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Aortic aneurysm 

Aortic aneurysm is a localized dilation of the aorta and is defined by an increase of at 

least 50% in aortic diameter.1 Abdominal aortic aneurysm (AAA) and thoracic aortic aneurysm 

(TAA) are most commonly observed, with a prevalence of 4-7% in male above 65 years of 

age2,3 and 0.16-0.34% in male and female between 45-74 years of age4,5, respectively. Most 

AAA are asymptomatic until rupture occurs.6 Vessel dilation larger than 5 cm has been shown 

to increase risk of aneurysm rupture.7 Aortic aneurysms resulted in >151 000 deaths globally 

in 2013 and are ranked in the top 15 causes of mortality in the United States.8 

AAA and TAA shared common risk factors such as male gender and smoking.9 

Smoking increases the risk of aortic aneurysm in a dose-dependent manner and smoking of 

more than one cigarette pack per day over 35 years showed a 12-fold increase risk of AAA.10 

Other risk factors include hypertension and bicuspid aortic valve for TAA, and advance age 

for AAA.9,11 Atherosclerosis is associated with aortic aneurysm, but to a lesser degree11. It has 

been reported that atherosclerosis and aortic aneurysm are distinct diseases with shared risk 

profiles.12 In contrast to lifestyle-associated risk factors of AAA, genetic factors play a bigger 

role in the pathogenesis of TAA. This is linked to several specific gene mutations that attribute 

to a disrupted extracellular matrix (ECM) and dysregulation of TGF-beta signaling.13  

Despite the severity and high mortality rate, it is not clear what causes aortic aneurysm. 

Thus far, the pathology underlying aortic aneurysm formation is poorly understood. Molecular 

imaging of degenerated aortic wall in animal models of AAA revealed several pathological 

events including angiogenesis, ECM disruption, activated macrophages and tissue 

proteolysis.10,14–17 Whereas AAA is considered to be an atherothrombotic disease, presenting 

with intraluminal thrombus, oxidative stress and adventitial inflammation, the immune 

response and intraluminal thrombus is not observed in TAA.18 TAA is characterized by mucoid 

degeneration and accumulation of VSMC-like cells and elastin-poor ECM which leads to 

vascular remodeling.18 Moreover, the physical structure of the vessel wall and district 

embryonic origin of VSMCs contribute to the difference in pathophysiology between TAA and 

AAA.19,20 VSMC apoptosis and reduced VSMC number are among the common features 

between AAA and TAA.18,19 Indeed, increasing evidence suggests that VSMCs play a central 

role in the development of aortic aneurysm.21–23  

Because of lack of understanding in the pathology of aneurysm formation, no 

pharmacotherapy is yet recommended to reduce risk of aortic aneurysm progression and 

rupture.24 Current management  relies exclusively on surgical repair in order to prevent rupture 

of larger aneurysms (>55mm).10,25 Decision for the type of repair requires careful assessment 
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of rupture risk, specific feature or anatomy, life-expectancy, and patient’s preference.26–28 

Endovascular aneurysm repair (EVAR) is most advantageous for higher risk and older age 

patient with hostile abdomen.26 It has proven a lower perioperative morbidity and reduction in 

recovery time in comparison to an open repair.26 However, EVAR comes with higher 

reintervention rate and cost, whereas open repair has shown a superior long-term durability.25,26  

Aneurysm rupture risk assessment relies mainly on the size of aneurysm. However, 

several other rupture risk indicators have been proposed in recent years.29 Among those, 

vascular calcification has been validated as one of the predictors for aortic aneurysm rupture.30–

32 Indeed, cigarette smoking has also been shown to associate with calcification.33,34 Increased 

degree of calcification has been observed in symptomatic and ruptured aortic aneurysm.31 

Calcification volume and location affect aortic wall stress, thereby contributing to higher 

rupture risk of the aneurysm once it exceeds the strength of the wall.32 Micromechanical 

modeling has demonstrated that aneurysm strength decreased when calcification is present.35 

Indeed, it was shown in an experimental model of AAA that segmental aortic stiffening 

precedes aneurysm dilation.36  Moreover, intervention reduction of segmental stiffness has 

been shown to reduce wall stress and aneurysm progression.36 A recent study showed that 

active microcalcification correlates with presence and progression of AAA, as represented by 

a significant increase in 18F-NaF uptake on positron emission tomography-computed 

tomography.37 Altogether, this puts (micro)calcification forward as a promising risk factor 

amendable for intervention in AAA.37,38 

 

Vascular Calcification 

Vascular calcification is an active process of calcium-phosphate crystal deposition in 

the vessel wall and is associated with cardiovascular diseases.39 Calcification can be 

categorized based on size. Microcalcification is defined as calcification <50um, and 

macrocalcification is defined as calcification >50um.40 Vascular calcification can occur within 

the intimal, medial, or adventitial layer of the aortic wall.41 Whereas intimal calcification is 

typically present in atherosclerosis, medial calcification, or Monckeberg’s sclerosis, occurs 

without inflammation and lipid infiltration. 42,43 Medial calcification is most commonly seen 

in patients with chronic kidney disease, diabetes, and in the aging population.44,45 Intimal 

calcification is mostly amorphous without distinct architecture and has a patchy distribution 

within the atherosclerosis lesion.46 Medial calcification however, starts at the medial elastic 

fibers with a key role for VSMCs, and is usually concentric and has a diffuse distribution.46 
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Vascular calcification in the adventitia occurs less frequent, and has been shown to be 

associated with phenotypic differentiation of VSMCs, pericytes and fibroblast.47,48  

Numerous processes have been proposed as pathological mechanism for the initiation 

of vascular calcification, including loss of calcification inhibitors, induction of vascular bone 

and cartilage-like cells, apoptosis, calcium/phosphate imbalance, and circulating nucleation 

complex such as extracellular vesicles (EVs) and calcifying protein particles (CPPs).49,50    

Mineralization generally takes place in bone and cartilage under physiological 

conditions.51 Under pathological conditions, ectopic calcification may occur in case of lack of 

mineralization inhibition processes.52 Several inhibitors of vascular calcification have been 

identified, including matrix Gla-protein (MGP), Fetuin A, pyrophosphate, and ANK.52 MGP 

is a vitamin K-dependent protein which binds directly to calcium-phosphate crystals and 

inhibits BMP2 function by forming a complex.52 In particular, MGP is expressed in healthy 

VSMCs and potently inhibits vascular calcification when it is carboxylated with the aid of 

vitamin K.53,54   

VSMCs are the major cell type in the vessel and they elicit a remarkable phenotypic 

plasticity.55 Under physiological conditions, VSMCs regulate vascular tone and support repair 

of the vessel wall, which is under continues mechanical stress. However, VSMCs are also 

known to play a key role in vascular calcification.56 Osteochondrogenic differentiation of 

VSMCs has been described in atherogenesis.55 An elevated calcium phosphate level and 

oxidative stress are amongst factors that induce transdifferentiation of VSMCs into an 

osteo/chondrogenic phenotype.57–59 Osteochondrogenic VSMCs are characterized by 

downregulation of VSMC contractile genes and upregulation of bone related genes, including 

OCN, OPN, BMP2, BMP4 and RUNX2.60,61 Interestingly, recent attention has been given to  

senescent VSMCs which also showed increased expression of osteochondrogenic genes.62,63  

Senescent VSMCs are known to execute apoptosis.64 Apoptosis is accompanied with 

generation of apoptotic bodies, which if not cleared by efferocytosis, can initiate calcification.65 

This has put forward senescence amongst one of the pathological factors contributing to 

vascular calcification.62,63   

Differentiation of VSMCs subsequently leads to the secretion of extracellular vesicles 

which serve as nucleating factors for calcification.58,66,67 Indeed, MGP is highly concentrated 

in VSMC-derived vesicles.58 It has shown that vitamin K antagonist (warfarin) treatment 

potentiates VSMC calcification and markedly increases the secretion of VSMC-derived 

extracellular vesicles that are prone to calcify.58  Moreover, high dietary intake of vitamin K 

has been shown to reduced coronary artery calcification and progression of aortic valve 
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calcification.68–70 Mechanistically, it has been shown that vitamin K2 increased MGP and 

decreased OPN expression of inorganic Pi-induced VSMC calcification in vitro.71  

 

Outline of the thesis 

The research described in this thesis aims to unravel mechanisms underlying aortic 

aneurysm formation. We characterized VSMCs from aortic aneurysm tissue with specific focus 

on the involvement of vascular calcification in the pathogenesis of abdominal aortic aneurysm. 

Moreover, we studied the effect of smoking, a known risk factor for the development of 

aneurysm, on VSMCs and explored the role of vitamin K in VSMC pathologies.   

Chapter 2 provides a literature review on fundamental knowledge of vitamin K and 

vitamin K dependent proteins. We elaborated on the different functions and implications in 

diseases of vitamin K beyond its well-established role in coagulation. Chapter 3 is based on a 

review describing the role of VSMC phenotypic switching and calcification in aortic aneurysm 

formation. We extended on current knowledge by providing an insight in the involvement of 

vitamin K-dependent processes in aortic aneurysm and shed light on potential treatment 

mechanisms with vitamin K to prevent vascular calcification induced aortic aneurysm 

formation and progression. In Chapter 4, we characterized VSMCs from aneurysm patients 

and compared apparently healthy VSMCs and VSMCs from the abdominal aneurysm of the 

same patient. In Chapter 5, we investigated the relationship between nicotine and vascular 

calcification. More specifically, we investigated the direct effect of nicotine on VSMC 

phenotype and function. In Chapter 6, we used a pre-clinical animal model to study the effects 

of VKA and vitamin K treatment on the development of atherosclerosis and vascular 

calcification. Chapter 7 outlines the key findings of the research described in this thesis and 

discusses the relevance in relation to the current literature.  
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Abstract 

Vitamin K is an essential bioactive compound required for optimal body function. Vitamin K 

can be present in various isoforms, distinguishable by two main structures namely 

phylloquinone (K1) and menaquinones (K2). The difference in structure between K1 and K2 

is seen in different absorption rates, tissue distribution, and bioavailability. Although differing 

in structure, both act as cofactor for the enzyme gamma-glutamylcarboxylase encompassing 

both hepatic and extrahepatic activity. Only carboxylated proteins are active and promote a 

health profile like hemostasis. Furthermore, vitamin K2 in the form of MK-7 has been shown 

as a bioactive compound in regulating osteoporosis, atherosclerosis, cancer and inflammatory 

diseases without risk of negative side effects or overdosing. This review is the first to highlight 

differences between isoforms vitamin K1 and K2 by means of source, function, and 

extrahepatic activity.  

Introduction 

Vitamin K was first identified in 1936 to be a key factor in blood clotting. When 

chickens were fed a low-fat diet, they exhibited significant lower coagulation capacity resulting 

in severe bleedings (1). The lipid fraction of diet was analyzed and a novel antihemorrhagic 

factor was discovered. This lipid soluble factor was given the first letter in the alphabet 

available which coincided with the first letter of the German word “Koagulation” and deemed 

to be only essential for its anti-hemorrhagic trait (1). Since then non-coagulant functions have 

been discovered and have gained research interests in a number of fields over the world. The 

vitamin K family is comprised of multiple similarly structured fat-soluble molecules containing 

a 2-methyl-1,4-naphthoquinone ring structure called menadione. Menadione (K3) is of 

synthetic origin, though due to reported adverse effects of hemolysis and liver toxicity will not 

encompass the scope of this review (2-4). Naturally, vitamin K occurs as two vitamers: vitamin 

K1 (also known as phylloquinone) and vitamin K2 (designated also as menaquinones (MKs)). 

Phylloquinone contains a phytyl side chain which comprises 4 prenyl units (5). Menaquinones 

contain an unsaturated aliphatic side chain with a variable number of prenyl units. The number 

of prenyl units indicates the respective type of menaquinone. Vitamin K2 can be divided in 

subtypes, namely short-chain (i.e. menaquinone-4; MK-4) and long-chain (i.e. MK-7, MK-8, 

and MK-9). For K2 no official reference daily intake (RDI) exists at present. Nevertheless, the 

effects of K2 on improving health in cardiovascular disease (CVD), bone metabolism, chronic 

kidney disease and particular cancers has been subject to research in the last decades. The aim 
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of this review is to signify and elaborate on the differences between K1 and K2, by source, and 

function with an emphasis on non-coagulant mechanisms of vitamin K. 

