and in vitro, whereas dabigatran reduced thrombin 
induced oxidative stress. VKA has been put forward to induce oxidative stress via inhibition 
of the vitamin K cycle (35). VKA are known to interact with cytochrome P450 (CYP) and 
our transcriptomic data show elevated CYP1B1 transcript after warfarin treatment. CYP1B1 
has been shown increase oxidative stress in VSMC (36). Dabigatran on the other hand, has 
been shown to block oxidative stress in mice thereby improving nitric oxide (NO) synthesis 
(37, 45). Extracellular vesicles from VSMC play an important role in the initiation of 
calcification (22) and both warfarin and thrombin increased extracellular vesicle secretion. 
Taken together, warfarin induces impaired carboxylation of MGP, and increases oxidative 
stress and extracellular vesicle release, thereby supporting vascular calcification. In contrast, 
dabigatran inhibits the detrimental side effects of thrombin on VSMC. 
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Both thrombin and warfarin increased IL1ß transcripts, which has been associated with 
exacerbation of atherosclerosis (38). Microcalcification can promote inflammation (39) and 
inflammation can promote calcification (40). We show increased presence of macrophages 
in early atherosclerotic lesions and elevated inflammatory markers in VSMC after warfarin 
treatment. Moreover, we demonstrate that warfarin treatment increases 18F-NaF uptake, 
which is indicative of presence of microcalcification. Warfarin has previously been shown 
to have immunomodulatory effects, including promoting an inflammatory environment (41, 
42). It has been demonstrated that calcified VSMC initiate macrophage migration and 
promote a pro-inflammatory environment (39). In early atherosclerotic lesions, 
hydroxyapatite nanocrystals are present, associated with initial mineralization (40, 43). 
Additionally, calcium-crystals activate macrophages thereby promoting a pro-inflammatory 
environment (44) and gaining osteogenic activity (40). Consequently, inflammatory 
macrophages promote calcification via release of TNFα. In line with these data, we confirm 
that mice treated with warfarin had more macrophages in early atherosclerotic lesions. In 
conclusion, macrophage rich plaques display increased osteogenic activity, further 
enhancing the strong correlation between inflammation and vascular calcification.  

Thrombin can affect atherosclerosis development by promoting inflammation via 
cytokine production, proliferation and cytoskeletal rearrangement of VSMC, fibroblast 
stimulation and NO synthesis (45-47). In atherosclerosis, thrombin also promotes leucocyte 
recruitment, while reduction of thrombin by approximately 50% reduced macrophages 
content (18). Here, we showed that dabigatran reduced atherogenesis and that thrombin 
inhibition induced oxidative stress and extracellular vesicle secretion in vitro. Moreover, 
thrombin stimulation in VSMC increased a wide range of transcript genes associated with 
atherosclerosis and inflammation. Thrombin binds and cleaves the N-terminal exodomain of 
PAR1 thereby initiating PAR1 signaling. Dabigatran inhibits thrombin, thereby attenuating 
thrombin-induced PAR signaling resulting in diminished or altered atherosclerosis. Indeed, 
dabigatran has been shown to reduce thrombin induced inflammatory response (48, 49).  

This study has several limitations. The atherosclerotic Apoe-/- mice model is a widely 
accepted animal model for studying atherosclerosis. While there is great similarities in 
morphology of plaques compared to humans, atherosclerotic plaques in mice will not rupture. 
Therefore, potential consequences of myocardial infarction or stroke are absent in this model. 
Dosage of dabigatran is higher in mice compared to human’s due to lower affinity of 
dabigatran in rodents (19). Moreover, our dosage of warfarin in mice (eg, 3 mg/g and mice 
eat approximately 4 gram per day, daily intake of 10-15 mg per day) exceeded dose in 
humans (5 mg per day/70 kg) (50). Nevertheless, warfarin was combined with elevated 
vitamin K1 to prevent bleeding and was used to study VKA effects on the vessel wall. In the 
present study, we determined the differential effects of warfarin and dabigatran on the vessel 
wall and possible consequence in atherosclerosis development. 

In conclusion, VKA aggravates atherogenesis via its direct effects on VSMC. Our data 
show that VKA increases atherosclerotic disease activity, increasing plaque inflammation, 
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oxidative stress and calcification activity; effects that translate into faster plaque progression. 
In contrast, these effects are not observed with dabigatran, which appeared to have a 
beneficial effect on disease progression. Our findings suggest that the choice of anticoagulant 
in patients at risk of arterial of venous thrombosis may have important off target effects on 
bystander atherosclerotic disease, with further studies in humans now required.  
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Abstract 

Rationale: Vascular calcification, the formation of calcium phosphate crystals in the vessel 
wall, is mediated by vascular smooth muscle cells (VSMCs). However, the underlying 
molecular mechanisms remain elusive precluding mechanism-based therapies.  
Objective: Phenotypic switching denotes a loss of contractile proteins and an increase in 
migration and proliferation, whereby VSMCs are termed synthetic. We examined how 
VSMC phenotypic switching influences vascular calcification and the possible role of the 
uniquely calcium-dependent ROS-forming NADPH oxidase 5 (Nox5). 
Methods and Results: In vitro cultures of synthetic VSMCs showed decreased expression of 
contractile markers CNN1, αSMA and SM22α and an increase in synthetic marker S100A4 
compared to contractile VSMCs. This was associated with increased calcification of 
synthetic cells in response to high extracellular Ca2+. Phenotypic switching was accompanied 
by increased levels of reactive oxygen species (ROS) and Ca2+-dependent Nox5 in synthetic 
VSMCs. Nox5 itself regulated VSMC phenotype as siRNA knock-down of Nox5 increased 
contractile marker expression and decreased calcification, while overexpression of Nox5 
decreased contractile marker expression. ROS production in synthetic VSMCs was cytosolic 
Ca2+-dependent, in line with it being mediated by Nox5. Treatment of VSMCs with Ca2+ 
loaded extracellular vesicles (EVs) lead to an increase in cytosolic Ca2+. Inhibiting EV 
endocytosis with dynasore blocked the increase in cytosolic Ca2+ and VSMC calcification. 
Increased ROS production resulted in increased EV release and decreased phagocytosis by 
VSMCs. 
Conclusions: We show here that contractile VSMCs are resistant to calcification and identify 
Nox5 as a key regulator of VSMC phenotypic switching. Additionally, we describe a new 
mechanism of Ca2+ uptake via EVs and show that Ca2+ induces ROS production in VSMCs 
via Nox5. ROS production is required for release of EVs, which promote calcification. 
Identifying molecular pathways that control Nox5 and VSMC-derived EVs provides 
potential targets to modulate vascular remodelling and calcification in the context of mineral 
imbalance. 
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Introduction 

Vascular calcification is the formation of calcium phosphate crystals in the blood 
vessel wall (1) and is associated with a 3-4-fold increase in cardiovascular and all-cause 
mortality (2). Vascular calcification can be categorised based on its location in the vessel 
wall into intimal, predominantly associated with atherosclerosis, and medial, associated with 
ageing, chronic kidney disease and diabetes (3). The result of intimal calcification is an 
increased risk of plaque rupture (4), which causes myocardial infarction and strokes (5). 
Medial calcification in chronic kidney disease is attributed to an imbalance in calcium and 
phosphate metabolism (6). The direct result of medial vascular calcification is blood vessel 
wall stiffening, that leads to many cardiovascular complications such as hypertension and 
aortic stenosis. These in turn give rise to cardiac hypertrophy, myocardial and lower-limb 
ischemia, congestive heart failure and can eventually result in death (7). To date, no early 
detection methods and no proven therapies exist to inhibit or reverse vascular calcification. 

Vascular calcification is an active process regulated by vascular smooth muscle cells 
(VSMCs) via several mechanisms including apoptosis (8), osteo/chondrogenic 
transdifferentiation (9), extracellular vesicle release (10), and cellular senescence (11). In 
healthy arteries, most VSMCs of the tunica media maintain a contractile phenotype, which 
enables them to regulate vascular tone and maintain hemodynamic balance. Physiological or 
pathological changes may demand adaptation of the involved arteries. Stress signals, such as 
oxidative or mechanical stress, cause VSMC phenotype to change. These dedifferentiated or 
‘synthetic’ VSMCs are characterized by a decreased expression of contractile proteins 
(myosin heavy and light chain (MLC), calponin (CNN1), smoothelin, α-smooth muscle actin 
(α SMA), smooth muscle protein 22α (SM22 α)), increased proliferation and migration (12, 
13). The process of dedifferentiation is termed phenotypic switching. Phenotypic switching 
is thought to precede the development of vascular disease. In specific pathologies VSMCs 
have been shown to differentiate even further and give rise to other cell types in the vessel 
wall including macrophages (14) and osteo/chondrogenic cells (15, 16).  

Though phenotypic switching is thought to precede vascular disease, including 
vascular calcification, molecular events leading to the loss of contractile phenotype and 
mechanisms driving the synthetic VSMCs towards calcification, are at present not fully 
understood. Therefore, in this study we set out to investigate the relationship between VSMC 
phenotypic switching and vascular calcification and the mechanisms that link these 
processes. 

Materials and methods 

An expanded Materials and Methods is available in the Online Data Supplement. 
Cell culture, treatments and transfections. Human and porcine aortic VSMCs (hVSMCs 
and pVSMCs) were derived from tissue explants and cultured as described previously (17, 
18). Collection, storage, and use of tissue and human aortic samples were performed in 
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agreement with the Dutch Code for Proper Secondary Use of Human Tissue. HASMC66 cell 
line was cultured as described previously (19). Each experiment was carried repeated in 
VSMCs from at least 3 different donors. VSMCs in passages 5-12 were used. Heparin, 
PDGF-BB, GKT136901, VAS2870, BAPTA-AM, dynasore and H2O2 were used at 
concentrations stated in the figure legends. For calcification assays VSMCs were treated with 
control (1.8 mM Ca2+) or high calcium (3.6 mM or 5.4 mM CaCl2) medium. Calcification 
was measured as previously described (20). HVSMCs were transduced with lentiviral vectors 
Nox5-β and GFP sequences for 48 h. SiRNA (S103243856, Qiagen) transfection was carried 
out using a Basic Smooth Muscle Cells Nucleofector Kit (Lonza) for 24 hours.  
Cell assays. PVSMC proliferation was measured real-time using the xCELLigence System 
(ACEA Biosciences). ROS were quantified with Amplex red or DCFDA. Cytosolic Ca2+ was 
measured using Fluo-4-AM in Cytation3 (Biotek). Live single cell imaging of cytosolic Ca2+ 
was performed by monitoring fura-2 fluorescence using an Olympus Cell^R imaging system 
as described previously (21). 
Immunoblotting, Quantitative Reverse Transcriptase Polymerase Chain Reaction, and 
Immunofluorescence. VSMC RNA was reverse transcribed using Mu-MLV reverse 
transcriptase (Invitrogen) and the SYBR quantitative polymerase chain reaction assay 
(BioRad) according to manufacturer’s protocol. Immunoblotting and immunofluorescence 
were performed as previously described (22).  
The BiKE cohort. Patients undergoing surgery for symptomatic (S) or asymptomatic (AS), 
high-grade (>50% NASCET) carotid stenosis at the Department of Vascular Surgery, 
Karolinska University Hospital, Sweden were consecutively enrolled in the study and clinical 
data recorded on admission (23). All samples were collected with informed consent from 
patients or organ donors’ guardians. All human studies were approved by the regional Ethical 
Committees. The microarray dataset is available from Gene Expression Omnibus 
(GSE21545).  
Immunohistochemistry. Human coronary artery sections were collected during autopsy from 
20 patients aged 47 to 86 years, who died from non-cardiac causes. Autopsy was performed 
6 to 9 hours after death (Department of Pathology, Academic Hospital Maastricht, 
Maastricht). Tissue collection was approved by the Maastricht Pathology Tissue Collection 
committee. The Medical Ethics Committee of the Maastricht University approved the study 
protocol and all subjects gave their informed consent in writing. Immunohistochemical 
staining was performed as described elsewhere (24).  
Extracellular vesicle isolation and quantification. EVs were isolated by differential 
ultracentrifugation as previously described (25) from HASMC66 (26) cells, pVSMCs and 
hVSMCs. Quantification of EVs secreted in the cell culture media was performed using a 
bead capture assay, as previously described (27).  
Phagocytosis of EVs and CFSE loading. EVs (15 μg protein), collected from HASMC66 
were labelled with CFSE for 30 min at 37°C and incubated with VSMCs. After incubation, 
cells were trypsinised, washed and measured by flow-cytometry (Acuri C6, BD biosciences). 
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Statistical analysis. Data are shown as mean ± SD and were obtained in three or more 
independent experiments. Normality of all data was tested using the Shapiro-Wilk test. If 
data was normally distributed, statistical significance was tested with t-test, one sample t-test 
and 1-way ANOVA with Bonferroni post hoc for experiments with 2 and more groups, 
respectively. If data was not normally distributed, the Man-Whitney and Kruskall-Wallis 
tests were used. The exact test used for each data set is mentioned in figure legends. Statistical 
analysis was carried out using using GraphPad Prism 8.2.0. * denotes p<0.05, ** p<0.01, 
*** p<0.001. 
Pearson correlations were used to calculate the association between mRNA expression of 
NOX5 and other markers from microarray dataset. Significance was considered when 
p<0.05.  
Data availability. The data that support the findings of this study are available from the 
corresponding author upon reasonable request. 