Dietary vitamin K 

Vitamin K1 is the predominant form of vitamin K present in the diet (6,7). K1 is 

predominantly found in green vegetables and plant chlorophylls. Whereas K2 menaquinones 

are synthesized by bacteria (8) and are primarily found in food where bacteria are part of the 

production process (5,9). Major sources of K1 include spinach, cabbage, and kale, and 

absorption of dietary K1 is increased in presence of butter or oils. Beyond leafy greens, K1 can 

also be found in fruits like avocado, kiwi and grapes (10,11). Main known sources of K2 are 

fermented food, meat, and dairy produce (12) (Figure 1). Fermentation of soy beans with 

Bacillus natto, produces Natto, a Japanese dish that contains the highest content of K2, in 

particular MK-7 [321 ng/g of K1, and 10985 ng/g of K2] (13). Dairy products are the second 

richest source of K2 in the diet. Hard cheeses are considered to have the highest amount of 

menaquinones (14). Other notable sources of K2 are chicken meat, egg yolks, sauerkraut, beef 

and salmon (12) (Figure 1).

Figure 1. Dietary sources of vitamin K. Left side of pyramid displays K1 content gradient in dietary sources 
of vitamin K1. Leafy greens include spinach, kale and swiss shards. Right side visualizes K2 content gradient 
with natto being the most significant source. Various cheeses include hard and soft cheeses with K2 content 
being dependent on fermentation level. 
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Vitamin K in vegetables 

One of the best representatives in this group that contains both forms of vitamin K is 

sauerkraut [22.4 μg per 100 g of K1, and 5.5 μg per 100 g of K2] (14). Leafy green vegetables 

show highest amount of vitamin K1. Vitamin K1 was present in in collards [706 μg per 100 g], 

in turnip [568 μg per 100 g], spinach [96.7 μg per 100 g], kale [75.3 μg per 100 g], broccoli 

[146.7 μg per 100 g], soybeans roasted [57.3 μg per 100 g], and carrot juice [25.5 μg per 100 

g] (7,15,16). 

 

Vitamin K in fruits and nuts 

It has been shown by a US led investigation that generally fruits and nuts do not contain 

K1, with the exception of kiwifruit [33.9-50.3 μg per 100 g], avocado [15.7-27.0 μg per 100 

g], blueberries [14.7-27.2 μg per 100 g], blackberries [14.7-25.1 ug per 100 g], grapes red and 

green [13.8-18.1 μg per 100 g], dried figs [11.4-20.0 μg per 100 g] and dried prunes [51.1-68.1 

μg per 100 g]. K1 was present in several nuts during this study; pine nuts [33.4-73.7 μg per 

100 g], cashews [19.4-64.3 μg per 100 g], and pistachios [10.1-15.1 μg per 100 g] (10). Other 

fruit and nuts reported in the study contain vitamin K1 in insignificant traces. Further to this, 

vitamin K from fruit and nuts in the diet, does not interfere with anticoagulation therapy in 

patients on warfarin (10). 

 

Vitamin K in cheese 

Vitamin K cheese content varies depending on a range of factors in production, such as 

time of ripening and regional differences. These dictate not only the type of cheese but fat and 

nutrient content. Typically, Dutch hard cheeses contain more K2 compared to softer 

Mediterranean cheeses. This is most likely influenced by duration of the fermentation process 

and nature of bacterial strains used (14). Although none of these cheeses can be considered an 

individual source of vitamin K2, consumption can contribute to total vitamin K levels (17). 

Vitamin K1 and K2 were assessed in European cheeses and highest amount of K1 was found 

in Roquefort [6.56 μg per 100 g], Pecorino [5.56 μg per 100 g], Brie [4.92 μg per 100 g], 

Boursin [4.55 μg per 100 g], Norvegia [4.37 μg per 100 g], Stilton [3.62 μg per 100 g] (14). 

Other tested cheeses contained less than 3 μg per 100 g. Total vitamin K2 was the highest in 

Münster [80.1 μg per 100 g], Camembert [68.1 μg per 100 g], Gamalost [54.2 μg per 100 g], 

Stilton [49.4 μg per 100 g], Emmenthal [43.3 μg per 100 g], Norvegia [41.5 μg per 100 g], 

Roquefort [38.1 μg per 100 g], and Raclette [32.3 μg per 100 g]. The rest of examined cheeses 

comprised less than 30 μg per 100 g of vitamin K2 (14). 
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Vitamin K in meat and fish 

Vitamin K is present in meat and fish, although there are inconsistencies in total content 

of vitamin K depending on the origin of the meat (15). For example,  the amount of MK-4 

differs in chicken meat in the United States [13.6-31.6 μg per 100 g], compared to the 

Netherlands [5.8-11.3 μg per 100 g], and Japan [27 ± 15 μg per 100 g] (17). In Europe, vitamin 

K1 is found in deer back [24.3 μg per 100 g], beef liver [22.9 μg per 100 g], and minced meat 

[10.9 μg per 100 g] (14). Values less than 1 μg per 100 g were not deemed noteworthy for this 

review. The richest K1 fish sources are eel [13 μg per 100 g] and mackerel [5.1 μg per 100 g] 

(14).  

Total vitamin K2 was present in meaningful concentrations in chicken meat [101 ng 

per 100 g], beef liver [112 ng per 100 g], minced meat [76.1 ng per 100 g], beef meat [18.9 ng 

per 100 g], and pork liver [18.4] (14). Only values above 1.5 μg per 100 g for meat were chosen 

as representatives. Amongst the fish tested in this study, eel [631] had the highest concentration 

of vitamin K2, followed by plaice [52.8], mackerel [6.2], and salmon [5.7]. Rest of the 

examined fish species contained less than 0.5 μg per 100 g of vitamin K1 and total vitamin K2 

(14). 

 

Adequate Intake is an Estimate  

Vitamin K content can vary depending on approach used for detection, especially in 

case of K2. The gold standard for measuring vitamin K is by high-performance liquid 

chromatography (HPLC) using C-18 reversed phase column and fluorometric detection after 

post-column zinc reduction. This technique is used frequently to analyze vitamin K content in 

food and enables quantification of separate vitamin K isoforms. For example, a European 

standard method (EN 14148:2003) was developed to determine vitamin K1 by HPLC, however 

no official registered method exists for K2. Typical recommended vitamin K intake in North 

America varies from 50 to as high as 600 μg/day for vitamin K1, and from 5 to 600 μg/day for 

vitamin K2 (12). The challenge lies in assessing an adequate intake, as current requirement is 

an estimate based on regional consumption. Currently, daily recommended intake for vitamin 

K is based solely on intake of vitamin K1, blood coagulation and differs by region (18-20). It 

is defined as a median from daily intake in healthy individuals and differs worldwide. 

According to National Academy of Medicine (NAM), previously known as Institute of 

Medicine, required vitamin K dosage for adult men is 120 µg/day and 90 µg/day for women. 

According to World Health Organization (WHO) and Food and Agriculture Organization 

(FAO), the dosage is 65 µg/day for men and 55 µg/day for women, on the basis of 1 µg/day/kg 
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vitamin K. The Commission of the European Communities sets a RDI for vitamin K of 75 

µg/day (12,21-23). In case of vitamin K1, NAM implies that the average intake is currently 

already higher than adequate (surpassing 100%) (22). Therefore, daily recommended intake of 

vitamin K1 can be reached easily by Western diet, as no deficiency in vitamin K1 has been 

reported so far in healthy adults (12). However, intake of vitamin K2 from food, corresponds 

to only 25% and 5% of the total vitamin K intake, respectively (21). Therefore, administration 

of K2 via supplements in a high dosage might be advisable to meet the required daily intake 

for improvement of overall health (12).  

 

Functions of vitamin K1 and K2  

The most well-known function of vitamin K is as cofactor in the activation of vitamin 

K-dependent coagulations factors (24,25). Through post translational modification of 

glutamate (Glu) residues in coagulation factors, vitamin K enables posttranslational 

carboxylation which allows a high affinity binding with support of calcium to negatively 

charged phospholipid membrane areas and therefore maintains hemostasis (26-28). 

Due to well-established guidelines, vitamin K1 is also administered as a medication. 

For instance, newborns are given 1 mg K1 shortly after birth to prevent the potentially lethal 

vitamin K deficiency bleeding (VKDB). VKDB occurring within the first 24 hours of life is 

uncommon and usually caused by prescribed drugs to the mother. These may interfere with 

fetal vitamin K metabolism (29). Without prophylaxis, VKDB can occur within the first week 

after birth due to vitamin K deficiency caused by insufficient placental transfer and low 

concentrations in breast milk of vitamin K (30,31). Moreover, vitamin K1 is used as an 

antagonist in patients on vitamin K Antagonist (VKA) treatment prior to elective surgery or 

when international normalized ratio (INR) values are too high (prolonged bleeding) (32,33). 

Other functions of vitamin K are mainly ascribed to vitamin K2 (discussed below). Different 

strains of bacteria synthesize a variety of menaquinones, the exception being MK-4. MK-4 is 

a product of tissue specific conversion from phylloquinone, and can be found in mammals (34). 

Nakagawa et al. identified UbiA prenyltransferase containing 1 (UBIAD1), a human 

homologue of Escherichia coli prenyltransferase, responsible for the conversion of 

phylloquinone to MK-4 in several tissues such as the cerebrum, liver and pancreas (35). The 

discovery of a MK-4 biosynthetic enzyme in humans and confirmation that MK-4 originates 

from phylloquinone, might support the rationale behind a lower efficacy of MK-4 compared to 

other menaquinones. 
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Vitamin K: The vitamin K cycle 

Both vitamin K1 and K2 can function as cofactor in the carboxylation process of 

vitamin K dependent proteins (VKDPs). That being, vitamin K serves as a cofactor for γ-

glutamylcarboxylase (GGCX), which catalyzes the Glu residue of VKDPs into γ-

carboxyglutamic acid (Gla). This process is driven by the oxidation of vitamin K-hydroquinone 

(KH2) to vitamin K-epoxide (KO) in the vitamin K cycle. The vitamin K-oxidoreductase 

(VKOR) converts KO to vitamin K and back to KH2, generating a recycling process of vitamin 

K (36,37). Consequently, VKAs inhibit VKOR and thereby the recycling of vitamin K resulting 

in a drug-induced vitamin K deficiency (38). 

VKDPs are categorized as hepatic and extra-hepatic VKDPs. Hepatic VKDPs include 

coagulation factors II, VII, IX, X, and anticoagulant protein C, protein S, and protein Z, all of 

which are involved in regulating blood coagulation. Extra-hepatic VKDPs include Matrix Gla 

protein (MGP), Osteocalcin, and Gla-rich protein (GRP) (36). These VKDPs are primarily 

involved in maintaining bone homeostasis as well as inhibiting ectopic calcification (39). MGP 

is primarily expressed in vascular smooth muscle cells and chondrocytes. This protein is known 

to inhibit extracellular matrix mineralization of vascular lesions and is involved in vascular 

remodeling (40-42). Osteocalcin can be defined as a bone tissue-specific protein and is 

involved in regulating mineral deposition (36,43). GRP can be found in calcified cartilage and 

vasculature, where it directly binds and inhibits crystal formation/maturation and vascular 

smooth muscle cell calcification  (36,44,45).  

In addition to the role of vitamin K in the carboxylation of VKDPs, recent studies 

suggest a role for vitamin K as an antioxidant. A paralogue enzyme of VKORC1, named 

VKORC1-like 1 (VKORC1L1), is expressed in many tissues. VKORC1L1 has been shown to 

mediate vitamin K-dependent intracellular antioxidant function in the human cellular 

membrane (46). Indeed, vitamin KH2 exhibits an antioxidative activity of 10 to 100 fold higher 

than any other known radical scavengers, such as alpha-tocopherol and ubiquinone (47). 

Vitamin K protects the cellular membrane from lipid peroxidation (48). This antioxidative 

activity is diminished in the presence of warfarin. Both vitamin K1 and K2 prevent oxidative 

stress in neuronal cells and primary oligodendrocytes through inhibition of 12-Lipoxygenase 

(49,50). In addition to antioxidative properties, vitamin K has been reported to facilitate ATP 

generation and rescue mitochondrial dysfunction (51). 
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Vitamin K: Bioavailability 

Of all the menaquinones, MK-7 is absorbed most efficiently and exhibits greatest 

bioavailability (6,13). This was shown by a comparative study between K1 and MK-7 

following intake of vegetables and K2 rich food, respectively. Both vitamin K1 and MK-7 were 

readily absorbed within 2 hours after ingestion. However, postprandial serum concentrations 

of K2 (MK-7) were 10-fold higher than K1 (6). K1 showed large interindividual variation in 

fasting plasma concentrations (52). Vitamin K1 also showed inferior absorption in comparison 

to MK-4 as well as longer chain menaquinone food sources (MK-8 and MK-9) (6). Long chain 

menaquinones, such as MK-7 and MK-9, have longer half-life in circulation in comparison to 

K1 (Figure 2) (53). Thus, it is available for longer in the circulation to be absorbed by 

extrahepatic tissue (13). However, not all menaquinones are equally well absorbed. The 

bioavailability of MK-4 does not reflect an increased serum concentration after administration. 