Results 

Phenotypic switching of VSMCs in vitro is associated with calcification due to increased 
ROS production 

Cultured VSMCs display progressive loss of contractile proteins, shifting towards a 
synthetic phenotype (28). In order to study the relationship between VSMC phenotype and 
calcification in vitro we used two model systems: 1) porcine VSMCs (pVSMCs) isolated as 
distinct populations of contractile or synthetic cells (18) and 2) human VSMC (hVSMCs) 
treated with heparin or PDGF-BB in order to induce the contractile or synthetic phenotype, 
respectively (18, 29). We confirmed that contractile pVSMCs express higher levels of 
contractile markers CNN1 and αSMA (Figure 1A) than synthetic cells. As previously 
described (18) the morphology of the cells differed, with synthetic cells being more rhomboid 
and contractile cells elongated. Next we demonstrated that the phenotype switch is reversible, 
as treatment of contractile pVSMC with PDGF-BB caused a loss of αSMA, SM22α and 
CNN1 expression and a concomitant gain of S100A4 expression, a synthetic marker (Figure 
1B-F) (30). Conversely, treating synthetic pVSMCs with heparin led to upregulated αSMA, 
SM22α and CNN1 and decreased S100A4 expression indicating a switch towards a 
contractile phenotype. Similar effects of PDGF-BB and heparin were observed in hVSMCs 
(Supplementary Figure 1A, 1B). Additionally, synthetic VSMCs showed higher rates of 
proliferation (Figure 1G, Supplementary Figure 1C) than contractile VSMCs. 

In order to accelerate the process of calcification in vitro we cultured VSMCs in 
medium with an increased Ca2+ concentration. Contractile pVSMCs showed no significant 
Ca2+ crystal formation, whereas synthetic pVSMCs exposed to calcifying conditions 
calcified significantly (Figure 2A, Supplementary Figure 1D). The increased calcification 
could be partly rescued by ‘reversing’ pVSMC phenotype with heparin (Figure 2B and 2C). 
This suggests that the rate of calcification is linked to VSMC phenotype.  
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Figure 1. Phenotypic switching of pVSMCs is associated with changes in contractile gene expression and 
proliferation. (A) Brightfield images and immunocytochemical staining of contractile proteins in synthetic and 
contractile pVSMCs showing differences in cell morphology and CNN1 and αSMA expression. Scale bars: 50 µm 
(immunocytochemistry), 1 mm (brightfield). Representative images from 3 independent experiments. (B-F) 
Western blotting and quantification of contractile proteins and synthetic marker in contractile cells treated with 
PDGF and synthetic cells treated with heparin, showing phenotypic switching was partially reversible. Cells were 
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grown in DMEM with 10% FBS with 20 ng/ml PDGF for 2 days or 200 U/ml heparin for 5 days. Graphs show 
pooled data from 3 independent experiments. Statistical significance was tested using the Mann-Whitney test and 
one sample t-test (C-F) or t-test (F). (G) Proliferation of pVSMCs was measured using the xCELLigence system, 
which measures the impedance of cells adhering to an electrode-covered surface, n=3. Synthetic cells show 
increased proliferation. Statistical significance was tested using t- test.

A similar dependency of calcification on phenotype was observed in hVSMCs 
(Supplementary Figure 1 E, F). 

We next set out to investigate the mechanisms, which could explain the different rates 
at which contractile and synthetic VSMCs calcify. Expression of osteogenic genes, 
classically associated with calcification, was not different between the phenotypes at 
baseline, except a higher expression of MGP mRNA in contractile pVSMCs compared to 
synthetic pVSMCs (Supplementary Figure 1G, 1H). Therefore, we focused on oxidative 
stress, which is a known mediator of vascular calcification (31). Contractile and synthetic 
pVSMCs produced comparable amounts of H2O2 under non-calcifying conditions (Figure 
2D). However, exposure to high Ca2+ levels resulted in increased production of H2O2 by 
synthetic pVSMCs (Figure 2D). This suggested that in these cells the rise in ROS production 
is Ca2+-dependent. In support of this notion, antioxidant N-acetylcysteine (NAC) was able to 
decrease Ca2+-induced calcification of synthetic pVSMCs (Figure 2E). 

In order to examine the mechanism responsible for increased ROS in synthetic 
VSMCs, we compared expression of three NADPH oxidase (Nox) enzymes between the 
phenotypes. We found that Nox1 expression was similar in both phenotypes, but both Nox4 
and Nox5 were significantly upregulated in synthetic pVSMCs compared to contractile 
pVSMCs both on mRNA and protein level (Figure 2F-J, Supplementary Figure 1I).  

Nox5 is highly expressed in synthetic VSMCs and mediates phenotypic switching and 
calcification 

We next set out to investigate whether Nox4 and Nox5 were involved in synthetic 
phenotype-related calcification in our model. Since Nox4 was expressed at lower levels than 
Nox5 and we excluded a role for Nox4 in VSMC calcification (Supplementary figure 2A), 
we focused on Nox5. First, we confirmed that switching contractile pVSMCs to synthetic 
cells with PDGF significantly increased expression of Nox5 mRNA (Figure 3A), whereas 
switching synthetic pVSMCs with heparin to contractile cells decreased Nox5 levels (Figure 
3B). Knock-down of Nox5 in hVSMCs resulted in increased expression of contractile 
markers CNN1, p-MLC and SM22α (Figure 3C-3G) and decreased calcification (Figure 3H). 
Conversely, overexpression of Nox5 resulted in decreased expression of contractile markers 
p-MLC and CNN1 as well as synthetic marker S100A4 (Figure 3I-3M, Supplementary
Figure 2B) and increased calcification (Figure 3N and 3O). Additionally, H2O2 treatment
decreased p-MLC and S100A4 expression in hVSMCs (Supplementary Figure 2C). These
results imply that signals which induce phenotype changes, do so via decreased or increased
expression of Nox5 and resulting changes in ROS levels.
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Figure 2. Synthetic phenotype is associated with increased calcification, ROS production and Nox expression. 
Calcification was induced by incubation with elevated Ca2+ concentrations (5.4 mM) in DMEM with 0.5% FBS and 
quantified using an o-cresolphthalein colorimetric assay. (A) Synthetic pVSMCs showed significant calcification in 
contrast to contractile cells after 48 h. Statistical significance was tested using the Mann-Whitney test. (B) Treating 
synthetic pVSMCs with heparin decreased calcification after 48 h. Statistical significance was tested with t-test. (C) 
Treating contractile pVSMCs with PDGF for 48 h increased calcification. Statistical significance was tested with t-
test. (D) Synthetic pVSMCs treated with 5.4 mM Ca2+ in 0.5% FBS for 22 h produced more H2O2 than contractile 
cells. H2O2 production was measured using Amplex red. Statistical significance was tested with t-test. (E) 
Scavenging H2O2 with 1 mM N-acetylcysteine (NAC) decreased calcification of synthetic pVSMCs treated with 5.4 
mM Ca2+ in 0.5% FBS for 48 h. Statistical significance was tested using the Mann-Whitney test. (F) QPCR analysis 
showed increased Nox4 and Nox5 expression in synthetic pVSMCs at baseline. Statistical significance was tested 
with t-tests. (G-J) Western blotting and quantification of Nox4 and Nox5 in contractile and synthetic pVSMCs. 
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Statistical significance was tested with t-tests. Data from a representative experiment. All other graphs show data 
from 3 independent experiments.

Supplementary Figure 1. Phenotypic switching. VSMCs were grown in DMEM with 10% FBS with 20 ng/ml 
PDGF for 2 days to induce synthetic differentiation or 200 U/ml heparin for 5 days to induce contractile 
differentiation. Calcification was induced by incubation with elevated Ca2+ concentrations (5.4 mM) in DMEM with 
0.5% FBS and quantified using an o-cresolphthalein colorimetric assay. (A) Brightfield images of synthetic and 
contractile hVSMCs showing differences in cell morphology. Scale bars are 10 mm. (B) Western blotting analysis 
of contractile proteins and in hVSMCs. PDGF induced hallmarks of a synthetic phenotype with decreased contractile 
markers. Low FBS treatment (0.5% for 5 days) had a similar effect to heparin, increasing expression of contractile 
markers. Representative images from 2 independent experiments. (C) Synthetic hVSMCs (treated with PDGF) 
proliferate at a higher rate than contractile hVSMCs (exposed to 0.5% FBS) in a period of 24 hours, measured by 
EdU incorporation. Statistical significance was tested using t-test. Pooled data from 4 experiments. (D) Synthetic 
pVSMCs calcified in 5.4 mM Ca2+ in medium with 2.5% FBS after 72 h. Statistical significance was tested using t-
tests. (E, F) Synthetic hVSMCs calcified more that contractile hVMSCs both in medium supplemented with (E) 
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0.5% FBS after 72 h and (F) 2.5% FBS after 5 days. Statistical significance was tested using t-tests. (G) Contractile 
pVSMCs expressed increased MGP protein levels, n=1. (H) Expression on bone markers wan not significantly 
different between contractile and synthetic pVSMCs, except for MGP. Statistical significance was tested using t-
tests (Runx2, BMP2, MGP) or Mann-Whitney tests (Osterix and αSMA) (I) Western blot of hVSMCs showing that 
heparin (200 U/ml, 5 days) decreased Nox5 expression, n=1. All graphs show representative data from 3 
independent experiments unless stated otherwise.

Interestingly, our results suggest that upregulation of S100A4 in synthetic cells occurs via 
mechanisms other that Nox5-mediated ROS upregulation.  