However, MK-7 administration is reflected in increased serum MK-7 levels up to several days, 

thereby contributing to vitamin K status (54). Finally, MK-9 being even more lipophilic has a 

very long half-life but due to the lipophilicity is poorly absorbed (53). 

 

Vitamin K: Uptake and distribution  

All vitamin K forms can be taken up by enterocytes in the small intestine and packaged 

into chylomicrons during absorption. These chylomicrons are then taken up by the liver. 

Moreover, vitamin K1 has a rapid removal rate from the circulation. This was revealed by 

giving isotope-labeled phylloquinone to a volunteer, which then showed rapid appearance of 

radiolabeled excretory metabolites in urine and bile (55,56). Vitamin K1 is preferentially 

retained in the liver to assist carboxylation of clotting factors (53). In contrast, vitamin K2, 

particularly long chain derivatives, are redistributed to the circulation and are available for 

extra-hepatic tissues such as bone and vasculature (Figure 2) (5,53).  



 VITAMIN K IN HEALTH AND DISEASE

25

 

  

 
Figure 2. Bioavailability and biodistribution of vitamin K. Vitamin K2 has a longer half-life in the 
circulation than vitamin K1. While vitamin K1 is retained and exerts its function in the liver, vitamin K2 is 
redistributed to the circulation and (extra-)hepatic tissues. 
 

Vitamin K2: Health and Disease 

Vitamin K2 dependent proteins are expressed in a varying manner in both soft and 

hard tissues. The role of K1 in coagulation is well established and has been reviewed 

elsewhere. Whereas vitamin K2’s position in health and disease is well recognized within 

CVD, bone development and fractures, chronic kidney disease and certain cancers. 

Additional evidence is demonstrating further roles of vitamin K2 in liver disease, immune 

function, neurological diseases and obesity. 

 

Vitamin K2: Cardiovascular disease 

Vascular calcification is an active process that causes CVD, the largest killer in the 

world (57). It is well known that vitamin K2-dependent proteins activate a protective 

mechanism preventing the development of vascular calcification (58). Further, vitamin K2, in 

the form of MK-7, has been proven in numerous trials with healthy and diseased patient cohorts 

to have a long-term protective effect on the development of calcification (59-62). Additionally, 

several studies have demonstrated an overall reduction in risk of CVD development (63). Even 

a regression of arterial stiffening and improvement of vascular elasticity have been observed 

in healthy population cohorts, following supplementation. Interestingly, in a study 

investigating all vitamin K1 and K2 isoforms, only K2 was effective and beneficial for CVD 

health and not K1 (64). Furthermore, the role of K2 in CVD is profound and can be found 
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discussed detail elsewhere (58,59,65). At present there are multiple large clinical studies over 

the world with vitamin K2 supplementation to a variety of cardiovascular patients, the results 

of which will add further substance to the role of vitamin K2 in CVD (66). 

 

Vitamin K2: Bone fractures and degeneration 

Bone fracture and quality is important in any aged population. Vitamin K2 is known to 

improve bone quality, which in turn reduces fracture risk as demonstrated by numerous studies 

with population groups above the age of 50 (67-70). Further, children are inherently born 

vitamin K2 deficient, and there is the implication that should this not be corrected, inadequate 

bone formation might take place (71). This is substantiated by mutations to vitamin K-

dependent enzymes resulting in birth defects that affect development of bone and cartilage 

(72). Within bone marrow mesenchymal stem cells, vitamin K2 treatment supports osteogenic 

differentiation (73). Osteocalcin expression in bone is related to proper function, although the 

precise mechanism is under ongoing research (58). Further to this, there are population studies 

currently underway that will shed further light on the role of vitamin K2 on bone development, 

health and maintenance (74,75).  

 

Vitamin K2: Diabetes Mellitus 

Long term supplementation of vitamin K2 has been shown to reduce the risk of diabetes 

development. The largest study with 38,000 men and women, aged 20-70 demonstrated that 

just 10μg/day of K2 decreases diabetes risk by 7% (76). The mechanism by which this K2 may 

act in doing so is beginning to be unraveled. Vitamin K2 activates osteocalcin, which has been 

shown in vitro to promote proliferation of pancreatic beta cells as well as increasing insulin 

production and expression of CyclinD1 (77-79). The specific mechanism is currently under 

research and it is hypothesized that osteocalcin, lectin and adiponectin have an intricate 

network for glucose metabolism that can be modulated by vitamin K2 (80). 

 

Vitamin K2: Cancer 

Interestingly vitamin K2 has been explored in a number of clinical interventions to 

supplement cancer treatments (81). In vitro studies found K2 supplementation alone to prevent 

growth and metastasis of multiple cancer cell lines (82-84). The mechanisms by which vitamin 

K2 can inhibit proliferation and metastasis of cancers has been reviewed elsewhere (80). In 

short, vitamin K2 may act in a number of pathways including protein kinase A, protein kinase 

C, nuclear factor kappa B and steroid and xenobiotic receptor (81,85). Furthermore, there are 



 VITAMIN K IN HEALTH AND DISEASE

27

 

  

multiple cases by which K2 supplementation alongside standard treatment subsided cancer 

development, including multiple cases where patients entered complete remission (86,87). 

Remarkably vitamin K2’s action as an anticancer agent is not limited to a definitive cancer 

type and instead has been reported in multiple cancer forms (81). 

 

Vitamin K2: Liver Disease 

The role of vitamin K in the liver has been well established with regards to production 

of coagulation factors and activation of VKDPs (88,89). While majority of research has 

focused on K1, K2’s has a higher bioactivity, might act in a similar manner to hepatic tissue. 

Additionally, emerging vitamin K2 research is demonstrating a regenerative effect on oval cells 

as well as maturation of hepatic cells from stem cell cultures (90,91). This suggests that there 

might be a developmental importance of K2 in the liver. Further, within the anticancer effects 

of vitamin K2 several trials have found MK-4 to be an effective agent against hepato-

carcinomas that have arisen from alcoholic and non-alcoholic liver cirrhosis (85,92).  

Moreover, there is a positive trend in vitamin K2 supplementation to treat liver cirrhosis. 

Though, further investigation is required to determine whether this is significant and to 

understand the mechanism by which vitamin K2 acts in liver disease.  

 

Vitamin K2: Chronic Kidney Disease 

Status of dephosphorylated-uncarboxylated-MGP (dp-ucMGP) is an accepted research 

marker for vitamin K deficiency first described in patients with chronic kidney disease (93). 

Dp-ucMGP is associated with progression of CKD, that being later stage CKD patients have 

higher circulating dp-ucMGP levels (94-97). Vitamin K2 supplementation has been shown to 

improve renal artery function and prevent further development of renal artery calcification 

(62,98). This has an overall benefit to renal function. Further to this it has been demonstrated 

that vitamin K2 supplementation may improve glomerular filtration in a patient cohort (96). 

The promise of vitamin K2 in CKD research is great and there are multiple large-scale studies 

underway using vitamin K supplementation to treat patients with CKD (74,99-101).  

 

Vitamin K2: The Immune System 

In recent years, ex vivo studies have demonstrated a previously unknown 

immunomodulatory role for vitamin K2. First it was demonstrated that MK-7 modulated 

expression of TNF-Alpha, IL-1Alpha and IL-1Beta (102). Furthering this finding K2 decreases 

proliferation of T-cells from healthy individuals, whereas vitamin K1 had no such effect (103). 
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This has been further substantiated with T-cells from a larger number of children with pediatric 

atopic dermatitis and healthy controls, as well as a separate study with patients on dialysis 

(104,105). Both these studies demonstrated that K2 decreased the number of activated T-cells 

as well as proliferation. Thus, accumulated evidence is showing a novel role of K2 as an 

immunosuppressive agent. This needs to be further elaborated, until then a novel physiological 

mechanism by which vitamin K2 can aid immunomodulation can be hypothesized though 

requires further study.  

 

Vitamin K2: Neurological Disease 

Extrahepatic activity of vitamin K2 has been elucidated in vivo by varying activity of 

K2 recycling enzymes in different tissues. Prominently, a subset of vitamin K2 enzymes have 

been shown to be highly expressed in the brain (106). Protective effect of K2 on neurons in 

vitro has been documented (107). MK-4 improved energy production and rescued PINK1 

mutation found in Parkinson’s disease (51). More recently, research identified vitamin K2 

protection of neurons via a novel mechanism involving P38 MAP kinase pathway (108). 

Further to this various K2 analogous have been found to be decisive in neuronal differentiation 

(109). The first epidemiological study of K2 in relation to neuronal activity involved a cohort 

of 45 patients with multiple sclerosis (MS) and 29 healthy volunteers (110). K2 levels were 

greatly reduced in patients with MS compared to the controls that were gender and age 

dependent. Also, K2 levels were correlated to neurological spasms and lesions of the optic 

nerves. These emerging studies suggest a potentially important role of vitamin K2 in 

neurological development and disease. 

 

Vitamin K2: Obesity 

The link between osteocalcin and adiponectin has been strongly suggested, however 

the mode by which any such action takes place remains elusive (78,111,112). Direct elevation 

of uncarboxylated osteocalcin (ucOC) levels reduced fat mass and improved glucose 

metabolism in mice (79,113). More recently, supplementation of vitamin K1 and MK-4 to rats 

reduced total fat and serum triglyceride levels (114). Furthering this, a mechanism has been 

implicated by Ding et al. by which VKORC1L1 was found to promote adipogenesis (115). 

Consequently, downregulation of VKORC1L1 increased intracellular K2 levels, and 

preadipocyte differentiation was inhibited (115). Human cohort studies have shown 

improvements in body weight, waist circumference, body composition, visceral fat and 

diabetes mellitus from K2 supplementation (116-119). This all suggests to an overall beneficial 
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effect of vitamin K2 on glucose and fat metabolism that requires further investigation to 

confirm. 

 

Conclusion and future perspective 

The existence of vitamin K has been known for over 80 years, namely via the essential 

role in coagulation. The discovery of different isoforms of vitamin K is beginning to elucidate 

a significant role of vitamin K outside of coagulation. Functions of K2 are proving to be 

beneficial with regards to CVD and bone metabolism. There is a growing body of evidence 

suggesting vitamin K2 is involved in multiple cellular processes and might have a protective 

role in various organs throughout the human body (Figure 3). While vitamin K2 has improved 

outcome in many clinical trials, the exact mechanism of action remains to be unraveled. Major 

health organizations, such as WHO, European Food Safety Authority (EFSA) and Food and 

Drug Administration (FDA) have established RDI for vitamin K, that is solely based on the 

dose of K1 to retain an appropriate blood clotting function. This review highlights and 

summarizes differences between vitamin K1 and K2 in intake and function. When exploring 

the non-coagulation, extrahepatic activity of vitamin K it is clear that K2 in its various forms 

is the highlight of such activity. Therefore, although history and nomenclature has classed K1 

and K2 into the same category, these molecules can have a very different action in the body. 

Though a new realm to vitamin K seems to be on the horizon, whether it opens up new answers 

into health and disease remains to be seen. Differences between K1 and K2 merit recognition 

between national and international regulatory organizations and remain open to research. 

 
Figure 3. Functions of vitamin K2 in the body. Vitamin K2 exerts protective role and is involved in various 
organ systems throughout the human body (summarized in the figure). 
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Abstract 

Aortic aneurysm is a vascular disease whereby the extracellular matrix (ECM) of a blood vessel 

degenerates, leading to dilation and eventually vessel wall rupture. Recently, it was shown that 

calcification of the vessel wall is involved in both initiation and progression of aneurysms. 

Changes in aortic wall structure that lead to aneurysm formation and vascular calcification are 

actively mediated by vascular smooth muscle cells (VSMCs). VSMCs in a healthy vessel wall 

are termed contractile as they maintain vascular tone and remain quiescent. However, in 

pathological conditions they can de-differentiate into a synthetic phenotype, whereby they 

secrete extracellular vesicles (EVs), proliferate and migrate to repair injury. This process is 

called phenotypic switching and is often the first step in vascular pathology. Additionally, 

healthy VSMCs synthesize vitamin K-dependent proteins (VKDPs), which are involved in 

inhibition of vascular calcification. The metabolism of these proteins is known to be disrupted 

in vascular pathologies. In this review we summarize the current literature on VSMC 

phenotypic switching and vascular calcification in relation to aneurysm. Moreover, we address 

the role of vitamin K and VKDPs that are involved in vascular calcification and aneurysm. 

 
 
Highlights section: 

 

1. Vascular smooth muscle cell phenotypic switching and extracellular vesicle release 

contribute to microcalcification driven aortic aneurysm formation. 

2. Calcification is involved in both AAA and TAA formation. Early detection of 

microcalcification may help to hold aortic aneurysm progression. 

3. Vitamin K-dependent processes are involved in the inhibition of calcification and vitamin K 

might be a potential treatment option for aortic aneurysm. 
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Nonstandard Abbreviations and Acronyms: 

ECM = Extracellular matrix 

VSMC = Vascular smooth muscle cell 

MMP = Matrix metalloproteinase  

EVs = Extracellular vesicles 

MGP = Matrix Gla protein 

dp-ucMGP = dephospho-uncarboxylated MGP 

AAA = Abdominal aortic aneurysm 

TAA = Thoracic aortic aneurysm 

PDGF = Platelet derived growth factor 

TGF-β = Transforming growth factor beta  

SMMHC = SM myosin heavy chain 

CNN = SM-calponin 

MYH11 = Myosin heavy chain 11 

SIRT1 = Sirtuin 1 

TAAD = Thoracic aortic aneurysm and/or aortic dissection 

ER = Endoplasmic reticulum 

XBP1u = Unspliced X box protein 1  

ROS = Reactive oxygen species 

CHOP = C/EBP homologous protein 

NADPH = Nicotinamide adenine dinucleotide phosphate  

NOX = NADPH oxidase 

VKDPs = Vitamin K-dependent proteins 

KO = Vitamin K-epoxide 

KH2 = Vitamin K-hydroquinone 

KH = Semiquinone 

GGCX = γ-glutamylcarboxylase 

VKOR = Vitamin K-oxidoreductase 

VKORC1= Vitamin K-oxidoreductase complex subunit 1  

VKA = Vitamin K antagonist 

CAC = Coronary artery calcification  

BMP = Bone morphogenetic protein 

ATP = Adenosine triphosphate 

PDI = Protein disulfide isomerase 
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TRX = Thioredoxin 

Gas6 = Growth arrest specific gene 6 
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1. Introduction 

Aortic aneurysm is a matrix degenerative disease defined by a dilated blood vessel. 

Aneurysms weaken the arterial vessel wall increasing risk of rupture, which results in massive, 

and often fatal, internal bleeding. Aortic aneurysms are the result of environmental and genetic 

risk factors, which lead to shear stress, inflammation, positive vascular remodeling and 

extracellular matrix (ECM) degradation.1–4 Aortic aneurysms resulted in more than 151,000 

deaths globally in 2013 and are ranked in the top 15 causes of mortality in the United States.5 

However, there are no efficient interventions to prevent aneurysm progression.  

The sequential pathophysiology of aneurysm formation is unclear, but it is believed that 

vascular smooth muscle cells (VSMCs) play a central role. Most VSMCs in the vessel wall 

display a contractile phenotype, which allows them to maintain vascular tone. However, 

VSMCs have the ability to differentiate into a synthetic phenotype. This process is termed 

phenotypic switching and is considered to be a key mechanism in arterial remodelling.6,7 

Synthetic VSMCs are characterised by decreased contractile protein expression and increased 

production of elastolytic enzymes (matrix metalloproteinases; MMPs), which degrade the 

ECM and facilitate migration by detaching cells from the basement membrane and ECM.8 

Additionally, synthetic VSMCs can secrete extracellular vesicles (EVs) that enhance local 

inflammation and promote vascular calcification.9,10 Vascular calcification, an extreme form 

of arterial remodeling mediated by VSMCs, is characterized by deposition of calcium 

phosphate crystals in the vessel wall.11 Calcification of the medial layer of the vessel wall is 

associated with arterial stiffening12 and has been observed in aneurysm.13–16 Vascular 

calcification is in part regulated by vitamin K-dependent mineralization-inhibiting proteins, 

such as matrix Gla protein (MGP). 

Vitamin K is a fat-soluble vitamin, whose main function is to facilitate carboxylation 

of vitamin K-dependent proteins (VKDPs). High dietary intake of vitamin K has been shown 

to be associated with reduced coronary artery calcification (CAC) and all-cause mortality 17,18, 

but the potential influence of vitamin K on VSMC-mediated mechanisms of aortic aneurysm 

formation has not been analyzed. 

In this review we summarize current knowledge on mechanisms regulating VSMC 

phenotypic switching and calcification in the context of aortic aneurysm formation. 

Additionally, we explore the role of vascular vitamin K in these processes to offer insight into 

therapeutic implications. 
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2. Aneurysm formation 

The word aneurysm comes from the Greek word ‘Aneurysma’, which means ‘dilation’. 

Clinically, an aneurysm is defined by a dilated blood vessel with an enlargement of 50% greater 

than the normal diameter.19 The arterial wall subjected to an aneurysm is vulnerable to pressure. 

Increased blood pressure results in a continuing enlargement of the vessel wall which may 

eventually lead to rupture and hemorrhage.  

Aneurysms predominantly occur in the aorta and are clinically termed according to the 

location: 1. Ascending Aortic Aneurysm, 2. Aortic Arch Aneurysm, 3. Descending Thoracic 

Aortic Aneurysm (DTAA), 4. Thoracoabdominal Aortic Aneurysm (TAAA), and 5. 

Abdominal Aortic Aneurysm (AAA), the most common type. AAA is the 13th most commonly 

found cardiovascular disorder20, and most frequently seen in men, older than 60 years and with 

one or more risk factors, including family history, high blood pressure, high cholesterol, 

obesity, and smoking.  

Aortic aneurysms are characterized by a disrupted vessel wall structure with degraded 

elastic laminae and disappearance of organized VSMC layers.21,22 For a long time, 

biomechanical factors were thought to be the main cause of aneurysm formation and rupture. 

Currently, aneurysm pathophysiology is regarded as a complex biological process involving 

cellular-driven remodeling of the vessel wall.23 Active and dynamic remodeling, rather than 

degeneration of the vessel wall, is the cause of AAA development.24 In support of this, AAA 

is characterized histologically by inflammation, oxidative stress, VSMC apoptosis, and ECM 

degradation.4 Moreover, a major difference between the healthy vessel wall and the aneurysm 

wall is the reduced number of VSMCs.25 

Aortic aneurysms that develop above the diaphragm in the upper aortic segment are 

generally termed thoracic aortic aneurysms (TAAs). TAAs are predominantly a result of 

genetic and connective tissue disorders such as Marfan syndrome caused by mutations in 

fibrilin-1, which assists proper elastic fiber formation and elastin deposition.26 Other TAA-

related diseases are Ehlers-Danlos syndrome type IV and Loeys-Dietz syndrome (LDS), caused 

by mutations in type III collagen (COL3A) and transforming growth factor beta (TGF-β) 

receptor (TGF-βR1 or TGF-βR2) genes, respectively.27 Moreover, TAA may develop in 

individuals harboring genetic predispositions without syndromic disorders, termed familial 

TAA and/or aortic dissection (TAAD).28 Increased risk for TAAD is also found in patients 

with bicuspid aortic valve and mutations in VSMC contractile proteins.29–31 

TAAs and AAAs share common features such as dilation and rupture of the aorta, proteolysis 

of ECM and depletion of VSMCs.22 While the AAA is seen as an atherothrombotic origin 
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presenting with intraluminal thrombus (ILT), oxidative stress, and adventitial inflammation, 

ILT and immune response are not usually observed in the TAA.22 However, infiltration of 

inflammatory cells in the aortic wall of TAA patients has been documented.32,33 Pathological 

observation in a mouse model suggests that non-inflammatory accumulation of SMC-like cells 

and elastin-poor ECM, which leads to vascular remodelling, is involved in development of 

TAAs.34 Mucoid degeneration, characterized by accumulation glycosaminoglycans and 

observed during aging of the human aorta, is also specific to TAA.22,35 

 

3. Vitamin K  

Vitamin K is a fat-soluble vitamin. Naturally occurring vitamin K includes vitamin K1 

(phylloquinone) and vitamin K2 (menaquinones). Phylloquinone is mainly found in leafy green 

vegetables, while menaquinones can be found in fermented food.36 Menaquinones have an 

unsaturated aliphatic side chain with a variable number of prenyl units. The number of prenyl 

units indicates the respective type of menaquinone. It has been shown that menaquinone-7 

(MK-7) is absorbed most efficiently and has the best bioavailability.37,38 During absorption, 

vitamin K is taken up by enterocytes in the small intestine where it is packaged into 

chylomicrons, which are taken up by the liver. Vitamin K2, specifically the long chain 

menaquinones, is redistributed into the circulation and available for extrahepatic tissues such 

as the vasculature.39,40 

3.1. Vitamin K cycle 

The main function of both vitamin K1 and K2 is acting as cofactors in carboxylation of 

VKDPs (Figure 1). Vitamin K serves as a cofactor for the enzyme γ-glutamylcarboxylase 

(GGCX), which catalyzes the conversion of glutamic acid (Glu) in VKDP to γ-

carboxyglutamic acid (Gla). This reaction is driven by oxidation of vitamin K-hydroquinone 

(KH2) to vitamin K-epoxide (KO). KO can be recycled by vitamin K-oxidoreductase (VKOR), 

which converts KO to vitamin K and back to KH2.41,42 
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Figure 1. The canonical and non-canonical vitamin K cycle. In the canonical vitamin K cycle, vitamin K 
is a cofactor in the carboxylation of VKDPs, which then become activated. The oxidation from KH2 to KO 
is driven by GGCX. VKOR and vitamin K-reductase enable the recycling process of vitamin K through 
conversion of KO to K and KH2, respectively.  Imbalanced equilibrium of vitamin K forms may allow an 
alternative vitamin K cycle, whose reduction steps to semiquinone (KH) are also driven by VKOR. Through 
this non-canonical K cycle, VKOR and a redox protein (DTT or TRX) facilitate KH2 conversion to KH, 
thereby exerting antioxidant properties such as preventing NADPH-dependent lipid peroxidation and 
protecting the plasma membrane against ROS by regulating NOX activity. KH2 is involved in protein 
disulfide-thiol interchange of NOX. Moreover, VKOR, together with PDI or TRX-like protein, contribute 
to disulfide formation and protein synthesis within the ER membrane. Vitamin K also improves 
mitochondrial oxygen consumption and is involved in ATP generation. In all cases, the presence of a VKA 
inhibits the recycling process of vitamin K and its subsequent functions.

3.2. VKOR polymorphisms vs aneurysm risk

VKOR is expressed in various vascular cells and heart tissue. The first evidence of a 

role for vitamin K in aneurysm formation comes from a study showing increased expression 

of VKOR in vascular endothelial cells and ventricular aneurysm tissue of human heart.43

Additionally, in a study of 253 cases of aortic dissection, of which 11.5% had Marfan 

syndrome, and 416 controls, VKOR complex subunit 1 (VKORC1) polymorphisms were 

shown to be associated with an almost two-fold higher risk of aortic dissection, independent of 

conventional vascular risk factors.44 In the same study, a similar observation was made in 

patients with stroke and coronary heart disease, suggesting VKORC1 variation as a common 

genetic risk factor for all vascular diseases.44 Indeed, the role of VKORC1 was highlighted as 

an emerging genetic marker of TAA and acute aortic dissection in haemostasis patients.45
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Identifying the genetic polymorphism such as VKORC1 in haemostasis patients may give more 

specificity in identifying patients at risk of TAA than the currently used protein markers such 

as plasma D-dimer.45 Another study detecting the frequency of VKORC1 polymorphisms was 

carried out in 189 patients with an aneurysm of the ascending aorta, excluding those with 

genetic disease, and 188 controls with matching age, sex, body mass index (BMI), and smoking 

status.46 VKORC1 polymorphism rs9923231 was significantly associated with aneurysms of 

the ascending aorta, suggesting that carboxylation of VKDPs might be involved in TAA 

formation.46 

4. Role of vascular smooth muscle cells in aortic aneurysm formation 

4.1. VSMC phenotypic plasticity 

The vessel wall of large arteries consists of different cells, including endothelial cells, 

fibroblasts, and VSMCs. VSMCs reside in the tunica media and comprise the majority of cells 

in arteries.47 The main function of VSMCs is to regulate vascular tone and diameter through 

contraction and dilatation, thereby controlling blood pressure and blood flow distribution.48 

VSMCs are not terminally differentiated, which distinguishes them from skeletal muscle cells 

and cardiomyocytes. Indeed, VSMCs retain remarkably high plasticity, which allows them to 

modulate and switch phenotype upon stress signals.7 VSMC phenotypic switching is triggered 

by inflammation and/or injury.49 Atherosclerosis, hypertension and post-angioplasty restenosis 

as well as aneurysms are all associated with VSMC phenotypic switching.50–52 

VSMC phenotypic modulation can be characterized by changes in morphology, protein 

expression, proliferation and migration (Figure 2). In vitro, contractile VSMCs are elongated 

and display spindle-shape morphology, while synthetic VSMCs are rhomboidal and display 

cobblestone morphology.53,54 Synthetic VSMCs express lower levels of proteins involved in 

contraction, such as α-smooth muscle actin (α-SMA), SM myosin heavy chain (SMMHC), 

SM22α, SM-calponin (CNN) and smoothelin-B.55 Additionally, synthetic VSMCs are 

characterized by increased proliferation and migration.55,56 VSMCs can also give rise to other 

cells in the vessel wall, such as osteo/chondrogenic-like and macrophage-like cells, which has 

been reviewed by others.57–59 
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Figure 2: VSMC plasticity in aneurysm formation. VSMC phenotypic switching between contractile and 
synthetic is essential for vascular remodeling and maintaining a healthy vasculature. In the presence of 
stimuli (such as PDGF), a contractile VSMC can acquire a synthetic phenotype which is characterized by 
downregulation of contractile proteins and increase in proliferation and migration. VSMC phenotypic 
switching precedes aneurysm formation and differentiation of VSMCs into osteo/chondrogenic and 
macrophage-like phenotypes, which promote further remodeling and calcification. VSMCs fail to maintain 
contractility in the presence of inactive VKDPs and secrete calcifying vesicles. Oxidative stress drives 
VSMC proliferation, VSMC apoptosis, and initiates microcalcification. This in turn causes destructive 
changes in the surrounding matrix and leads to weakening of the vessel wall. Macrocalcification develops 
over time and further aggravates the dilation of the vessel.