Ca2+ -dependent oxidative stress mediates pVSMC calcification 

Nox5 is known to be activated by binding of cytosolic Ca2+ to its EF-hand (32), 
therefore we hypothesized that it is the molecular link between increased extracellular Ca2+, 
and ROS-dependent calcification of synthetic VSMCs. First, we investigated extracellular 
vesicle (EV)-mediated uptake as a possible mechanism by which increased extracellular Ca2+ 
can increase cytosolic Ca2+. To this end hVSMCs were treated with dynasore, an inhibitor of 
clathrin- and caveolin-dependent EV uptake (33) in the presence of high Ca2+. Dynasore 
blocked the increase in cytosolic Ca2+ caused by the high Ca2+ treatment (Figure 4A), 
suggesting that Ca2+ enters the cells via EVs. Ionomycin, which causes a rapid influx of Ca2+ 

into the cells, was used as a positive control. In line with this, EVs isolated from cells 
incubated with 3.6 mM Ca2+ accumulated significantly higher Ca2+ compared to EVs isolated 
from cells treated with normal calcium (1.8mM Ca2+; Figure 4B). When EVs were isolated 
from cells treated in normal Ca2+, but later incubated with high Ca2+ in the absence of cells, 
they also accumulated Ca2+ (Figure 4C) suggesting that Ca2+ loading into EVs happens 
outside of the cells. Additionally, we carried out a more sensitive cytosolic Ca2+ assay in 
single cells. VSMCs were treated with high Ca2+, which resulted in an insignificant increase 
in cytosolic Ca2+ in 1 hour, compared to control (Figure 4D). Interestingly, when VSMCs 
cultured in medium with normal Ca2+ were treated with EVs isolated from VSMCs treated 
with high Ca2+, transient increases in cytosolic Ca2+ were observed (Figure 4E). In VSMCs 
treated with EVs isolated from VSMCs incubated with normal Ca2+ no such increases were 
observed. These observations suggest that EVs generated in a high Ca2+ environment induce 
a cytosolic Ca2+ rise in VSMCs. Additionally, dynasore inhibited calcification of VSMCs 
(Figure 4F). This suggests that Ca2+ entry via EVs contributes to VSMC calcification. Next, 
we set out to investigate whether this rise of cytosolic Ca2+ leads to increased ROS production 
and calcification. First, we confirmed that overexpression of Nox5 in hVSMCs, which 
induced synthetic differentiation, lead to increased ROS production (Figure 4G) and that 
siRNA knock-down of Nox5 lead to decreased ROS production (Figure 4H). 

Then, we demonstrated that cytosolic Ca2+ chelator BAPTA-AM blocked the increase 
in H2O2 production by synthetic pVSMCs (Figure 4I). H2O2 production was also blocked by 
the Nox inhibitor GKT136901 (Figure 4H). Moreover, Nox inhibitors GKT136901 and 
VAS2870 as well as BAPTA-AM decreased VSMC calcification (Figure 4J and 4K,  
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Supplementary Figure 2. Nox5 - experimental controls. (A) There was no difference in calcification between 
Nox4-/- and WT mouse VSMCs treated with 5.4 mM Ca2+ in 0.5% FBS for 48 h. Statistical significance was tested 
using the Mann-Whitney test. (B) Transduction of hVSMCs with a Nox5 overexpressing virus results in increased 
Nox5 expression. HVSMCs were transduced with an empty lentiviral vector or Nox5 vector at multiplicity of 
infection 10 for 48 h. Afterwards cells were fixed, stained with anti-Nox5 antibody and fluorophore-labelled 
secondary antibody. Images were acquired using Cytation 3. Scale bars are 100 μm. (C) Western blotting and 
quantification of p-MLC and S100A4 in hVSMCs treated with 15 µM H2O2 in M199 with 2.5% FBS 5 days. 
Statistical significance was testes using the Mann-Whitney test (p-MLC) and t-test (S100A4). (D) Nox inhibitor 
VAS2870 decreased calcification of synthetic pVSMCs treated with 5.4 mM Ca2+ in 0.5% FBS for 48 h. Statistical 
significance was tested using ANOVA. (E) Nox inhibitor GKT136901 (10 µM) inhibited calcification of hVSMCs. 
Calcification was induced by incubation 5.4 mM Ca2+ in 2.5% FBS for 72 h. Statistical significance was tested using 
t-test. All graphs show representative data from 3 independent experiments depicted as mean ± SD. *P<0.05,
**P<0.01, ***P<0.001. All graphs show representative data from 3 independent experiments.

Supplementary Figure 2D, 2E). Taken together these results show that cytosolic Ca2+-Nox5-
dependent ROS production is required for calcification of synthetic VSMCs.  
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Figure 3. Nox5 mediates phenotypic switching and VSMC calcification. (A, B) qPCR analysis of Nox5 mRNA 
expression in synthetic pVSMCs treated with heparin (200 U/ml, 5 days) and contractile pVSMCs treated with 
PDGF (20 ng/ml, 2 days). Expression was normalised to β-actin. (C-G) SiRNA knock-down (24 h) of Nox5 
increased expression of contractile markers in hVSMCs (western blot and quantifications), n=3. Statistical 
significance was tested using the Mann-Whitney test (D, F) or one sample t-test (E, G). (H) SiRNA knock-down 
(24 h) of Nox5 decreased calcification of hVSMCs (calcification was induced with 5.4 mM Ca2+ in 2.5% FBS for 5 
days). Statistical significance was tested using t-test. (I-M) Nox5 overexpression using a lentivirus resulted in 
decreased contractile protein expression and decreased S100A4 expression in hVSMCs (Western blotting and 
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quantification). Nox5 was quantified using immunocytochemistry on the Cytation 3 imaging reader. Statistical 
significance was tested using t-tests. (N, O) Nox5 overexpression increased calcification of hVSMCs treated with 
5.4 mM Ca2+ in 2.5% FBS for 3 days, measured using o-cersolphthtalein and visualised with Alizarin Red S. 
Statistical significance was tested using the Mann-Whitney test. All graphs show representative data from 3 
independent experiments.

Figure 4. Ca2+-dependent oxidative stress mediates calcification of synthetic VSMCs. (A) HVSMCs were 
treated with 3.6 mM Ca2+, 40 µM dynasore or 1 µM ionomycin for 4 h in M199 with 0.5% FBS. Cytosolic Ca2+ was 
measured using Fluo-4-AM in Cytation 3 imager. Graph shows pooled data from 3 independent experiments. 
Statistical significance was tested using the Kruskall-Wallis test. (B) HVSMCs were treated with M199 with 2.5% 
FBS with normal (1.8 mM) or high (3.6 mM) Ca2+ for 48 h. No calcification was observed. EVs were isolated by 
ultracentrifugation, Ca2+ content in EVs was quantified using an o-cresolphthalein colorimetric assay and normalised 
to protein content. Pooled data from 3 experiments, significance tested using one sample t-test. (C) Medium was 
collected from 106 hVSMCs grown in M199 with 20% FBS and incubated with CD63-coupled beads overnight to 
capture EVs. Next, the EV bead pool was aliquoted and aliquots were treated with 3.6 mM Ca2+ or normal Ca2+, 
washed and Ca2+ content was quantified using an o-cresolphthalein colorimetric assay. Graph shows pooled data 
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from 3 experiments. Statistical significance was tested using one sample t-test. (D) HVSMCs were loaded with 
Fura-2-AM which was alternately excited at 340 nm and 380 nm and the ratiometric emission, corresponding to 
cytosolic Ca2+ concentration, is presented. Cells were treated with normal (1.8 mM) or high (5.4 mM) extracellular 
Ca2+ after 5 minutes of live monitoring and continued monitoring up to 60 minutes. Results shown are responses for 
2 individual cells, representing approximately 20 cells from 2 independent experiments. (E) As for D. but HVSMCs 
were treated with EVs isolated by ultracentrifugation from HVSMCs treated for 48 h with medium containing 1.8 
or 3.6 mM Ca2+. Some cells showed clear oscillatory cytosolic Ca2+ responses to EVs isolated from 3.6 mM Ca2+ 
conditions but no cells showed responses to EV from 1.8 mM Ca2+ conditions. Results shown are responses for 2 
individual cells, representing approximately 15 cells from 2 independent experiments. (F) Inhibiting EV uptake with 
dynasore decreased calcification. HVSMCs were treated in DMEM with 0.5% FBS and 3.6 mM Ca2+ with or without 
8 μM dynasore for 48 h. Representative data from 3 experiments. Statistical significance was tested using the Mann-
Whitney test. (G) Overexpression of Nox5 induced an increase in cytosolic ROS measured using the DCFDA probe. 
Statistical significance was tested using t-test. (H) Nox5 knock-down decreased ROS production in hVSMCs. 
Pooled data from 2 experiments. Statistical significance was tested using t-test. (I) Both Nox inhibitor GKT136901 
(10 µM) and cytosolic Ca2+ chelator BAPTA (2 µM) decreased H2O2 production measured with Amplex red in 
synthetic cells treated with 5.4 mM Ca2+ in 0.5% FBS. Statistical significance was tested using the Mann-Whitney 
test. (J, K) GKT136901 (10 µM) and BAPTA (2 µM) decreased calcification of synthetic pVSMCs treated with 5.4 
mM Ca2+ in 0.5% FBS for 48 h and 36 h, respectively. Statistical significance was tested using t-test (J) and Mann-
Whitney test (K). All graphs show representative data from 3 independent experiments, unless stated otherwise. 

Nox5-mediated oxidative stress induces extracellular vesicle release and inhibits 
phagocytosis in synthetic VSMCs  

EVs have recently been shown to play an important role in VSMC calcification (27). 
Therefore, we set out to investigate whether EVs could be the mediators of Ca2+-Nox5-ROS- 
induced calcification of synthetic VSMCs.  

We first confirmed that externally added EVs (Supplementary Figure 3A) increased 
calcification of a collagen matrix (Figure 5A) and of synthetic (Figure 5B) and contractile 
pVSMCs (Supplementary Figure 3B). This was further confirmed in a Boyden chamber 
experiment with pVSMC in the upper chamber and a collagen coating in the lower chamber. 
Synthetic pVSMCs in the upper chamber caused significantly more calcification in the lower 
chamber as compared to contractile VSMCs (Supplementary Figure 3C). Quantification of 
EVs using a bead capture assay showed that synthetic hVSMCs released significantly more 
EVs than contractile hVSMCs (Figure 5C). These results suggest that synthetic VSMCs 
secrete more EVs, which leads to increased calcification. 

We next showed that high extracellular Ca2+ levels (which lead to increased ROS 
production in synthetic cells, Figure 2D) induced EV release (Figure 5D). Additionally, H2O2 

dose-dependently enhanced EV release (Figure 5E). To investigate whether EV release is 
mediated by Nox5, we treated hVSMCs with pan-Nox inhibitor GKT136901 and observed 
decreased EV release in the presence of Ca2+ (Figure 5F, Supplementary Figure 3D). 
Conversely, overexpression of Nox5 in hVSMCs, which leads to increased ROS production 
(Figure 4G), induced a five-fold increase in EV release (Figure 5G). 

Extracellular levels of EVs are the result of a balance between secretion and uptake 
and we showed that ROS induced secretion of EVs.  
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Supplementary Figure 3. Extracellular vesicles – experimental controls. (A) EVs were isolated by 
ultracentrifugation from culture media collected from synthetic pVSMCs grown in normal medium. Vesicles were 
resuspended in PBS and subjected to DLS analysis. 3 independent samples were measured, each in triplicate. Graph 
is a representation of a single measurement for 1 sample. Curves represent percentages of EVs of a certain size. The 
size of the EVs is consistent with exosomes (10-100 nm). (B) EVs isolated from HASMC66 (15 µg/ml) were added 
to contractile pVSMCs (pre-treated with 200 U/ml heparin for 5 days). Calcification was induced by incubation 
with elevated Ca2+ concentrations (5.4 mM) in DMEM with 0.5% FBS for 24 h and quantified using an o-
cresolphthalein colorimetric assay. Statistical significance was tested using ANOVA. (C) PVSMCs were placed in 
the upper chamber of a Boyden chamber (3 µm pore size) and a collagen coating in the lower chamber. Calcification 
of the collagen coating was induced by incubation with 5.4 mM Ca2+ in 0.5% FBS for 24 h. Synthetic pVSMCs in 
the upper chamber caused significantly more calcification in the lower chamber compared to contractile pVSMCs. 
Statistical significance was tested using t-test. (D) Nox inhibitor GKT136901 (10 µM) does not change EV hVSMCs 
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release by on its own (2.5% FBS, 24 h). Control cells were treated with vehicle (DMSO) Statistical significance was 
tested using t-test. (E) CD63-positive extracellular vesicles present phosphatidylserine (PS). hVSMCs were 
incubated in M199 with 0.5% FBA for 16 hours, medium was changed and collected for the assay 24 h later. EVs 
were captured with anti-CD63-coulped beads and detected with an anti-CD81-PE antibody and Annexin A5-FITC, 
and quantified using flow cytometry. (F) CFSE-labelled EVs (15 µg/ml) from HASMC66 were added to hVSMCs. 
Uptake was quantified after 0, 2, and 4 h by flow cytometry. Passive uptake was monitored by incubating at 4°C. 
Statistical significance was tested using t-test. All graphs show representative data from 3 independent experiments. 