The local environmental factors that modulate VSMC phenotype include: growth 

factors, such as platelet derived growth factor (PDGF)56,60 and TGF-β56,61, angiotensin II62, 

nitric oxide56, reactive oxygen species (ROS)63 and the components of the ECM. Moreover, 

other factors such as hyaluronan and heparin are also known to influence VSMCs.64–66

4.2. Phenotypic switching of VSMCs is key in aneurysm formation

In this section, we discuss how mechanisms regulating VSMC phenotype are involved 

in aneurysm formation and how they could potentially be modulated by vitamin K. 

4.2.1. Mutations in genes encoding contractile proteins and TGF-β

In line with that loss of contractile function promotes aneurysm formation,67,68 TAAs 

may arise from a variety of gene mutations encoding structural components of ECM, 

cytoskeletal/smooth muscle contraction proteins, and proteins associated with TGF-β pathway 

such as TGF-β receptors and SMAD proteins.69 For example, mutations in MYH11 cause 

familial TAAD, aortic stiffness, alteration in aortic compliance and arterial degeneration.70
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Mutations in α-SMA, a target of TGF-β-signaling, also cause TAAD71, as a result of impaired 

VSMC contractility, ability to maintain ECM72, differentiation, and proliferation.69 Apart from 

genetic mutations, alteration in vascular tone and interstitial pressure may induce interstitial 

edema, generate aortic wall stress, and initiate intraparietal dissection.73 Pharmacological 

induction of VSMC contractility in a mouse model, which predisposed to aortic dissection, 

showed great protection against intramural delamination, an initiator of dissection.74 These 

findings emphasize the importance of VSMC contractility in maintaining the structural 

integrity of the aorta.  

TGF-β is another factor implicated in regulating VSMC contractility.26 Stimulation of 

VSMCs with TGF-β1 increases α-SMA, SMMHC, and CNN mRNA expression61 and reduces 

proliferation.75 However, since reduced proliferation results in fewer VSMCs in the vessel 

wall, leading to AAA formation,76 the exact effect of TGF-β1 signaling on VSMCs in aneurysm 

formation is likely dependent on the context and other mechanisms at play. Increased TGF-β 

expression is observed in human AAA and TAA tissue76,77 and in TAAs related to Marfan 

syndrome.26,78 Increased TGF-β activity has been shown to play a role in the pathology of 

TAAD in Marfan syndrome.79,80 In line with that, a loss-of-function mutation in TGF-β2 was 

sufficient to cause aortic root dilation in a mouse model of Marfan syndrome.81 Paradoxically, 

these mice showed an upregulation of TGF-β signaling and TGF-β1 expression.81 Milewicz et 

al. suggested that over-activity of TGF-β may be a secondary response to tissue injury in 

thoracic aortic diseases, rather than the primary cause.68 Indeed, aortic dilation and medial 

elastin damage in young Marfan mice developed in the absence of elevated VSMC TGF‐β 

signaling.82 Furthermore, LDS mice (TGF-β receptor knock-in; TGF-βR2G357W/+) showed 

increased TGF-β signaling only in later stages of TAA development.83 Conditional disruption 

of VSMC TGF-βR2 in postnatal mice impaired VSMC contractile apparatus, induced a 

proliferative response and rapidly result in TAAD.84 Moreover, TGF-β neutralization in these 

mice exacerbated aortic disease, suggesting that basal TGF-β is required to maintain structural 

integrity of VSMCs.84 These studies highlight the fact that TGF-β signaling contributes to 

aneurysm formation regardless of the presence of the fibrillin-1 mutation. Indeed a growing 

body of evidence suggests emerging concepts such as mechanosensing and vascular tone 

regulation may better explain how aneurysms are formed in the context of TAAD.85  

Interestingly, TGF-β neutralization was shown to enhance angiotensin II-induced aortic rupture 

and aneurysm in mice, both at the thoracic and abdominal regions.86 In a similar mouse model, 

TGF-β was shown to protect against inflammatory aortic aneurysm progression and 

complications.34 Whereas VSMC-extrinsic TGF-β signaling protects against AAA, VSMC-
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intrinsic TGF-β signaling protects the thoracic aorta in the angiotensin II-induced mice.87 A 

recent study revealed that TGF-β1 suppressed a broad array of proinflammatory genes in 

cultured human VSMCs, partially through the signal transducer and activator of transcription 

3 (STAT3) and nuclear factor κB (NF-κB) pathway.88 In parallel, TGF-β1 potently induced the 

expression of VSMC contractile genes.88 Observation from this study suggests that the two 

events are independent, and suppression of the proinflammatory genes is not the consequence 

of the induced contractile VSMC phenotype.88 

The interaction of vitamin K and TGF-β has not been studied in the context of aneurysm 

and VSMC biology. A study in osteoblast-like cell derived from osteosarcoma showed that 

vitamin K promoted TGF-β mRNA expression.89 However, a study in cancer cells showed no 

alteration in the expression of TGF-β1.90 Conversely, TGF-β was found to induce expression 

of VKDPs, such as MGP, in embryonic lung cell culture and growth arrest specific gene 6 

(Gas6) protein in VSMCs.91,92  

Even though mutational defects may not be easily amended, vitamin K may alleviate 

their downstream effects, pathologies, and vessel integrity in aortic aneurysm such as elastin 

degradation, VSMC apoptosis, oxidative stress and calcification, which we discuss in the 

following sections. 

4.2.2. Elastin degradation 

Phenotypic switching of VSMCs underlies the destructive changes that lead to 

aneurysm formation in animal models of TAA.67,93 Investigating genetic diseases, in this case 

Marfan syndrome, provided a better understanding of this process.6 The defective elastin 

lamellae impair VSMC attachment, which leads to switching of VSMCs towards a synthetic, 

pro-elastolytic phenotype.6,93 The pro-elastolytic phenotype of VSMCs isolated from human 

AAA tissue is characterized by increased production of MMPs.94 MMPs are a family of 

endopeptidases that exert proteolytic activity towards elastin and collagen. Increased MMPs, 

in particular MMP-2 and MMP-9, degrade the ECM thereby weakening the vascular wall and 

leading to AAA formation. TAA and AAA were found in ApoE mice with tissue inhibitor of 

MMPs (TIMP)-1 deficiency.95 Moreover, VSMC migration is inhibited by inhibition of 

MMPs.96 End-stage AAA usually features a destruction of elastin which is compensated by an 

increased synthesis of collagen.97,98 

Although the effect of vitamin K on elastin degradation has not been studied in the 

context of aneurysm, a study in cancer cells showed that vitamin K2 inhibits production of 

MMPs by suppressing NF-κB and mitogen-activated protein kinase (MAPK) activity.99 

Vitamin K2 (45 mg/day) was shown to reduce serum MMP-3 in rheumatoid arthritis patients 
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in a cross-sectional (n=158) and a longitudinal study (n=52).100 However, vitamin K1 (10 

mg/day) does not altered serum MMP-3 of rheumatoid arthritis patients as revealed by a 

randomized control trial study (n=64).101  

4.2.3. Apoptosis of VSMCs  

AAAs have a reduced number of VSMCs25, leading to limited capacity to produce 

connective tissue and to repair elastin breaks. The reduced number of VSMCs is likely the 

consequence of apoptosis, since apoptotic VSMCs have been observed in the medial layer of 

AAAs.102 VSMC apoptosis can result from proteolytic degradation of the ECM103 and also 

from oxidative stress.104 Other factors that may contribute to a pro-apoptotic milieu include 

inflammatory mediators, proliferative triggers such as PDGF and cell stretch, hypoxia and 

DNA damage.103 Also, mechanical stress can contribute by enhancing ER stress-induced 

apoptosis.105 In addition, VSMC senescence can ultimately progress into apoptosis.103 

Apoptosis is accompanied by the generation of apoptotic bodies, which, if not cleared by 

phagocytosis, can stimulate calcification.106 Calcium deposits in turn can aggravate 

inflammation and mechanical stress107,108 indicating the fueling of an amplification loop 

spiraling down towards a mechanically compromised vessel wall. 

Vitamin K may be associated with VSMC apoptosis through activation of Gas6, which 

is a VKDP containing γ‐carboxyglutamic acid.109 Gas6 inhibits VSMC apoptosis by binding 

to Axl, a tyrosine kinase receptor, thereby activating Akt.110 Vitamin K2 was shown to inhibit 

rat VSMC calcification in culture through restoration of the Gas6/Axl/Akt anti-apoptotic 

pathway.111 Downregulation of the Gas6-Axl interaction is associated with inorganic 

phosphate (Pi)-induced human VSMC apoptosis and addition of human recombinant Gas6 

inhibits Pi-induced apoptosis and calcification.112 Additionally, Axl was found to be 

upregulated in cultured rat VSMCs after vascular injury and may mediate migration and 

proliferation of VSMCs.113 Circulating Gas6 and soluble Axl in plasma has been measured in 

healthy controls (n=141) and patients with large (n = 123) or small (n = 122) AAA.114 Gas6 

concentration was found to positively correlate with AAA size, and the correlation was stronger 

with Gas6/Axl ratio.114 While the authors of this study suggest that the higher Gas6 

concentration in plasma may reflect the higher Gas6 gene expression and Gas6/Axl plasma 

ratio might be a useful marker for AAA,114 the mechanisms of action were not demonstrated. 

All of these studies point to the possibility that vitamin K could protect from aneurysm via 

Gas6/Axl and inhibition of apoptosis. 
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4.2.4. Endoplasmic reticulum stress 

Recently, aortic aneurysm formation has been shown to correlate with increased 

endoplasmic reticulum (ER) stress.115 In line with this, transcription factor unspliced X box 

protein 1 (XBP1u), which is expressed in the absence of ER stress, has been shown to maintain 

VSMC contractile phenotype. XBP1u deficiency causes VSMC dedifferentiation, enhances 

proinflammatory and proteolytic VSMC phenotype, thus aggravating TAA and AAA in 

vivo.116 ER stress also promotes TAAD formation through C/EBP homologous protein 

(CHOP), an effector of the ER stress-induced unfolded protein response which regulates ER 

stress-induced apoptosis.117,118 CHOP deletion prevents VSMC apoptosis and TAAD 

development, without affecting VSMC proliferation.118 Moreover, ER stress inhibition was 

able to attenuate AAA in angiotensin II-induced ApoE−/− mice.119 

The effect of vitamin K on ER stress has not been studied in the context of aneurysm. 