Figure 5. Nox5-dependent oxidative stress increases EV release and inhibits phagocytosis. (A) EVs isolated by 
ultracentrifugation from HASMC66 cultured in normal medium (7.5 µg/ml protein concentration) increased 
calcification of a collagen matrix in the absence of cells (calcification was induced with 5.4 mM Ca2+ in 0.5% of EV 
free FBS for 24 h). Statistical significance was tested using t-test. (B) EVs isolated from HASMC66 cells (15 µg/ml) 
increased calcification of synthetic pVSMCs. Statistical significance was tested using ANOVA. (C) Contractile 
hVSMCs (treated with 200 U/ml heparin for 5 days) secreted fewer EVs than synthetic hVSMCs (treated with 20 
ng/ml PDGF for 2 days). EVs were captured with anti-CD63-coulped beads, detected with a fluorescently labelled 
anti-CD81 antibody and quantified using flow cytometry. Statistical significance was tested using t-tests. (D) 5.4 
mM Ca2+ increased EV release in hVSMCs (in 2.5% of EV free FBS, 48 h). Statistical significance was tested using 
t-test. (E) H2O2 increased EV release in hVSMCs (2.5% FBS, 24 h). Statistical significance was tested using
ANOVA. (F) Nox inhibitor GKT136901 (10 µM) decreased EV release in the presence of 5.4 mM Ca2+ in hVSMCs
(2.5% FBS, 24 h). Statistical significance was tested using t-test. (G) Nox5 overexpression in hVSMCs using a
lentiviral vector increased EV release.. Statistical significance was tested using the Mann-Whitney test. (H) CFSE-
labelled EVs (15 µg/ml) from HASMC66 were added to hVSMCs pre-treated with H2O2 for 20 h in 2.5% FBS.
Uptake was quantified after 4 h by flow cytometry. H2O2 decreased EV uptake. Statistical significance was tested
using ANOVA. All graphs show data from 3 independent experiments.

Therefore, we investigated whether uptake of EVs by VSMCs is influenced by ROS. First, 
we confirmed that EVs secreted by VSMCs present phosphatidylserine, a phagocytosis 
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signal (19) (Supplementary Figure 3E) and that CFSE-labelled EVs were phagocytosed when 
added to synthetic hVSMCs in EV- free medium. Significantly more uptake occurred at 37 
°C than at 4 °C indicative of an active phagocytic process (Supplementary Figure 3F). Next, 
we showed that H2O2 inhibited phagocytosis of EVs (Figure 5H). Taken together these 
results suggest that Ca2+-Nox5- induced ROS lead to increased release and inhibited uptake 
of EVs, which causes their net accumulation and increased calcification in the extracellular 
environment. 

Nox5 is expressed in synthetic VSMCs in human vascular disease tissues 

To examine the relationship between Nox5 expression and VSMC markers in human 
vascular disease context, we analysed global transcriptomic data from 127 advanced human 
atherosclerotic plaques (Table 1). Nox5 mRNA expression showed a positive correlation 
with contractile markers αSMA, smoothelin (SMTN), and myosin light chain (MYL). There 
was no correlation with CNN1, SM22α or Myocardin (MYOCD) and a negative correlation 
with myosin heavy chain (MYH11), one of the first markers lost in de-differentiating VSMCs 
(34). Unexpectedly, there was a negative correlation with S100A4 and KLF4, which promote 

Table 1. Nox5 expression correlates with SMC markers in atherosclerotic plaques. Pearson correlations were 
performed to investigate the association between the transcriptomic expression levels of Nox5 and SMC markers, 
based on the microarray data from human plaques in the BiKE cohort, n=127. 

Cell Marker Pearson r 95% CI P (two-tailed) P value 
summary 

Smooth muscle 
MYH11 -0.2691 -0.4240 to -0.09884 0.0023 ** 
CNN1 -0.0161 -0.1898 to 0.1586 0.8574 ns 

MYOCD 0.1171 -0.05898 to 0.2862 0.1915 ns 
SM22α 0.1255 -0.05048 to 0.2940 0.1613 ns 
αSMA 0.3943 0.2356 to 0.5325 < 0.0001 **** 

MYL10 0.4328 0.2796 to 0.5644 < 0.0001 **** 
SMTN 0.6218 0.5014 to 0.7186 < 0.0001 **** 
MYL1 0.6692 0.5603 to 0.7554 < 0.0001 **** 

Synthetic S100A4 -0.313 -0.4620 to -0.1467 0.0003 *** 
KLF4 -0.3701 -0.5113 to -0.2093 < 0.0001 **** 

Extracellular 
vesicles 

CD63 -0.1774 -0.3411 to -0.0033 0.046 * 
CD81 -0.3507 -0.4947 to -0.1880 < 0.0001 **** 

TSG101 -0.3624 -0.5047 to -0.2008 < 0.0001 **** 
SMPD3 0.6594 0.5482 to 0.7478 < 0.0001 **** 

CD9 0.7246 0.6299 to 0.7981 < 0.0001 **** 

Growth factor PDGFB 0.417 0.2611 to 0.5517 < 0.0001 **** 

synthetic differentiation. We also examined EV-related gene expression and found a 
negative correlation with EV/multivesicular body markers CD63, CD81 and TSG101, but 
strong positive correlations with CD9 and enzyme regulating EV release SMPD3.  
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Supplementary Table 1. Nox5 expression negatively correlates with endothelium, macrophages including 
lipid-loaded foam cells and lymphocyte markers in atherosclerotic plaques. Pearson correlations were 
performed based on transcript expression levels in microarray data from the BiKE cohort, n=127 plaques. 

Cell Marker Pearson r 95% CI P (two-tailed) P value 
summary 

Endothelium 
VWF -0.2523 -0.4091 to -0.08092 0.0044 ** 

Foam cell 
CD36 -0.2357 -0.3938 to -0.06413 0.0076 ** 

FABP4 -0.2112
-0.3718 to -0.03843

0.0171 * 

Macrophage CD163 -0.4038 -0.5405 to -0.2463 < 0.0001 **** 
CD80 -0.3709 -0.5120 to -0.2102 < 0.0001 **** 
CD86 -0.2758 -0.4300 to -0.1060 0.0018 ** 

Lymphocyte ITGAE -0.4788 -0.6027 to -0.3323 < 0.0001 **** 
CD8B 0.1755 0.0006115 to 0.3400 0.0493 * 
CD4 0.4592 0.3091 to 0.5870 < 0.0001 **** 

FOXP3 0.6833 0.5774 to 0.7666 < 0.0001 **** 

Other TGFB1 0.535 0.3972 to 0.6491 < 0.0001 **** 
IFNG 0.2312 0.05865 to 0.3903 0.0092 ** 
IL10 -0.3103 -0.4603 to -0.1432 0.0004 *** 

HSP90 -0.5126 -0.6305 to -0.3716 < 0.0001 **** 

Additionally, there was a positive correlation with PDGF expression. Since 
atherosclerotic plaques are comprised of many other cell types, we also examined Nox5 
expression in correlation with markers of other cell types (Supplementary Table 1). Nox5 
expression negatively correlated with endothelial cell, platelet, lipid-laden foam cell, 
macrophage and some lymphocyte markers (CD8B, CD4, FOXP3). Positive correlation was 
observed with other lymphocyte markers (ITGAE, CD80, CD86).  

To further assess whether Nox5-dependent phenotype switching occurred in human 
vasculature we localised synthetic and contractile markers and Nox5 in human arteries on 
protein level (Figure 6). Immunohistochemical staining of human coronary artery samples 
showed extensive Nox5 staining in regions with αSMA expression, indicating the presence 
of VSMCs, but with low expression of contractile marker CNN1 and high expression of 
synthetic marker S100A4. Some Nox5 staining was present in the adventitia, suggesting 
possible expression of Nox5 in other cell types. Taken together, these results support the 
notion that Nox5 is expressed in synthetic VSMCs in human vessels and that EV release is 
involved. 

Discussion 
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In the present study we identify Nox5 as a key regulator of VSMC phenotype and 
calcification. We demonstrate that contractile VSMCs have low calcification capacity and 
that switching towards a synthetic phenotype promotes calcification. We show that 
extracellular factors known to induce phenotype switching cause increased Nox5 expression. 
Subsequently, increased Nox5 expression then induces phenotypic switching to synthetic. 
We elucidate the mechanism by which synthetic VSMCs are prone to calcification, showing 
that extracellular Ca2+ enters cells via EVs, which results in a cytosolic Ca2+ rise. This 
activates Nox5, which is responsible for increased ROS production. Increased ROS lead to 
decreased contractile marker expression, enhanced EV release and decreased uptake, which 
promotes calcification (Figure 7).  

Contractile VSMCs are resistant to calcification 

In the present study, we demonstrate that contractile VSMCs are resistant to 
calcification in vitro suggesting that switching towards a synthetic phenotype is required for 
mineralization. We propose that this is in part due to differences in Nox5 expression. We 
show that Nox5 mRNA expression in advanced atherosclerotic plaques correlated with 
expression of some SMC markers, and not of markers of other cell types. A negative  

Figure 6. Nox5 is expressed in synthetic cells in human arteries. Immunohistochemical staining of human 
coronary artery with atherosclerotic plaque. VSMCs were αSMA-positive. Nox5 was present in VSMCs expressing 
S100A4, but not contractile marker CNN1 (black arrows). Figure shows representative images from a total of 20 
coronary artery and aortic samples that were stained. Scale bars are 250 μm.
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correlation or no correlation was observed with CNN1, SM22α, MYOCD and MYH11, 
suggesting that Nox5 is expressed in de-differentiated VSMCs. In this dataset we also 
observed a negative correlation of Nox5 expression with S100A4 and KLF4, previously 
associated with synthetic differentiation (14, 30). However, the atherosclerotic plaques in 
this study were of late stages (AHA grade VI and VII). Therefore, it is possible that no active 
synthetic differentiation occurs at these stages and the correlation is lost even though it may 
have been present during earlier stages of atherogenesis. Additionally, the negative 
correlation of S100A4 with Nox5 expression is in line with our results showing that 
overexpression of Nox5 or H2O2-induced oxidative stress downregulated expression of 
S100A4 protein in VSMCs. S100A4 is known to regulate cell proliferation and motility, but 
more recently it has been shown to be released to the extracellular space where it has an 
important function in VSMC phenotype switching (35). Neither of the methods which we 
employed (mRNA analysis in plaque samples or western blot of cell lysates) would have 
measured extracellular S100A4 protein accumulation, so its regulation by Nox5 and ROS 
cannot be fully excluded. 

By immunohistochemistry, we’ve shown that Nox5 expression in synthetic VSMCs in 
the vessel wall, consistent with its role as a regulator of phenotypic switching. In line with 
this, Nox5 expression was previously shown to be highly upregulated in VSMCs in advanced 
human atherosclerotic plaques (36), which are characterised by VSMC phenotypic switching 
and calcification. Additionally, polymorphisms in the Nox5 gene are linked to changes in 

Figure 7. Regulation of VSMC calcification by Nox5. (A) The synthetic phenotype is associated with increased 
Nox5 expression, which further exacerbates phenotypic switching to synthetic. Extracellular Ca2+ enters cells via 
clathrin- and caveolin-dependent uptake of EVs, which results in a cytosolic Ca2+ rise. This activates Nox5, which 
is responsible for increased ROS production. Increased ROS lead to enhanced EV release and decreased 
phagocytosis. An increased amount of EVs in the extracellular matrix promotes calcification. (B) Contractile 
VSMCs dedifferentiate to synthetic VSMCs. This process is induced by PDGF, high Ca2+ and mediated by Nox5. 
Synthetic VSMCs undergo further changes, including apoptosis and osteogenic differentiation, secrete increased 
amounts of ECM (extracellular matrix) and EVs. All these processes lead to increased calcification.
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blood pressure (37), which are associated with VSMC-mediated vascular remodelling. It 
remains to be established what causes the increase in Nox5 expression in synthetic VSMCs 
in the first place. Inflammation-related stimuli have been shown to regulate Nox5 expression 
(38), however this has not been investigated in the context of phenotypic switching. 