However, it is known that VKOR is associated with the ER disulphide forming pathway,120,121 

and ER transcription factors, such as XBP1, may affect the expression of VKORC1 gene.122 

4.2.5. Oxidative stress 

Oxidative stress is a well-established factor promoting the development of aortic 

aneurysm and it has been implicated in regulating features of VSMC phenotype. Both VSMCs 

and infiltrating inflammatory cells can contribute to the increase in ROS in the vessel wall.123 

Several sources of ROS exist (nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidases (NOX), lipoxygenases, cyclo-oxygenase, and nitric oxide synthase), however NOX 

enzymes have been predominantly implicated in AAA pathology thus far.124 NOX enzymes 

form a family involved in the production of superoxide anion, and NOX1, NOX2, NOX4, and 

NOX5 are expressed in human VSMCs.125,126 Genetic deletion of p47phox, a cytosolic subunit 

that associates with NOX1-4, reduced the incidence of AAA in an angiotensin II-induced 

mouse model of aneurysm.127 Interestingly, systemic NOX2 deficiency reduced ROS in AAA 

lesion, however, it exacerbated angiotensin II-induced AAAs in mice by increasing vascular 

inflammation.128 This was due to disruption of macrophage function, the main source of 

increased NOX2 expression in the AAAs.128 NOX4-mediated oxidative stress has been shown 

to be implicated in VSMC apoptosis125, while increased NOX2 and NOX5 activity have been 

shown to induce VSMC proliferation.129–131 Moreover, NOX2 and NOX5 are most prominently 

expressed NOX isoforms in the aorta of AAA patients.132 NOX1-mediated ROS generation has 

been shown to decrease contractile protein expression in cerebral aneurysms. 133 
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More generally, scavenging ROS attenuated the formation of AAA in mice and 

protected against aortic aneurysm development.134 In another mouse model of AAA, aneurysm 

formation and rupture were decreased by vitamin E, a well-known antioxidant.136 Flow loading 

and systemic antioxidant therapy lowered oxidative stress and early aortic dilation in a rat 

model of AAA.135 Antioxidant treatment not only reduced macrophage infiltration into the 

abdominal aorta, but also delayed AAA formation and reduced aortic rupture.136 Additionally, 

in human subjects, increased circulating level of thioredoxin (TRX), a protein released from 

cells in response to oxidative stress, and release of TRX in the luminal part of AAA patients 

positively correlated with AAA size and expansion.137 Correspondingly, proteomic analysis 

showed that TRX protein in the human AAA wall sample is negatively correlates with the 

growth rate, which is in line with hypothesis that upregulation of TRX in defense against ROS 

may slow down the aneurysm expansion rate.138 A similar dependency of TAA on increased 

ROS has been observed, as in vitro and ex vivo studies on human TAA tissue revealed that 

oxidative stress mediates VSMC phenotypic switching towards synthetic phenotype through 

connective tissue growth factor.139 These results was further validated in a mouse model of 

TAA which showed similar pathology as observed in human tissue.139 Taken together, these 

studies suggest that decreasing oxidative stress attenuates aneurysm formation; however, the 

underlying mechanisms have not been studied in detail. 

Recent findings suggest a role for vitamin K as an antioxidant. Human VKORC1-like 

1 (VKORC1L1), a paralogue enzyme of VKORC1 found in the ER, was found to regulate 

vitamin K-dependent intracellular antioxidant function in the cell membrane.140 Both vitamin 

K1 and K2 were shown to mediate a VKORC1L1-dependent increase in cell viability. 

Genome-wide expression studies showed that VKORC1L1 is expressed throughout many 

tissues, and may serves as a potential target for the regulation of intracellular redox 

homeostasis.140 

Additionally, Mukai et al., showed that KH2 is a potent free radical scavenger. Kinetic 

studies showed KH2 has 10 to 100-fold higher antioxidant activity than other radical scavengers 

such as alpha-tocopherol and ubiquinone.141 In another study, menadione (a synthetic form of 

vitamin K without a side chain) and vitamin K1 and K2 inhibited NADPH-dependent 

microsomal lipid peroxidation in the presence of dithiothreitol, a non-physiological redox 

protein which drives VKOR.142 This antioxidant effect was abolished when a VKA, namely 

warfarin, was added into the reaction. Vitamin K1 and K2 were shown to protect against 

oxidative stress in primary oligodendrocytes and immature cortical neurons.143 Additionally, 

vitamin K1 and K2 prevented oxidative stress-induced cell death by inhibiting activation of 
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12-Lipoxygenase in primary oligodendrocytes.144 This vitamin K action was independent of 

the GGCX, though facilitated by the VKOR redox cycle.  

Vitamin K has also been shown to directly modulate NOX activity. Bridge et al. have 

shown that reduced phylloquinone (K1H2) serves as a natural electron donor for NOX in the 

soybean plant and might protect the plasma membrane against ROS.145 In addition, K1H2 is 

also involved in protein disulfide-thiol interchange of NOX.145 Electron transfer via 

hydroquinone was proposed as a mechanism sensing the redox changes across plasma 

membrane that occur during aging and senescence.145–147 Additionally, the VKOR recycling 

requires redox partners such as protein disulfide isomerase (PDI) and TRX-like protein to 

deliver reducing equivalence.148 PDI is known to regulate the activity of NOX in various cell 

types and is essential for redox-mediated VSMC migration via PDGF, which is associated with 

NOX activation.149 Intracellular PDI regulates expression and activity of the NOX which 

contributes to ROS generation.150 Further to that, VKOR significantly contributes to disulfide 

formation and redox homeostasis within the ER.151 Reduction of VKOR activity by warfarin, 

in combination with other disulfide bond formation proteins, resulted in cell death.151 

All these studies show that oxidative stress is an important factor promoting both AAA 

and TAA formation, and that vitamin K, as an antioxidant, has great potential in this field. 

However, as the antioxidant mechanisms of vitamin K have not been analyzed in VSMCs in 

the context of aneurysm, this warrants further study. 

4.2.6. Senescence of VSMCs  

Many hallmarks of cellular senescence have been reported in aneurysms and aneurysm-

derived VSMCs. Stress signals such as uremic toxins and ROS induce a cellular senescence 

response, which is characterized by a quiescent state and secretion of proinflammatory 

cytokines.152 Senescent VSMC releases factors which drive differentiation of local VSMCs to 

become osteo/chondrogenic.153 An in vitro study by Liao et al. indicated that VSMCs derived 

from human AAA exhibited a distinct phenotype resembling accelerated replicative 

senescence. These VSMCs displayed distortion in morphology and limited proliferation 

capacity in comparison to VSMCs derived from inferior mesenteric artery.154 Additionally, a 

genome wide association study revealed a common variant, rs10757278, found in human 

AAA.155 Rs1075728 is adjacent to CDKN2A/CDKN2B (genes encode the cell cycle 

regulators), which is expressed in senescent VSMCs.156–158 

Another senescence mechanism is related to lamin A. Persistent DNA damage and 

accumulation of prelamin A, the precursor to the component of nuclear membrane lamin A, is 

a key mediator that links premature senescence and accelerated vascular calcification.159 
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Increased expression of lamin A was observed in the region of high wall-stress and not in the 

non-aneurysmal vascular beds of AAA patients.160 Furthermore, physiological pulsatile stretch 

of VSMC in vitro caused a time-dependent elevation of prelamin A and lamin A expression.160 

Lamin A is also a direct activator of Sirtuin 1 (SIRT1).161 SIRT1 is a nicotinamide adenine 

dinucleotide–dependent protein deacetylase, highly expressed in the vasculature.162 SIRT1 is 

known for its protective function in vascular aging and is involved in variety of cellular 

processes including the inhibition of apoptosis.163,164 Inhibition of SIRT1 in VSMCs results in 

DNA damage, early senescence and apoptosis.164 In addition, reduction of SIRT1 in animal 

models induces medial degeneration, AAA formation, and aortic dissection providing a 

potential molecular basis for aneurysm formation in patients.164 Concurrently, human AAA 

wall showed significantly lower SIRT1 immunoreactivity in comparison to non-aneurysmal 

aortic sections.165 In addition, overexpression of VSMC-specific SIRT1 was able to suppress 

AAA formation in an animal model.165 VSMCs cultured from end-stage human AAA 

expressed elevated levels of differentiation marker (microRNA 145; MiR-145), lower 

expression of SIRT1, and exhibited higher level of DNA damage compared to non-aneurysmal 

human saphenous vein.166 These features did not correlate with patients' chronological age.166  

Telomeres, which are DNA repeats at the end of chromosomes, have a protective role against 

age-associated diseases.167 Telomere attrition (shortening) is one of the hallmarks of cellular 

aging and one of the causes of cellular senescence.168 Shortening of telomeres has been 

documented in biopsies of AAA of aortic tissue.169 

Senescence has been shown to accompany not only AAAs, but also TAAs. VSMCs 

derived from bicuspid and tricuspid aortic valve-associated aneurysms of TAA patients 

displayed reduced proliferation and migration capacity. In addition, telomere length analyses 

showed that these VSMCs had significantly shorter telomeres compared to VSMCs derived 

from healthy tissue.170 Aschacher et al. showed that telomere shortening was associated with 

reduced activity of telomerase, which in turn is involved in VSMC proliferation.171 It was 

concluded that VSMCs in TAAs undergo premature senescence. The cause-consequence 

relationship of VSMC senescence and TAA formation and the role of telomere shortening 

remains to be unraveled.171 

Mitochondrial dysfunction is another hallmark of cellular senescence and it has been 

implicated in vascular aging and cardiovascular diseases.172 Mitochondrial respiratory chain 

dysfunction causes reduction of adenosine triphosphate (ATP) synthesis and increased ROS 

generation.172,173 The bioenergetic profiling of proliferating human VSMCs revealed that they 

rely on mitochondrial oxidative phosphorylation and have a high respiratory reserve capacity 
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at rest, while aging cells have lower resting oxidative phosphorylation and reduced reserve 

capacity.174 Bioinformatic analyzes suggest the importance of mitochondria and oxidative 

phosphorylation in AAA.175 Indeed, mitochondrial dysfunction was observed in synthetic 

VSMCs of human AAA tissue and of AAA mouse model.176 A recent study demonstrated that 

VSMC mitochondrial respiration is reduced in TAAs of Fibulin-4 mutant mice; this was 

coupled with increased ROS and dysregulated expression of genes involved in energy 

metabolism.177 The reduction of mitochondrial respiration in VSMC was also observed in 

VSMCs of LDS mice and human fibroblasts of Marfan and LDS patients, suggesting that 

altered mitochondrial respiration may contribute to TAA formation.177  

However, direct effects of vitamin K on VSMC senescence have not been studied, with 

one exception. Vitamin K2 has been reported to be involved in ATP generation. A study in 

Drosophila mitochondria revealed that vitamin K2 acts as an electron carrier that can rescue 

deficiency of PINK1,178 a mitochondrial regulator of autophagy that determines VSMC 

fate.179,180 In this study vitamin K2 was shown to rescue mitochondrial dysfunction, improve 

mitochondrial oxygen consumption and facilitate the production of ATP.178  

Taken together, the studies of non-canonical roles of vitamin K at the background of 

our current understanding of aneurysm biology suggest that vitamin K antioxidative property 

seems to be the most promising effects on the pathogenesis of aneurysms (Figure 1). In the 

following parts, we discuss how the canonical function of vitamin K might play a role in the 

mechanisms of aneurysm formation through inhibition of VSMC phenotypic switching 

towards osteo/chondrogenic and VSMC calcification. 

 

5. Vascular smooth muscle cell calcification in aneurysm formation 

Calcification, the process of deposition of calcium phosphate crystals of the medial 

layer of the vessel wall, is associated with arterial stiffening and causes isolated systolic 

hypertension.181  VSMCs are key players in vascular calcification.182 Phenotypic switching of 

contractile VSMCs into osteo/chondrogenic VSMCs is accompanied by expression of bone-

specific proteins that regulate ECM mineralization (Figure 2).183,184 Bone morphogenetic 

protein 2 (BMP-2), the main regulator of osteogenesis, binds the BMP receptor and activates 

SMAD signaling, which leads to expression and increased activity of osteo/chondrogenic 

transcription factors such as Runx2, Osterix, and Sox9.59,185 These transcription factors control 

expression of mineralization regulators such as alkaline phosphatase, osteocalcin, osteopontin 

(OPN), osteoprotegerin, and bone sialoprotein.59 In response to a variety of stress signals 
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VSMCs can cause and enhance calcification via several mechanisms including increased 

apoptosis106, EV release186 and loss of natural calcification inhibitors, such as MGP.187 

Calcification of bovine VSMCs suppressed the expression of elastic fiber protein, tropoelastin 

(elastin monomer), and fibrillin-1.188 Conversely, the addition of recombinant tropoelastin was 

able to inhibit VSMC calcification.189 Study in bovine VSMC culture shows that Vitamin K2 

inhibits calcium deposition in a dose-dependent manner, and the addition of vitamin K to 

bisphosphonate treatment enhances the expression of tropoelastin.190 Moreover, Vitamin K2 

and bisphosphate inhibit bovine VSMC differentiation to osteo/chondrogenic phenotype.190 

Vitamin K alone increased MGP and decrease OPN expression of inorganic Pi-induced bovine 

VSMC calcification in culture.190 

Apart from VSMCs, macrophages are now recognized as important contributors to the 

progression of calcification and pro-inflammatory macrophages release microcalcification-

inducing EVs.191,192 Cholesterol loading converts VSMCs into a macrophage-like foam 

cells.193,194 Interestingly, recent findings show that macrophage-like human VSMCs, which 

were induced by enzyme-modified non-oxidized LDL, have a genetic profile associated with 

calcification including upregulation of BMP and downregulation of MGP and had a higher 

propensity to calcify.195 Taken together, these studies suggest that differentiation of VSMCs in 

to macrophage-like cells may contribute to vascular calcification (Figure 2). 