We also found that contractile VSMCs had significantly higher levels of MGP, an 
inhibitor of vascular calcification. Carboxylated MGP is known to block both crystal 
formation and BMP signalling (39). An increased level of this inhibitor might offer another 
explanation to the observed resistance of contractile VSMCs to calcification. 

Regulation of VSMC phenotype by Nox5 

We show here that Nox5 is a marker and (via increased ROS production) an inducer 
of the synthetic phenotype. Consistent with our findings, Nox5-derived ROS were previously 
identified as a driving force for coronary SMC migration, consistent with the synthetic 
phenotype, via upregulation of intermediate-conductance Ca2+ activated K+ channels 
(KCNN4) (40). Additionally, Nox5-produced ROS have been shown to mediate PDGF-
induced proliferation of VSMCs (41). On the other hand, in other contexts ROS were shown 
to be required for VSMC contractile differentiation (42) and maintenance of the contractile 
phenotype via Nox4-derived ROS (43, 44). ROS are also required for VSMC contraction 
(45). It is possible that the discrepancy between our results and previous studies is due to 
different Nox enzymes mediating divergent effects. The overall outcome for the cells would 
then depend on the balance between the activity of these enzymes. Another possibility is that 
ROS form a negative feedback loop for phenotype control, with synthetic cells producing 
more ROS, which among other effects, help the cells regain a contractile phenotype. This is 
in line with research showing that Nox5 is inactivated by oxidation of its Ca2+-binding 
domain (46). These control mechanisms possibly become dysregulated in vascular 
pathologies when many adverse factors are at play, as oxidative stress is a causative factor 
in vascular disease (47). 

Our results with regards to Nox5-produced ROS promoting a synthetic phenotype in 
VSMCs are contrary to recent findings by Montezano et al (48). In this study, human Nox5 
was constitutively expressed under the SM22α promoter in mice, as Nox5 is absent in the 
murine genome. The authors observed systemically increased oxidative stress in the 
transgenic mice, however this was accompanied by increased mesenteric artery contractility 
and increased expression of contractile markers p-MLC and p-MYPT1. One possible 
explanation for this contradiction with our results is that in this model Nox5 expression 
occurred also during development. The continued presence of Nox5 since early development 
might render different effects than increased expression occurring as a result of vascular 
disease and remodelling in the adult. Nevertheless, this study confirms the detrimental effects 
of increased ROS in the vasculature (49), since the authors postulate that the uncovered 
mechanisms are likely relevant to the pathology of hypertension. Additionally, these results 
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are in line with our conclusion that Nox5 is a regulator of VSMC phenotype, but the exact 
effects of increased Nox5 are possibly dependent on the physiological context. 

Nox5 is the connection between Ca2+ and oxidative stress 

It has been shown before that treating cells with high Ca2+ leads to changes in Ca2+ that 
result in increased calcification (22). In this study we propose uptake via EVs as a new 
mechanism of extracellular Ca2+ influencing cytosolic Ca2+ levels. It has been suggested 
before that high Ca2+ can cause increased loading of Ca2+ into extracellular vesicles (22). As 
this effect was blocked by the cytosolic Ca2+ chelator BAPTA, Ca2+ uptake into cells was 
suggested to happen prior to loading into EVs. However, we demonstrate that Ca2+ uptake 
into EVs can happen in the absence of cells. We also provide evidence that Ca2+-loaded EVs 
increase cytosolic Ca2+ and that Ca2+ uptake is mediated by clathrin- and caveolin-mediated 
EV uptake. Taken together, this suggests that two mechanisms of Ca2+ uptake exist – EV-
dependent and EV-independent, via Ca2+ channels (6). Interestingly, a recent study, which 
focused on EVs from high-phosphate treated VSMCs demonstrated that these EVs induced 
an increase in cytosolic Ca2+ partially via release from cytosolic stores (50). Furthermore, it 
was reported that exosomes bound to autotaxin induced the release of Ca2+ from cytosolic 
stores (51). We did not investigate the mechanism of Ca2+ elevations in our model. However, 
it is tempting to speculate that these rises in cytosolic Ca2+ lead to increased Nox5 activity. 

Interestingly, ROS have been shown to increase intracellular Ca2+ by stimulating IP3-
mediated Ca2+ mobilization, SERCA inhibition, and by stimulating Ca2+ channels (45). This 
has interesting implications for Nox5 activation and suggests the presence of a positive 
feedback loop between Ca2+, Nox5 and ROS. 

Ca2+ uptake into the arterial vessel wall has been shown to be involved in 
the pathogenesis of arteriosclerotic lesions in vivo (52) and imbalanced Ca2+ metabolism is 
known to contribute to medial calcification (6). Here we provide a new mechanism by which 
Ca2+ induces VSMC calcification, showing that it plays a role in Nox5-dependent ROS 
generation. Thus, we demonstrate that increased Ca2+ can induce oxidative stress. These 
findings have implications for vascular disease, as a mineral imbalance in circulation is 
known to be a manifestation of chronic kidney disease, which is accompanied by vascular 
calcification (11). Additionally, hitherto advanced glycation end products and oxidized low-
density lipoproteins were shown to be the main inducers of oxidative stress in the vasculature 
(31). Although mineral imbalance in chronic kidney disease is known to be associated with 
ROS accumulation (53), we demonstrate here that in synthetic VSMCs it is Ca2+ itself that 
contributes to this.  

Nox5-mediated oxidative stress induces EV release and inhibits their re-uptake 

EVs are a well-established factor contributing to vascular calcification (25, 54, 55). 
Our data indicate that EVs alone, without cells, are sufficient to induce extracellular matrix 
calcification, demonstrating how potent calcification inducers they are.  
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We show here that phenotypic switching is associated with changes in EV release. This 
is consistent with previous studies (27) where contractile VSMCs showed reduced and 
synthetic VSMCs increased EV release. However, our study demonstrates for the first time 
that Nox5 is the molecular link between Ca2+, oxidative stress and EV release. ROS have 
been shown to promote EV release from other cell types (56, 57), however this has not been 
reported in VSMCs before. Interestingly, Ca2+ can directly stimulate EV release from cancer 
cells via Ca2+ -dependent Munc13-4 (58). Whether this mechanism is relevant for VSMCs 
remains to be tested. 

 It has been shown previously that VSMCs exhibit phagocytic capacity (26) towards 
phosphatidylserine expressing apoptotic cells and bodies (19) and that EVs present 
phosphatidylserine (59). Additionally, it has been demonstrated that increased oxidative 
stress inhibits phagocytosis of apoptotic bodies (60). Our results extend this effect also to 
secreted EVs and suggest that the increased expression of Nox5 in concert with increased 
Ca2+ levels fuels the production of H2O2 and subsequently limits the phagocytic capacity of 
VSMCs which together with increased EV release may culminate in increased numbers of 
EVs in the extracellular matrix. 

Limitations and conclusions 

In this study we used both human and porcine VSMCs. While we established that cells 
of both species react similarly in the experimental conditions in terms of phenotypic 
switching and calcification, we cannot exclude the possibility of differences. Most 
importantly, there are species differences in the Nox5 gene with regards to isoforms (41, 61). 
It remains to be established which human isoforms resemble closest the porcine orthologues. 

Another limitation of this study is the use of heparin, which is known to inhibit EV 
uptake (62), to induce the contractile phenotype in VSMCs. However in our experiments, 
cells treated with heparin secreted fewer EVs than untreated or synthetic cells. If heparin 
inhibited EV uptake we would expect to observe an accumulation of EVs and therefore 
possibly a net increase. That suggests that in our model heparin’s EV-blocking activity is 
weaker than contractile phenotype-promoting activity. However, it cannot be excluded that 
decreased EV uptake is connected to maintaining contractile differentiation, as these 
pathways are poorly described in VSMCs. 

In conclusion, we showed that switching phenotypes to synthetic is required for VSMC 
calcification, and that in synthetic cells increased levels of Ca2+-regulated Nox5 play a key 
role in the generation of oxidative stress and EV release. Inhibition of VSMC phenotypic 
switching in pathological contexts may be of therapeutic benefit for vascular calcification in 
vivo and this research identifies Nox5 as a potential therapeutic target to achieve that.  
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Cardiovascular disease (CVD) is one of the leading causes of death worldwide, 
especially due to myocardial infarction and stroke (WHO 2018). Both myocardial infarction 
and stroke are the result of atherothrombosis. Atherothrombosis is a consequence of 
atherosclerotic plaque rupture or erosion, causing local thrombus formation thereby 
occluding the vessel wall lumen (1). Oral anticoagulants are prescribed to protect patients 
from (recurrent) thrombosis. For decades, vitamin K antagonists (VKA) are used as long-
term oral anticoagulant treatment. However, unfavourable pharmacokinetics of VKA 
resulted in the development of direct non—vitamin K antagonist oral anticoagulants 
(NOAC). NOAC specifically target a single coagulation protein in the coagulation cascade, 
which is either factor Xa or factor IIa (thrombin). While VKA treatment is shown to 
detrimentally influence the vasculature by increasing vascular calcification and plaque 
vulnerability (2), NOACs have shown beneficial effects on the vasculature (3, 4). The effects 
of VKA on the vessel wall are mediated by vitamin K dependent proteins (VKDP), while 
NOAC inhibit FXa or thrombin mediated protease activated receptor (PAR) signalling (5).  

Vascular calcification is associated with increased cardiovascular risk and presence of 
calcification at any vascular site increases the risk for mortality and cardiovascular events by 
some 4-fold (6). Consequences of vascular calcification are dependent on volume, density 
and metabolic activity of the calcification (7-9). Calcification in the medial layer of the vessel 
wall is associated with hypertension and vascular stiffness, while calcification in the intimal 
layer has an impact on plaque stability. In patients, progression of coronary artery 
calcification (CAC) of 25% annually is associated with an increased vascular mortality risk 
of some 17-fold (10).  

Vascular smooth muscle cells (VSMC) are crucial in maintaining vessel wall integrity, 
but also pivotal players in controlling and initiation of vascular calcification via phenotype 
switching, exosome release and local synthesis of the vitamin K dependent calcification 
inhibitor matrix Gla protein (MGP) (11). VKDP are activated via gamma-
glutamylcarboxylation which requires vitamin K as cofactor. VKA treatment increases 
vascular calcification by inducing vitamin K deficiency, subsequently limiting carboxylation 
and thereby activity of MGP. Next to drug-induced vitamin K deficiency, vitamin K 
deficiency can be the result of limited dietary uptake or intake of vitamin K due to intestinal 
disease or dietary restriction. Vitamin K supplementation can replenish vitamin K stores to 
support carboxylation, thereby providing a possibility to counteract calcification pressure. 

The research presented in this thesis focuses on the involvement of VSMC in relation 
to vascular calcification and development of atherosclerosis. The results described in this 
thesis will impact on anticoagulation treatment strategy and opens up novel strategies to limit 
progression of vascular calcification. In chapter 3 we investigated consequences of 
atherosclerotic plaque calcification on hypercoagulability. In chapter 4, we investigated the 
role of vitamin K supplementation in a preclinical model of atherosclerosis and underlying 
vitamin K metabolism in VSMC. In chapter 5, we compared effects of warfarin and 
dabigatran on development of atherosclerosis and calcification with a specific focus on the 
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underlying role of VSMC. Chapter 6 focused on the role of Nox5 as novel key regulator of 
VSMC phenotypic switching and subsequent exosome mediated calcification. 

Key findings of this thesis are: 

I. Calcified atherosclerotic plaques cause increased hypercoagulability (Chapter
3).

II. Discontinuing short term VKA treatment prevents detrimental future vascular
effects (Chapter 4).

III. Vitamin K holds antioxidant properties and thereby improves atherosclerotic
plaque stability (Chapter 4)

IV. Dabigatran treatment has no impact on vascular calcification, yet reduces
atherogenesis (Chapter 5).

V. Depth of anticoagulation with VKA treatment significantly correlates with
vascular calcification (Chapter 5).

VI. Nox5 is a novel key-factor for VSMC phenotypic switching and inhibition of
Nox5 inhibits vascular calcification (Chapter 6).