5.1. Calcification of aneurysms  

Vascular calcification has been shown to be increased in symptomatic AAA and 

contribute to rupture risk in AAA, as it induces changes in mechanical properties of the 

aneurysm (Figure 2).196,197 However, when categorized based on size as microcalcification (< 

50 µm) and macrocalcification (> 50 µm),198 calcification has been suggested to promote 

different outcomes with respect to aneurysms.  

Microcalcification, which precedes macrocalcification, is unequivocally considered 

detrimental and is present during a biologically active fast-dilating aneurysm.13 

Microcalcification co-localized with elastin degradation in the aorta of Marfan patients.15 In 

Marfan mice, microcalcification was abundant in the ascending aorta and strongly correlated 

with the aortic root diameter.15 In the same study, macrocalcification was found to be 

prominent in the aortic root of Marfan mice and correlated with aortic dilation to a lesser 

extent.15 The data on macrocalcification is more complex. Recently, a prospective case-control 

and observational cohort study of 72 patients with asymptomatic AAA revealed that 

macrocalcification was not associated with aneurysm expansion or AAA events13, and it was 

suggested that macrocalcification of the aneurysm segment might stabilize the degenerated 
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vascular wall.13 However, research is conflicting and recently published data on the role of 

calcium scoring in aneurysmal aortic disease revealed macrocalcification of TAAs and AAAs 

was associated with significantly higher overall and cardiovascular mortality.16 This was a 

retrospective, observational, single center study performed on 319 patients (TAA=123, 

AAA=196), underwent computed tomography (CT). Aortic aneurysm calcification scores were 

derived from CT and multivariate regression analysis was performed after correcting for 

potential confounders (age and blood pressure).16 Although the study reflects clinical practice, 

renal function, a known cause for vascular calcification, was not analyzed.16

While macrocalcification may be less detrimental to the aneurysmal vessel wall than 

microcalcification, it does start as microcalcification. Therefore, detection of 

microcalcification could be useful to measure biological activity in the aneurysmal wall, thus 

identifying risk for AAA events.199 Recently, it was shown that active mineralization in AAA, 

represented by a marked increase in 18F-NaF uptake on positron emission tomography-

computed tomography (PET–CT) (see Figure 3 as a visual example), correlates with presence 

and progression of AAA.13 18F-NaF specifically detects active calcification and puts forward 

microcalcification as a promising risk factor amendable for intervention in AAA.13,200

Figure 3: Example of an aneurysm with areas of 18F-NaF uptake (PET-CT, right) that do not correlate 
with calcification visible on CT (left). On the CT scan calcification is visible at the anterior and posterior 
wall of the aorta (white arrows), however there is almost circumferential 18F-NaF uptake (black arrows). 
This shows that there are areas where the PET-CT tracers detect active mineralization, where none is 
detected by CT scan. The signal intensity of 18F-NaF uptake visualized by PET-CT requires a careful 
quantitative analysis, which includes calculation of tissue-to-background ratios using background blood pool 
activity in the right atrium. Moreover, manual adjustment of regions of interest is important when analyzing 
18F-NaF uptake in structures adjacent to the bone to ensure that any signal attributed to bone is discarded. 
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5.2. Vitamin K-dependent calcification inhibitors 

For many decades, it was thought that calcification of the vasculature was a passive 

process. The discovery of inhibitors actively preventing vascular calcification revealed that this 

process is highly regulated by cells and proteins. Of specific interest are VKDPs, whose activity 

can be modulated by vitamin K or vitamin K antagonists (VKAs).42,201 VKDPs can be found 

in hepatic and extrahepatic tissues (summarized in Table 1). In all cases, VKDPs only exhibit 

their function when being carboxylated with the aid of its unequivocal cofactor vitamin K.  

 
Table 1. Hepatic and extrahepatic VKDPs. These VKDPs have a high affinity for calcium ions because of 
their negatively charged Gla residues and are involved in inhibiting ectopic calcification. 

 
Vitamin K-dependent 

proteins 
function reference 

Hepatic 
  

Coagulation factor VII, IX, X  Procoagulant. Aid in the coagulation 
cascade. 

(Danziger 2008)249 

Prothrombin (coagulation 
factor II) 

Inhibits vascular calcification through 
binding of phosphatidylserine on EVs, thus 
activates coagulation.  Loading of EVs with 
prothrombin reduces both their pro-calcific 
and pro-coagulant properties. 

(Kapustin et al. 
2017)250 

Activated coagulation factor 
(FIIa, FVIIa, FXa)  

Activates cellular protease-activated 
receptors (PAR), thereby inducing cellular 
processes such as inflammation, apoptosis, 
migration, fibrosis and calcification. 

(Borissoff, Spronk 
and ten Cate, 2011) 
(Schurgers and 
Spronk 2014)251,252  

Protein C Coagulation inhibitor. Assembles 
anticoagulant complex on cell surface. 

(Danziger 2008) 
(Matsuzaka et al. 
1993) (Esmon et al. 
1987)249,253,254 

Protein S  Coagulation inhibitor. Cofactor for 
activated protein C. 

(Danziger 2008) 
(Matsuzaka et al. 
1993)249,253 

Protein Z Coagulation inhibitor. Cofactor for the 
inactivation of FXa. 

(Danziger 2008) 
(Han et al. 
1998)249,255 

Extrahepatic 
  

Osteocalcin (OC)  Bone tissue-specific protein which is also 
expressed in osteo/chondrogenic VSMCs.  
Regulates mineral deposition.  

(Willems et al. 
2014)(Neve, 
Corrado and 
Cantatore 2013) 
(Steitz et al. 
2001)(Iyemere et al. 
2006)42,203,256,257 

Matrix Gla protein (MGP) Regulates VSMC phenotypic switching 
through BMP signaling.  
Locally, MGP inhibits ECM mineralization 
in vascular lesions. 

(Luo et al. 1997) 
(Wallin et al. 2000) 
(Murshed et al. 
2004) (Schurgers et 
al. 2005)(Rensen, 
Doevendans and van 
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Prevents calcification when loaded into EVs 
that are secreted during the process of 
vascular remodeling. 

Eys 2007) 
(Schurgers et al. 
2008) (Kapustin et 
al. 2011) (Willems 
et al. 2014) 
(Malhotra et al. 
2015) 
42,55,202,205,207,210–212 

Gla-rich protein                   
(GRP; also called Ucma) 
  

Inhibits vascular calcification through direct 
binding at calcification sites, thus inhibiting 
crystal formation/maturation, and via 
loading into EVs and calcifying protein 
particles (CPPs). Binds and inhibits BMP-2.  

(Viegas et al. 2009) 
(Willems et al. 
2014)  (Viegas et al. 
2015) (Willems et 
al. 2018)(Viegas et 
al. 2018)42,258–261 

Growth arrest specific gene 6 
(Gas6)              

Involved in vascular homeostasis.  
In VSMCs, Gas6 inhibits apoptosis, induces 
migration, and promotes cell survival.  

(Nakano et al. 1995) 
(Nakano et al. 1996) 
(Fridell et al. 1998) 
(Melaragno et al. 
2004) (Son et al. 
2006) (Laurance et 
al. 2012) (Clauser et 
al. 
2012)91,109,110,112,262–
264 
 

 

 
 

VSMCs synthesize several VKDP calcification inhibitors (Table 1). One of the most 

potent inhibitors for vascular calcification known in is MGP.187 MGP regulates VSMC 

phenotypic switching through BMP signaling which transdifferentiates VSMC into 

osteo/chondrogenic phenotype.42,55,202 This transdifferentiation, together with loss of VSMC 

markers; α-SMA and SM22α, was found in MGP-deficient mice.203,204 MGP also acts locally 

to inhibit ECM mineralization in calcified vascular lesions.205–207 MGP maintains contractility 

of VSMCs by binding to BMP-2, and thus inhibiting osteo/chondrogenic 

differentiation.202,208,209 MGP also prevents calcification when it is loaded into EVs that are 

secreted during the process of vascular remodeling.210–212 Moreover, intra-section analysis of 

human coronary arteries (n=12) showed that MGP is associated with microcalcifications in 

early atherosclerotic lesions213, which is associated with increased plaque 

vulnerability.108,214,215  A patient-based proteomic analysis revealed that MGP is increased in 

calcified AAA (n=6) and TAA (n=6) tissue sample in comparison to the adjacent normal aorta 

tissues.216 It was suggested that upregulation of the calcification inhibitor might be a feedback 

mechanism to prevent further calcium deposit.216 However, circulating MGP has not been 

studied in the context of AAA and TAA.  
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5.3. Phenotypic switching of VSMCs in aneurysm promotes calcification 

VSMC phenotypic switching, as shown by loss of contractility markers and increases 

in MMPs, precedes AAA in mice.51 Accordingly, synthetic VSMCs and upregulation of OPN 

was shown in the dilated region of human TAA.139 

In the context of aneurysm formation, additional specific mechanisms promoting calcification 

are at play. MMP-mediated elastin degradation and misfolding of elastin were shown to be 

associated with calcium deposition on elastin fibers and calcification.206,217 Additionally, 

elastic fiber degradation might cause detachment of VSMCs thereby altering their phenotype.93 

Elastin peptides, which are generated though elastin breaks, upregulate ALP and downregulate 

MGP expression of human VSMCs in vitro.15 Absence of the calcification inhibitory protein 

MGP also promotes phenotypic switching of VSMCs.205 Hence, VSMC phenotypic switching 

increases both cellular and ECM stiffness.26 Elastin-derived peptides and TGF-β1 were shown 

to promote osteo/chondrogenic differentiation of VSMCs, which may lead to calcification.218 

Indeed, VSMCs of Marfan mice showed enhanced ALP activity and upregulation of osteogenic 

gene profile including ALP, bone γ‐carboxyglutamic acid‐containing protein and RUNX2, in 

comparison to WT mice.15  

It was proposed that osteo/chondrogenic differentiation of VSMC is an attempt to 

prevent vessel wall degeneration by increased ECM production.218 Differentiation of 

macrophages into osteoclast-like cells is also observed in the development of AAAs in both 

humans and mice.219,220 It was shown that pharmacological inhibition of the activity of these 

osteoclasts (cells involved in resorbing calcification) using bisphosphonate was able to prevent 

AAA in  a CaCl2-induced mouse model of aneurysm.219 Furthermore, bisphosphonate 

attenuated AAA in angiotensin II-induced mouse model of aneurysm through reduction of 

vascular inflammation.221 Conversely, inhibiting osteoclast activity with bisphosphonate failed 

to prevent aneurysm progression in an animal model of severe Marfan syndrome.222 The 

contradictory outcome may lie upon the different basic pathophysiology between TAA and 

AAA.221 

5.4. Vitamin K antagonists promote and vitamin K rescues calcification 

The importance of vitamin K status in vascular calcification is supported by studies of 

VKAs223, which counteract the function of vitamin K by blocking VKOR and subsequently 

inhibiting vitamin K recycling.224 VKAs, such as warfarin, are widely used as anticoagulants 

to prevent thromboembolic complications in cardiovascular diseases.225  
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In a study in mice, VKA-induced calcification was associated with increased apoptosis 

and reduced cellularity in the medial vascular layer in mice.226 In rats, VKA treatment was 

shown to rapidly calcify the elastic lamellae of major arteries and aortic heart valves.227 This 

was similar to what has been observed in MGP-deficient mice, suggesting that VKAs induce 

calcification by inhibiting MGP functionality.205 It must be noted that a daily high dose of VKA 

in combination with high dose vitamin K1 was used to prevent bleeding and cause arterial 

calcification of rats (15mg warfarin/100g of body weight administered twice daily, while 

typical maintenance dose of VKA for human ranges between 2 and 10 mg/day).227 This dosage 

is required to maintain a constant level of VKA in plasma without oscillation,227 because of 

rapid clearance of warfarin from plasma in rats and considering the half-life of warfarin.228,229 

However, the authors showed no significant differences in blood chemistry between the VKA-

treated and the control groups. Additionally, although observations in animal models are based 

on much higher doses of VKAs than human dosage, it appears that the international normalized 

ratio (INR) in these animals falls within the same target INR range for patients.230   

Ample evidence exists that patients using VKAs have higher levels of vascular 

calcification than VKA non-users.231,232 More than a decade ago it was reported that VKAs are 

associated with increased valvular calcification in patients.231 Since then, this has been verified 

in many subsequent studies. A large population‐based cohort of 15,010 individuals enrolled in 

the Gutenberg health study, of which 278 patients received VKA treatment, demonstrated an 

increased arterial stiffness in VKA treated patients.233 Interestingly, enhanced inflammation 

was also observed in VKA users in this study. However, the cross‐sectional design of this study 

does not allow interpretation of cause and effect, and only a limited number of patients received 

direct‐acting anticoagulants for oral anticoagulation therapy for comparison. Another study 

analyzed atherosclerotic plaques of patients with non-valvular atrial fibrillation, and showed 

higher coronary calcium score and significantly higher amount of spotty calcification 

(calcification of < 3 mm) in VKA users compared to a matching demographics (age, sex, BMI, 

family history, etc.) control group (n=101 per group). 234 It must be noted that despite the 

propensity score matching, this study ignored the difference between VKA-treated patients and 

control with regards to some parameters, including HDL and stroke risk score in patients with 

atrial fibrillation (CHADS2VASC2), which might contribute to spotty calcification. Serial 

coronary intravascular ultrasound examinations in a post-hoc analysis of 8 prospective 

randomized clinical trials showed a significant progression of CAC, independent of changes in 

atheroma volume in VKA users compared to the propensity matching control group (n=164 

per group).235 In a different study, VKA users had significantly more CAC than VKA non-
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users with matching gender and Framingham risk score (n=133 per group).230 A small cross-

sectional study on long-term VKA treatment showed an association of VKA users with extra-

coronary calcification.236 Recently, small cross-sectional studies conducted in atrial fibrillation 

patients pointed towards increased prevalence of vascular calcification as compared to non-

vitamin K antagonist oral anticoagulants (NOACs) or no treatment.237 Data on vascular 

calcification from subgroup analyses of large controlled randomized clinical trials comparing 

warfarin with direct oral anticoagulants for various clinical indications might further clarify the 

role of vitamin K in aortic calcification or aneurysm formation. Such results would provide a 

valuable piece of the puzzle, given the limitations of smaller clinical studies of warfarin and of 

animal studies that used several log-fold excess of warfarin compared to that used clinically in 

humans.  