Calcification of atherosclerotic plaques increases risk on atherothrombosis via 
hypercoagulability. 

Elevated thrombin generation has a positive association with presence and severity of 
coronary atherosclerosis and coronary artery calcification (CAC) (12), suggesting an 
interplay between coagulation and calcification. In this thesis, we show that warfarin 
promotes and accelerates calcification of atherosclerotic plaques which is accompanied by 
the induction of a prethrombotic state. A prethrombotic state is associated with 
hypercoagulability (13), which adversely influences atherogenesis (14). The underlying 
mechanism by which calcification indirectly promotes coagulation can be attributed to 
VSMC phenotypic switching. I showed that VSMC switching from a contractile towards a 
synthetic phenotype contributes to increased endogenous thrombin potential, which is even 
further elevated when VSMC are calcified. VSMC induced coagulation is mainly mediated 
via the extrinsic coagulation pathway by increased tissue factor activity. Our findings are in 
line with previous reports showing that CAC is associated with higher thrombin-
antithrombin (TAT) complex levels (12, 15). Factor IXa-antithrombin (FIXa:AT) complex 
is a marker reflecting early activation of the coagulation cascade, while TAT reflects the later 
stage of the coagulation cascade. Elevated levels of these complexes point towards a 
prethrombotic state and subsequently hypercoagulability (13). Vascular calcification is 
associated with increased cardiovascular risk (6, 16) and our data may explain in part this 
increased risk by the underlying hypercoagulability due to vascular calcification. Future 
clinical studies addressing the role of vascular calcification and hypercoagulability on 
clinical outcome will provide more insight in this process.  
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VKA induced vascular calcification increases plaque vulnerability. 

Recently 18F-NaF has emerged as imaging modality to visualize active calcification, 
which is associated with plaque vulnerability (9, 17). Active calcification indicates a 
metabolic active process, which will eventually develop in macrocalcification (18, 19). 
Calcification progression is a strong predictor of increased vascular mortality (10). Also 
microcalcification, or spotty calcification, is acknowledged to increase plaque vulnerability. 
Microcalcification in the atherosclerotic fibrous cap increases plaque vulnerability by 
inducing local stress (20) and is more frequently present in culprit lesions of patients with 
acute myocardial infarction or unstable angina (21). Moreover, presence of 
microcalcification is accompanied by increased atheroma volume at baseline and atheroma 
progression (22). In this thesis, we measured active calcification using 18F-NaF and 
demonstrated increased vascular 18F-NaF uptake after warfarin treatment. Analysing 
atherosclerotic plaque environment using (immuno)histochemistry showed that warfarin 
increased markers of plaque vulnerability. These data are in line with previous reports in 
mice and man showing detrimental effect of VKA by promoting vascular calcification and 
inducing an unstable plaque phenotype (2, 23).  

In the clinic, vascular calcification is usually visualized using computed tomography 
(CT). The current resolution of CT limits detection of calcification to sheet like calcification, 
known as macrocalcification (24). Nevertheless, coronary CT is used to calculate the 
Agatston score, which indicates presence of vascular calcification. The Agatston score is 
based on both volume and density of calcification in the coronary arteries. Recently, vascular 
calcification volume and calcification density were investigated separately (8). It was shown 
that calcification density improves plaque stability, whereas increased calcification volume 
negatively impacts plaque vulnerability. We showed that VKA treatment increased 
calcification area in the atherosclerotic plaque. Similar to VKA, statins have been shown to 
increase vascular calcification. However, while both increase vascular calcification statins 
increases predominantly calcification density (25). This indicates that different therapeutic 
interventions may result in different vascular calcification effects and thus different 
cardiovascular risk outcome (26). Accordingly, no clear association is present between CAC 
and atherothrombotic risk (27). Future clinical studies should address this by comparing 
warfarin and statin use in relation to vascular calcification and cardiovascular outcome. 

Vitamin K supplementation beneficially affects atherosclerotic plaque 
development. 

Vascular calcification is inhibited by calcification inhibitors such as MGP. The 
vascular function of MGP was revealed by experiments in mice lacking MGP resulting in 
early death due to severe vascular calcification. MGP has been shown to accumulate at areas 
of calcification (28, 29). The upregulation of MGP suggests that it acts in response to vascular 
calcification, however the predominant form of MGP around calcification areas is inactive 
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ucMGP. The increased synthesis of MGP requires vitamin K as cofactor for carboxylation, 
and thus increased ucMGP levels point towards local deficiency or defect of vitamin K 
metabolism. VKA treatment limits vitamin K recycling and thus induces vitamin K-
deficiency, subsequently elevating ucMGP (11). Here, we investigated whether vitamin K 
supplementation after initial VKA treatment can hold or reduce calcification and 
atherosclerosis. Our data show that discontinuing VKA limits vascular calcification 
progression and supplementation of MK7 reduces atherosclerotic plaque size. Moreover, 
using a novel imaging probe, exogenous labelled fetuin-A, presence of calcification nidus 
was reduced in atherosclerotic plaques of MK7 treated animals. Fetuin-A is a systemic 
calcification inhibitor that is internalized and secreted by vesicles of VSMC (30, 31). Fetuin-
A and MGP are found in extracellular vesicles to control calcification. Presence of fetuin-A 
in extracellular vesicles promotes vesicles phagocytosis and blocks vesicle-mediated VSMC 
calcification (31), thus limiting active calcification. I showed that MK7 reduced secretion of 
VSMC extracellular vesicles. Thus, reduced presence of fetuin-A after MK7 treatment 
suggest reduced release of extracellular vesicles, thereby potentially limiting active 
calcification. 

Oxidative stress is known to play a crucial role in cardiovascular disease. Additionally, 
oxidative stress is an inducer of vascular calcification. The potential of vitamin K to reduce 
vascular oxidative stress has recently been put forward (32). We showed that MK7 reduced 
VSMC oxidative stress both in vivo and in vitro. The contribution of oxidative stress in 
cardiovascular disease is highlighted in chapter 6, where we showed that Nox5 is a novel 
inducer of VSMC oxidative stress and calcification. While the Nox family consists of 5 
subtypes, only Nox5 is activated in a calcium-dependent manner (33). Nox5 is significantly 
increased under inflammatory conditions and in human atherosclerotic plaques (34). We 
showed that Nox5 regulates VSMC phenotypical switching. Contractile VSMC are key in 
regulating vascular tone and integrity (35), but are also resistant to calcification. In contrast, 
synthetic VSMC are prone to enhance oxidative stress and calcification. Nox5 drives 
oxidative stress resulting in synthetic VSMC differentiation, subsequently elevating 
extracellular vesicle secretion and calcification. We showed that silencing or blocking Nox5 
prevents oxidative stress and inhibits VSMC mediated calcification. Taken together, the 
identification of Nox5 as a novel pathological marker and the beneficial effects of vitamin K 
paves the way for novel therapeutic approach. 

The NOAC Dabigatran Etexilate does not induce vascular calcification 

With the clinical approval of NOACs, an alternative for VKAs as long-term oral 
anticoagulant treatment is now available (36-39). While VKA treatment has been shown to 
aggravate atherosclerosis (this thesis, (2)), initial studies with NOACs showed beneficial 
effects on atherogenesis. Both thrombin and factor Xa inhibitors have shown to reduce 
plaque size and improving plaque vulnerability (3, 4, 40, 41).  
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However, a direct comparison between VKA and NOAC was lacking. We show that 
dabigatran does not induce vascular calcification. This is in line with unpublished results 
finding reduced intimal calcification with rivaroxaban (4). In this thesis we show aggravating 
effects of warfarin on calcification and atherogenesis, while dabigatran lacks an effect on 
calcification and shows beneficial effects on atherogenesis. Similarly, clinical studies 
assessing vascular calcification show increased vascular calcification with VKA treatment 
which is absent after NOAC treatment (42). Moreover, VKA treatment increases 
atherosclerotic plaque burden and high-risk plaque features, while NOAC lowered high-risk 
plaque features (23). 

The beneficial effects of NOACs are likely via inhibition of thrombin and factor Xa 
mediated protease activated receptor (PAR) signalling. Thrombin activates PAR1, 3 and 4, 
and dabigatran has been shown to block thrombin induced PAR1 signalling (43). Similar to 
dabigatran treatment, deletion of PAR1 in Apoe-/- mice attenuates atherosclerosis 
development (44). Interestingly, direct thrombin inhibition with bivalirudin (synthetic form 
of the natural thrombin inhibitor hirudin) had no benefit on atherosclerotic plaques 
development (45), suggesting different effects on PAR signalling. Furthermore, PAR1 
activation is not limited to thrombin, and PAR1 can be cleaved by other proteases to induce 
cytoprotective signalling (46). PAR1 antagonist and MMP1 inhibition showed reduction of 
atherosclerosis progression (45). Mutations in PAR cleavage sites specific for thrombin or 
FXa could provide important insight in the protective mechanisms of NOACs on the 
vasculature. 

Concluding remarks and future perspectives 

The aim of my thesis was to gain further insight in the effects of (anti)coagulation on 
development of atherosclerosis and calcification, focussing on the contribution of VSMC 
(summarized in Figure 1). I provide evidence that there is an interplay between calcification 
and coagulation, in that vascular calcification causes a prethrombotic state. Additionally, I 
provide an explanation why the extent of vascular calcification is linked to cardiovascular 
mortality by providing a strong catalytic surface when exposed to the bloodstream likely 
causing lethal atherothrombosis. Moreover, I show that phenotypic switching of VSMC 
increases the coagulation potential and supports initiation of calcification. Next, we 
identified Nox5 as a novel regulator of oxidative stress induced VSMC phenotypic 
switching. Subsequently, we unravelled a novel mechanism by which oxidative stress and 
extracellular vesicle release promotes calcification. In addition, I provide data that vitamin 
K can reduce oxidative stress, extracellular vesicle release and subsequently limit active 
calcification. Finally, our work stresses the importance of a personalised medicine approach 
in which patients with pre-existing atherosclerosis would benefit from NOAC treatment. 
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Figure 1. Overview of research findings in this thesis. The interplay between calcification and coagulation was 
evaluated in chapter 3. Here, calcification promoted hypercoagulability, which subsequently could promote 
atherogenesis. In chapter 4, we show that MK7, a subform of vitamin K, reduces oxidative stress and blocks 
warfarin mediated effects on VSMC. Comparison of warfarin and dabigatran on atherogenesis in chapter 5 showed 
aggravating effects of VKA by promoting inflammation and active calcification, while dabigatran reduced 
atherogenesis. Finally, we reveal Nox5 as a novel key regulator of VSMC phenotype switching via oxidative stress 
in chapter 6. 
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In this thesis, the main focus of my work was to investigate the effects of 
(anti)coagulation on atherosclerosis development. Herein, we focussed on the role of the 
vascular smooth muscle cells (VSMC) as key-mediators of atherosclerosis. 

In chapter 1 we describe the consequence of cardiovascular disease. Moreover, we 
elaborate on the role of vitamin K metabolism in coagulation and calcification, related to 
atherosclerosis. Atherosclerosis is a chronic inflammation of the vessel wall, mediated by 
lipid accumulation in the intimal space under endothelial cells. Atherosclerosis development 
is linked to endothelial cell activation, migration of inflammatory cells and proliferation of 
VSMC. Inflammation, but also apoptosis and extracellular vesicles are all linked to the 
initiation of vascular calcification. The location and size of calcification has an impact on the 
clinical consequences. I have focussed on intimal calcification and distinguished vascular 
calcification in micro- and macrocalcification. Moreover, I discuss calcification inhibitors 
and the effect of loss of inhibitory effect of vitamin K dependent matrix Gla protein upon 
vitamin K antagonist (VKA) treatment. In Chapter 2 we reviewed effects of oral 
anticoagulation treatment using VKA and direct non-vitamin K antagonists (NOAC) on 
coagulation and the vasculature. We briefly introduce the origin of oral anticoagulation 
treatment with VKA and continue with the comparison of anticoagulation between VKA and 
NOAC. We discuss in more detail the side effects of both forms of anticoagulation on the 
vessel wall. Here, we underline the role of vitamin K dependent proteins and protease 
activated receptor signalling on VSMC.  

The clinical consequences of different forms of calcification in the vasculature is 
debated in chapter 3 were we further elucidated the interplay between coagulation and 
calcification. We show that the presence of vascular calcification promotes a systematic 
prethrombotic state, with a key role for VSMC phenotypic switching. Synthetic VSMC 
increase coagulation potential compared to contractile VSMC and calcification of VSMC 
further aggravates coagulation. The increased coagulation on calcified VSMC is 
predominantly occurring under flow conditions which increase fibrin formation compared to 
synthetic non-calcified VSMC. Additionally, we show that VSMC mediates coagulation 
predominantly via the extrinsic coagulation pathway. Our results indicate that calcified 
atherosclerotic plaques are more prone to induce thrombosis upon rupture. Additionally, our 
data support the association between presence of calcification and risk of cardiovascular 
events. 

Currently, treatment for vascular calcification is lacking. Therefore, we investigated 
vitamin K (MK7) supplementation, after initial VKA treatment, on atherosclerosis 
development and intimal calcification. In chapter 4 we report that discontinuation of VKA 
treatment has beneficial effect on atherosclerosis. Discontinuing of VKA treatment 
attenuates atherosclerotic plaque calcification and progression. Moreover, vitamin K subtype 
MK7 supplementation improves atherosclerotic plaque environment by reducing both 
oxidative stress and fetuin-A uptake and increasing collagen content, likely via direct effects 
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on VSMC. Our results support clinical testing of MK7 as treatment for atherosclerosis and 
calcification.  

For decades, VKA is used as long-term anticoagulant treatment. Nevertheless, VKA 
have unfavourable pharmacokinetics, a small therapeutic window and requires frequent 
monitoring resulting in the development of direct non-vitamin K antagonist (NOAC). In 
chapter 5 we investigated effects of warfarin and dabigatran on the development of 
atherosclerosis, with a focus on the role of anticoagulation on calcification development. 
While VKA aggravated atherosclerosis and calcification, dabigatran reduced atherosclerotic 
plaque progression and had no significant effect on calcification development. Both VKA 
and thrombin increased VSMC oxidative stress and extracellular vesicle release, and 
thrombin mediated effects were attenuated by dabigatran. Our findings suggest that the 
choice of anticoagulant treatment for patients at risk for arterial and venous thrombosis 
influence atherosclerosis development, thereby altering the risk for future cardiovascular 
events.  

VSMC phenotypic switching plays an important role in controlling vascular health. 
Repair of the vessel requires contractile VSMC to switch towards a synthetic phenotypical. 
After repair, differentiation back into contractile state is necessary to regulate vascular 
contractility. However, upon prolonged pathological stress phenotypic switching of VSMC 
plays a pivotal role in developing vascular disease. Therefore, we investigated the effect of 
VSMC phenotypical switching in chapter 6 and report the novel finding that Nox5 acts as a 
novel regulator of VSMC phenotypic switching. VSMC switching promotes calcification via 
increased extracellular vesicle release. Extracellular vesicles take up extracellular calcium 
and form the nidus for calcification. Nox5 regulates VSMC phenotypic switching via 
increasing oxidative stress. Hence, inhibition of VSMC phenotype switching in 
cardiovascular disease may have therapeutic benefit by limiting the development of vascular 
calcification.  

In conclusion, the data described in my thesis provide further insight in the 
development and clinical consequences of vascular calcification. Both VKA and NOAC are 
potent anticoagulation treatment, in which VKA aggravates and NOAC dabigatran improves 
atherosclerosis development. Nox5 may serve as a novel target for controlling cardiovascular 
disease while vitamin K supplementation may be used for limiting vascular calcification.  
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In dit proefschrift ligt de focus van mijn onderzoek op de effecten van (anti)stolling op 
de ontwikkeling van atherosclerose, waarin we specifiek kijken naar de rol van de gladde 
spiercel. 

In hoofdstuk 1 worden de gevolgen van cardiovasculaire aandoeningen uitgelicht en 
wordt de invloed van stolling en vasculaire calcificatie besproken. Daarnaast gaan we 
uitgebreider in op rol van het vitamine K metabolisme in de stolling en calcificatie van de 
atherosclerotische plaque. Atherosclerose is een chronisch ontstekingsproces in de vaatwand 
dat veroorzaakt wordt door opstapeling van lipiden in de intimale ruimte onder de 
endotheelcellen. De ontwikkeling van atherosclerose is geassocieerd aan de activatie van 
endotheelcellen, migratie van ontstekingscellen en proliferatie van gladde spiercellen. 
Ontsteking, maar ook apoptose en extracellulair vesikles zijn verbonden aan het ontstaan van 
vasculaire calcificatie. De locatie en grootte van vasculaire calcificatie voorschrijft klinische 
gevolgen. Ik heb gefocust op intimale calcificatie en onderscheid gemaakt tussen micro- en 
macrocalcificatie. We gaan in op calcificatie inhibitoren en het verlies van de vitamine K 
afhankelijke calcificatie inhibitor matrix Gla protein als gevolg van vitamine K antagonist 
(VKA) behandeling. In Hoofdstuk 2 hebben we de effecten van orale antistolling 
behandeling door VKA en directe niet vitamine K antagonist (NOAC) op zowel 
antistollingsgebied als het vaatstelsel gereviewd. We omschrijven kort de ontdekking van 
orale antistolling behandeling met VKA en vergelijken daarna VKA en NOAC op het gebied 
van stolling. Bovendien wordt de rol van beide antistollingsmedicijnen op het vaatstelsel in 
meer detail besproken. Hierbij ligt de focus op de rol van vitamine K afhankelijke eiwitten 
en protease geactiveerde receptor signalering in de gladde spiercel.  

De klinische gevolgen van verschillende vormen van vasculaire calcificatie wordt 
betwijfeld in hoofdstuk 3 waar we de interactie tussen stolling en calcificatie verder 
ontrafelen. We laten zien dat de aanwezigheid van calcificatie resulteert in een systematische 
pre trombotische staat. Een belangrijke rol in het induceren van de pre thrombotische staat is 
weggelegd voor de fenotypische verandering van gladde spiercellen. Synthetische gladde 
spiercellen verhogen het stollingspotentieel ten opzichte van contractiele gladde spiercellen. 
Het stollingspotentieel is verder verhoogd door calcificatie van gladde spiercellen. Deze 
gevolgen van fenotypische veranderingen is extra benadrukt door blootstelling van gladde 
spiercellen aan stromend bloed. Hier verhoogd de gecalcificeerde gladde spiercel de fibrine 
formatie in vergelijking met de niet gecalcificeerde gladde spiercellen. Daarnaast laten we 
zien dat gladde spiercellen de stolling vooral mediëren via de extrinsieke stolling route. Deze 
resultaten wijzen erop dat een gecalcificeerde plaque vatbaar is voor trombosevorming als 
deze scheurt. Daarnaast ondersteunen onze resultaten de connectie tussen de aanwezigheid 
van calcificatie en het risico op een cardiovasculair evenement. 

Momenteel is er geen behandeling voor vasculaire calcificatie. Daarom hebben we de 
effecten vitamine K (MK7), na een eerste periode van VKA-behandeling, op de ontwikkeling 
van atherosclerose en intimale calcificatie onderzocht. In hoofdstuk 4 laten we de positieve 
effecten van het stoppen met een VKA-behandeling op atherosclerose zien. Daarnaast 
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verbeterde MK7 supplementatie de atherosclerotische plaque door het verlagen van zowel 
oxidatieve stress als fetuin-A opnamen en het verhogen van de hoeveelheid collageen in de 
atherosclerotische plaque. Dit zijn waarschijnlijk gevolgen van directe effecten van MK7 op 
de gladde spiercel. Onze resultaten onderbouwen de gedachte om MK7 in de kliniek te testen 
voor behandeling van atherosclerose en calcificatie. 

Voor tientallen jaren zijn VKA gebruikt als langdurige orale antistollingsbehandeling. 
Door de ongunstige farmacokinetiek, kleine therapeutische ruimte en regelmatige controle 
zijn er alternatieve orale antistolling medicijnen ontwikkeld genaamd directe geen vitamine 
K antagonist oftewel NOAC. In hoofdstuk 5 onderzochten we de gevolgen van VKA, 
warfarine, en NOAC, dabigatran etexilate, op de ontwikkeling van atherosclerotische 
plaques. We focusten specifiek op de rol van antistolling behandeling in de ontwikkeling van 
vasculaire calcificatie. VKA-behandelding verergerde de ontwikkeling van atherosclerose en 
calcificatie, terwijl dabigatran de ontwikkeling van atherosclerose verminderde en geen 
effect had op de ontwikkeling van calcificatie. Zowel VKA als trombine verhoogde 
oxidatieve stress en extracellulaire vesikels in de gladde spiercel, maar de effecten van 
trombine werden verminderd door toevoeging van dabigatran. Onze bevindingen suggereren 
dat de keuze voor antistolling medicijn, voor patiënten met een risico op een arteriële en 
veneuze trombose, de ontwikkeling van atherosclerose beïnvloed en daarmee het risico op 
een toekomstig cardiovasculair event.  

Fenotypische verandering van gladde spiercellen speelt een belangrijke rol in het 
controleren van vasculaire gezondheid. Voor het repareren van de vaatwand moet de 
contractiele gladde spiercel veranderen in een synthetische gladde spiercel. Na de reparatie 
is het belangrijk dat de synthetische spiercel terug veranderd in een contractiele gladde 
spiercel voor het reguleren van vasculaire contractiliteit. Echter, na langdurige pathologische 
stress speelt het fenotypisch veranderen van de gladde spiercel een cruciale rol in de 
ontwikkeling van pathologische vasculaire aandoeningen. Daarom hebben we in hoofdstuk 
6 de gevolgen van fenotypische verandering in de gladde spiercel onderzocht en beschrijven 
de nieuwe bevinding dat deze gereguleerd wordt door Nox5. Het fenotypische veranderen 
van de gladde spiercel bevordert de ontwikkeling van calcificatie via extracellulaire vesikles. 
Extracellulaire vesikles nemen extracellulaire calcium op en vormen zo het startpunt voor de 
ontwikkeling van calcificatie. Nox5 controleert de fenotypische verandering van gladde 
spiercellen door middel van oxidatieve stress. Dus, het blokkeren van fenotypische 
verandering van de gladde spiercel bij een pathologische aandoening kan resulteren in een 
positief effect op de ontwikkeling van vasculaire calcificatie. 

Tot slot, de resultaten beschreven in dit proefschrift zorgen voor nieuwe inzichten in 
de ontwikkeling en klinische gevolgen van vasculaire calcificatie. Zowel VKA als NOAC 
zijn goede antistollingsmedicijnen, maar waar VKA de ontwikkeling van atherosclerose 
verergert wordt deze juist verbeterd door NOAC. Daarnaast kan Nox5 geütiliseerd worden 
als nieuw doelwit om cardiovasculaire aandoeningen te controleren en kan vitamine K 
supplementatie zorgen voor het limiteren van calcificatie. 
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In this chapter I discuss possible opportunities for valorisation of knowledge based on 
the findings described in this thesis. Valorisation is about the impact created by the transfer 
of scientific knowledge. This is not limited to money, but can also result in spin-off 
companies, patents or updates in medial guidelines. Research can be split into basic and 
clinical research. Here, we present translational research with focus on increasing basic 
knowledge to have a direct impact on medical care. Knowledge obtained via basic 
translational research by providing mechanistic insight, clinical research can be better and 
more specifically conducted. This interplay is crucial for further improving our medical care. 

The main objective of this thesis is to gain further insight in the role of anticoagulants 
and vitamin K metabolism in cardiovascular disease, focusing on the role of vascular smooth 
muscle cells in this process.  

Vascular calcification was long thought to be a passive process, but is now accepted as 
an active and highly regulated process. Vascular calcification is acknowledged as 
independent risk factor for cardiovascular disease and can be related to several leading 
cardiovascular disease resulting in death in the western world. The impact of anticoagulant 
treatment on calcification and cardiovascular disease is discussed in more detail in chapter 
1 and 2.  

In Chapter 3 I have investigated the interplay between intimal calcification and 
coagulation. The consequence of intimal calcification is currently debated. It is currently 
accepted that microcalcification, or spotty calcification, worsens plaque stability and thereby 
increase the chance of cardiovascular risk. On the other hand, macrocalcification, or sheet-
like calcification has been put forward as being beneficial and aggravating atherosclerosis. 
Moreover, volume and density of calcification influence cardiovascular outcome differently. 
Our research demonstrates that intimal calcification activates the coagulation system. 
Increased coagulation has been shown to worsen atherosclerosis and thereby increases 
cardiovascular risk. Thus, our research indicates that VKA-induced vascular calcification 
worsens cardiovascular outcome. These results give further insight in the role of vascular 
calcification in cardiovascular disease risk and encourages to investigate ways to reduce 
vascular calcification. 

In Chapter 4, we investigated vitamin K supplementation as potential treatment option 
for intimal calcification. Currently, treatment to prevent, hold or regress vascular 
calcification is lacking. We identified beneficial effects of vitamin K on atherosclerosis 
development, likely mediated via VSMC. Moreover, we show that discontinuation of VKA 
treatment has beneficial outcome on atherosclerosis. Taken together, we demonstrate the 
importance of vitamin K for vascular health. Biomarkers of vitamin K status, such as vitamin 
K dependent proteins are currently being used to predict vascular calcification. The role of 
vitamin K in vascular disease has further led to the collaboration with companies selling 
vitamin K2 (Nattopharma ASA) and companies measuring vitamin K status using the 
vitamin K dependent matrix Gla-protein (IDS). 
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We demonstrate in Chapter 5 that every anticoagulation drug has off-target effects 
thereby influencing cardiovascular disease differently. We compared the VKA warfarin and 
the NOAC dabigatran on atherogenesis. Our data suggest that patients with increased risk for 
arterial disease, i.e. vascular calcification, would benefit from NOACs. If translatable to the 
human situation, our data urge for a personalized choice of anticoagulant agent and can 
further help evaluate clinical decisions on the use of either VKA or NOAC treatment. 
Although NOAC are more expensive in direct costs, cardiovascular risk reduction will be 
beneficial for the health care system on the long run. Some patient groups, including patients 
with mechanical valve replacement and patients with end stage chronic kidney disease, are 
still limited to VKA treatment. Patients with end-stage chronic kidney disease are prone to 
develop cardiovascular disease. Our data support the development of NOAC that are not 
limited by clearance via the kidney. Also, novel anticoagulation therapies focusing on 
upstream coagulation factors XI and XII are currently being investigated to induce 
anticoagulation but limit bleeding risk.  

In Chapter 6 the focus lies on the role of VSMC in the initiation of vascular 
calcification. We show that phenotypic switching of VSMC is key in the initiation of vascular 
calcification. Moreover, we identified Nox5 as key-regulator of pathological VSMC 
oxidative stress which mediates this phenotypic switching. VSMC plays a pivotal role in 
many vascular diseases and therefore Nox5 is an interesting novel therapeutic target. 
Recently, the WHO recognized Nox inhibitors as a new therapeutic class. Nox5 is the least 
studied of the Nox family, probably due its absence in rodents. The Nox inhibitor Setanaxib 
is recognized as Nox1/4 inhibitors, however no specific targets for Nox5 are available yet.  

Of note, the results described in my thesis are from experimental animal models and 
in vitro work on VSMC. Therefore, confirmation of findings in clinical trials will be 
important before implementation in clinical guidelines. Nevertheless, the underlying 
mechanistical insight creates the opportunity for novel therapeutic approaches and highlights 
the importance of personalized medicine. Moreover, the results will open up opportunities to 
limit progression of vascular calcification.  
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Met het dankwoord komen we op het einde van een lange, maar zeker ook een gezellige en 
leerzame weg. Er zijn vele mensen die ik wil bedanken voor alle hulp, steun maar ook voor 
de gezelligheid. 

Mijn promotor, Prof. Dr. Schurgers. Beste Leon, allereerst wil ik je bedanken voor alle 
kansen die je me hebt gegeven. Ik kan me onze eerste ontmoeting tijdens de sollicitaties 
nog goed herinneren. Hierbij viel meteen je enorme enthousiasme op welke gedurende mijn 
hele PhD-traject vol aanwezig was. Deze enthousiasme was altijd een goede drijfveer en 
resulterende meer dan eens in een neven project. Ik heb altijd erg genoten van leerzame 
maar zeker ook gezellige reizen richting een congres of Nattopharma waar natuurlijke ook 
de benodigde versnaperingen bij aanwezig waren. Ik ben dankbaar dat je deur altijd 
openstond, wat dan weer wel de keerzijde had dat iedereen zomaar binnen viel in een 
meeting. Ik wil je enorm bedanken voor alle wijzen lessen die ik geleerd heb, zowel werk 
gerelateerd als privé. Ik wil je ook succes wensen met de enorme groei van jouw 
onderzoeksgroep de laatste jaren, waarvan ik weet dat het met jou enthousiasme alleen 
maar een succes kan worden. 

Mijn promotor, Prof. Dr. Reutelingsperger. Beste Chris, je stond wat verder af van mijn 
onderzoek wat niks heeft afgedaan aan je bijdrage aan dit proefschrift. Je kritische 
opmerkingen, creatieve blik en onuitputtelijke bron van kennis hebben dit proefschrift naar 
een hoger niveau gebracht. Ik heb erg genoten van de congressen die we gezamenlijk 
bezocht hebben en waar we elkaar beter hebben leren kennen. Ik wil je graag bedanken 
voor alles wat je mij hebt geleerd en de kansen die je mij hebt gegeven.  

Ik wil ook graag de beoordelingscommissie bedanken, Prof. dr. Kroon, Prof. dr. 
Middeldorp, Prof. dr. Post, Prof. dr. Biessen, en Dr. Boersma voor de tijd en moeite om 
mijn proefschrift te beoordelen. 

Mijn paranimfen, Armand en Richard, voor beide zijn woorden niet genoeg. Beste Armand, 
we zijn tegelijk begonnen aan onze PhD ervaring en hebben daarmee het gehele project zij 
aan zij doorgelopen. Gedurende deze 5 jaar hebben wel veel samen mee gemaakt, zowel de 
ups en downs. Ik heb erg genoten van de congressen die we samen bezocht hebben, met als 
toppunt uiteraard het uitzicht in Boston, maar ook de talloze andere biertjes die we samen 
hebben gedeeld. Je bent altijd bereid andere te helpen waardoor we samen ook genoeg tijd 
in het lab hebben doorgemaakt. Ik wil je dan ook succes wensen met de laatste loodjes van 
je PhD en wens jou samen met Famke en Marit alvast een prachtige toekomst toe. 
Beste Richard, we “kennen” elkaar van Avans en dat was genoeg. Ik heb erg genoten van 
onze talloze burger en bier avonden waarin jij al mijn verhalen hebt mogen aanhoren onder 
het genot van een biertje. Zowel onze wetenschappelijke discussie als de discussies die 
eigenlijk nergens op sloegen waren de relax momenten die ik soms even nodig had. 
Hiermee komt uiteraard de vraag: wanneer is de volgende? Je bent nu zelf aan je PhD bezig 
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en ik wil je alvast al het beste toewensen met de afronding waarvan ik overtuigd ben dat dit 
goed komt. 

I would like to thank Nattopharma for giving me the opportunity to do my industrial PhD 
in a collaboration between Nattopharma and Maastricht University. Herein I specially want 
to thank Henning, Laura, Frode, Hogne, Anne, Daniel and Kjetil for all your help, guidance 
and support. 

I would like to thank Prof. dr. Paul Shiels for giving me the opportunity to join your group 
in Glasgow.  

De collega’s waarmee je misschien wel het grootste deel van je tijd mee door brengt, de 
kamergenoten. Dr. Willemse, Brecht, terwijl jij al in je laatste jaar zat begon ik net aan mijn 
PhD. Jij hebt mij wegwijs gemaakt in het lab en was de vraagbaak gedurende mijn eerste 
periode. Daarnaast was het ook gewoon een gezellige tijd! Succes met je toekomstige 
carrière. Dear Ploi, you are also entering the last phase of your PhD. When you arrived 
everyone felt sorry that you had to join the 2 guys, but you stood your ground and I hope 
you enjoyed it just as much as me! I enjoyed our discussions and really admire your always 
present smile. You have a good work life balance, which I feel grateful you put at pause to 
show us around in Chiang Mai where you even complained we had to little time, again 
thank you! I wish you all the best with finishing your PhD. 

Beste Cecile, ik wil je graag bedanken voor alle hulp met de vele kleuringen die we hebben 
uitgevoerd. Daarin zitten uiteraard ook voor de vele leuke gesprekken en de avonturen op 
het lab en op de kamers. Beste Petra, hoewel jouw bijdrage bijna onzichtbaar lijkt zou dit 
proefschrift zonder jou niet bestaan. Naast al je hulp bij het administratieve gedeelte en 
experimenten heb ik genoten van onze gesprekken. Beste Niko, ik kan na deze jaren nog 
steeds dubbel liggen bij het gebruik van sommige vlaamse woorden tijdens de pauzes. Ik 
heb erg genoten van zowel de vele biertjes samen als het squashen met daaropvolgende 
sushi. Beste Peter, onze dieren expert. Het was altijd flink doorwerken, maar ook erg leuke 
en gezellige dagen. Beste Liset, je stond wat verder af van mijn onderzoek, desondanks 
stond je er altijd open voor om mijn vragen te beantwoorden als ik weer iets nieuws ging 
proberen.  
Jullie zijn met zijn allen cruciaal voor zowel de geweldige sfeer op het lab als het draaiende 
hiervan houden. Off course I also want to thank the rest of the Reutelingsperger/Schurgers 
group for the entertaining time on the lab, fun day outs and relaxing breaks. 

Naast onze groep wil ik ook de afdeling Biochemie bedanken voor alle leuke uitjes en 
gezelligheid gedurende mijn PhD-traject. Hierin wil ik graag een paar mensen eruit lichten: 
Annemiek, Constance, Danique, Daniëlle, Jens, Joram, Peter en Stijn. Jullie hebben een 
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extra belangrijke rol gespeeld in mijn PhD-traject, bedankt! Daarnaast wil ik ook Trees en 
Lidewij bedanken voor de administratieve hulp en de leuke gesprekken. 

Naast collega’s wil ik ook mijn vrienden bedanken voor hun steun en de afleiding die ze 
mij hebben gegeven tijdens mijn PhD-traject. Hierbij hebben jullie 1 van de waardevolste 
bijdrage geleverd, bedankt! Ook wil ik graag mijn familie bedanken welke altijd interesse 
hebben getoond in mijn project, dit heeft me altijd gemotiveerd. 

Lieve schoonfamilie, ik wil jullie graag bedanken voor alle steun. In het bijzonder Lucie 
voor het maken van de prachtige cover! 

Lieve mam en pap, zonder jullie zou dit proefschrift niet aanwezig. Jullie hebben me elk 
moment in mijn leven gesteund. Jullie hebben mij ook altijd mijn eigen weg laten zoeken 
en staan altijd op de zijlijn klaar als er iets is. Ik kan mezelf geen andere ouders wensen. Dit 
dankjewel staat in het niets met hoe dankbaar ik werkelijk ben maar toch, bedankt voor 
alles! Laura, lieve grote, kleine zus, ook jou wil ik graag bedanken voor alle steun en dat je 
altijd voor mij klaar staat! 

Lieve José, woorden schieten te kort om te vertellen hoe dankbaar ik je ben. Je steun en 
geduld als ik er even klaar mee was, maar ook de ontspanning als ik het even los moest 
laten. Mijn habibi, ik kijk uit naar onze toekomst samen! 

Om het samen te vatten: Bedankt!! 
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