In experimental animals, VKA-induced medial calcification was rescued by co-

treatment with a high dose of vitamin K2.226 Additionally, regression of arterial calcification 

was shown in an animal model with high vitamin K diet.238 In an interventional randomized 

control trial of 53 long-term end-stage renal disease patients, who had a vitamin K deficiency, 

supplementation of vitamin K2 significantly decreased the levels of inactive MGP (dephospho-

uncarboxylated MGP; dp-ucMGP) in a dose- and time-dependent manner.239 This indicates 

that circulating dp-ucMGP reflects bioavailability of vitamin K in the vasculature.211,239,240 

Indeed, low vitamin K status or intake is linked to vascular calcification in human 

subjects.241,242 A study of 115 patients with suspected coronary artery disease showed reduction 

of carboxylated MGP correlates with CAC progression.243 Recent results from a prospective 

interventional study of 72 patients with aortic stenosis showed that vitamin K1 supplementation 

over a 12-month period significantly decelerated the progression of aortic valve 

calcification.240 Hence, the level of dp-ucMGP can be used as a marker for vascular vitamin K 

deficiency. As vascular calcification is suggested to increase risk of aneurysm rupture, 

treatment with vitamin K could hold promise to decrease this risk. 

5.5. Vitamin K antagonists in aneurysm 

The effect of VKAs on AAA progression has not been fully explored yet. They have 

been linked to continued AAA expansion of more than 5 mm in diameter, and increased risk 

of persistent blood flow in aneurysm sac (endoleak) after endovascular aneurysm repair 

(EVAR).244,245 A few clinical cases have been reported in which the use of anticoagulants 

induced spontaneous rupture of bronchial artery aneurysms in patients who took heparin and 

VKAs, and did not have an apparent aortic pathology.246 Additionally, VKAs promote many 

effects similar to what has been observed in aneurysm pathology. In a mouse model of 
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atherosclerosis, high dose VKAs induce a vulnerable atherosclerotic plaque phenotype with 

elastin breaks.230 High dose warfarin treatment in rats results in activation of MMP-9, elastin 

degradation, vascular elastocalcinosis and stiffness.247 In addition, impaired vitamin K status 

in patients with end-stage renal disease is linked to VSMC phenotypic switching towards 

senescence-associated secretory phenotype (SASP), thus promoting premature vascular 

aging.248 Taken together, VKAs affect VSMC properties, weaken the vascular media and might 

thus increase the susceptibility of aneurysms to progress and rupture. 

 

6. Conclusions 

In summary, in this review we presented what is known about the role of VSMC 

phenotypic switching in the pathophysiology of aneurysm formation. NOX enzymes in 

VSMCs are a major source of increased oxidative stress in aneurysms. Oxidative stress induces 

VSMC phenotypic switching, which results in ECM degradation and weakening of the arterial 

wall. VSMC phenotypic changes also lead to calcification, which has been recently proposed 

as a risk factor for aneurysm progression and rupture, as it results in segmental aortic stiffening 

generating distally increased aortic wall stress. Vitamin K and VKOR are involved in the 

regulation of NOX and ROS generation. Vitamin K is known to activate MGP by which it 

prevents vascular calcification. Moreover, vitamin K has the ability to scavenge free radicals, 

reduce oxidative stress and decrease vascular calcification. Therefore, it is tempting to 

postulate that vitamin K deficiency plays a role in aneurysm formation. Vitamin K 

supplementation holds the potential to lower the risk of aortic aneurysms and improve 

cardiovascular outcome. 

More studies are needed in patients to examine the effects of vitamin K 

supplementation on aneurysm progression and risk of rupture. Moreover, shedding light on the 

effect that vitamin K has on hallmarks of VSMC phenotype (such as proliferation, migration, 

contractile protein expression) and the associated mechanisms (oxidative stress, ER stress) 

would help to fully understand the role of vitamin K in aneurysm formation. 
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Abstract 

Aims 

Smokers are at increased risk of cardiovascular events. However, the exact mechanisms 

through which smoking influences cardiovascular disease resulting in accelerated 

atherosclerosis and vascular calcification are unknown. The aim of this study was to investigate 

effects of nicotine on initiation of vascular smooth muscle cell (VSMC) calcification and to 

elucidate underlying mechanisms. 

Methods and results:  

We assessed vascular calcification of 62 carotid lesions of both smoking and non-smoking 

patients using ex vivo micro-computed-tomography (µCT)-scanning. Calcification was present 

more often in carotid plaques of smokers (n=22 of 30, 73.3%) compared to non-smokers (n=11 

of 32, 34.3%; p<0.001), confirming higher atherosclerotic burden. The difference was 

particularly profound for microcalcifications, which was 17-fold higher in smokers compared 

to non-smokers. In vitro, nicotine induced human primary VSMC calcification, increased 

osteogenic gene expression (Runx2, Osx, BSP and OPN), and extracellular vesicle (EV) 

secretion. The pro-calcifying effects of nicotine were mediated by Ca2+-dependent Nox5. 

SiRNA knock-down of Nox5 inhibited nicotine-induced EV release and calcification. 

Moreover, pre-treatment of hVSMCs with vitamin K2 ameliorated nicotine-induced 

intracellular oxidative stress, EV secretion, and calcification. Using nicotinic acetylcholine 

receptor (nAChR) blockers α-bungarotoxin and hexamethonium bromide we found that the 

effects of nicotine on intracellular Ca2+ and oxidative stress were mediated by α7 and α3 

nAChR. Finally, we showed that Nox5 expression was higher in carotid arteries of smokers 

and correlated with calcification levels in these vessels. 

Conclusion  

In this study we provide evidence that nicotine induces Nox5-mediated pro-calcific processes 

as novel mechanism of increased atherosclerotic calcification. We identified that activation of 

α7 and α3 nAChR by nicotine increases intracellular Ca2+ and initiates calcification of 

hVSMCs through increased Nox5 activity, leading to oxidative stress-mediated EV release. 

Identifying the role of Nox5-induced oxidative stress opens novel avenues for diagnosis and 

treatment of smoking-induced cardiovascular disease. 

Key Words: nicotine, vascular calcification, vascular smooth muscle cell phenotypic 

switching, Nox5, vitamin K2.  
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Introduction 

Cigarette smoking is a major cause of coronary heart disease and cardiovascular 

diseases (CVD). According to the 2014 Surgeon General’s Report on smoking and health, 

smoking is responsible for approximately one of every four deaths from CVD.1 Smoking has 

been shown to be associated with increased cardiovascular morbidity and mortality in a dose-

dependent manner.2,3 Because of its detrimental effect, smoking remains the most important 

modifiable risk factor for CVD outcome.4   

Vascular calcification is a strong and independent risk factor of CVD and used as a 

parameter to detect atherosclerotic burden in patients.5 Vascular calcification is the deposition 

of hydroxyapatite crystals in the vasculature which can be categorized by size.6 

Microcalcification is an active dynamic process caused by vesicle-mediated mineralization, 

apoptotic bodies, and osteogenic differentiation.7,8 It precedes macrocalcification and is 

considered detrimental.9 Vascular calcification is commonly observed in atherosclerosis, aortic 

aneurysm, chronic kidney disease, and diabetes.10,11 Arterial intimal calcification is associated 

with arterial obstruction and atherosclerotic plaque rupture, whereas arterial medial 

calcification is associated with arterial stiffness, systolic hypertension, and aortic aneurysm.12 

Vascular calcification is an active process driven by vascular smooth muscle cells (VSMCs), 

which are the major cell type in the vessel wall and are located in the tunica media.13 Vascular 

calcification arises from differentiation of VSMC, VSMC apoptosis, and mineralization of 

extracellular vesicles (EV).12,14–16 Lineage-tracing studies reveal that VSMCs undergo 

phenotypic switching and give rise to a variety of cells, including osteogenic-like cells, which 

contribute to vascular calcification.17,18 Thus, VSMCs are well recognized as key player in 

atherogenesis and atherosclerotic plaque calcification.19  

Cigarette smoking is strongly associated with (sub-)clinical atherosclerosis including 

coronary artery, peripheral artery, and aortic calcification.20–23 A growing body of evidence 

suggests that nicotine, a major constituent of cigarette smoke24, accounts for impaired vascular 

function and vascular calcification.25 In this study, we aimed to unravel the mechanistic link 

between nicotine and VSMC-induced vascular calcification. We investigate the effect of 

smoking on calcification in human carotid plaques and explore the effect of nicotine on VSMC 

processes that lead to vascular calcification in vitro.  
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Methods 

Quantification of microcalcifications in patients 

Human carotid artery lesion specimen were obtained from 30 patients autopsied at the 

University Hospital Maastricht, Maastricht, the Netherlands via the Maastricht Pathology 

Tissue Collection as previously described.26 The collection, storage and processing of tissue 

and patient data are in accordance with the “Code for Proper Use of Secondary Human Tissue 

in the Netherlands” and the Declaration of Helsinki.26 Informed written consent was given prior 

to the inclusion of subject material in the study. Micro-computed tomography (µCT) images 

were captured using a µCT scanner (Tomoscope DUO, CT-Imaging, Erlangen, Germany). 

Sources of the µCT were operated with voltage of 65 kV and current of 0.5 mA. 720 projections 

with 1032 x 1012 pixels were acquired during one revolution with duration of 90 seconds. 

Volumetric images were reconstructed using a Feldkamp Reconstruction at voxel size 35µm 

using a medium sharp reconstruction kernel (T60). Volumetric images were visualized and 

analyzed using the Imalytics Preclinical Software.27 Calcifications were interactively 

segmented and counted using a fixed threshold (100 HU) and connected component analysis.27 

In order to show differences in calcification according to calcification size, segmented 

components were grouped into small, medium and large classes based on their volumes (< 0.01 

mm³, < 0.1 mm³, and > 0.1 mm³). Due to the lack of previous studies using this design and set 

up, these cut-offs were chosen based on the scanners resolution, specimen size and distribution 

of calcification size. Volumes were determined based on the segmentation size, i.e. 

proportional to the number of segmented voxels. Calcification amount per voxel was assumed 

to be proportional to the voxel intensity and the amount of calcification per plaque was 

computed as the sum of the corresponding voxels. 

 

VSMC culture and treatments 

Human primary VSMCs were isolated from a non-diseased region of aortic tissue obtained 

from patients undergoing aortic aneurysm surgical repair in agreement with the Dutch Code 

for Proper Secondary Use of Human Tissue. This study complies with the Declaration of 

Helsinki. VSMCs were cultured in DMEM (Gibco) supplemented with 20% FBS (Gibco) and 

1% penicillin/streptomycin (PS) (Gibco). VSMCs were passaged when 90% confluent and 

used for experiments at passage 3-10. VSMCs were stimulated with nicotine (150nM, 1µM, 

1mM, 5mM, 10mM, Sigma, N3876) or vehicle control (ethanol). Inhibitor treatments were 

carried out prior nicotine stimulation: GKT136901 (1µM, 5µM, Cayman chemical, 17764), α-
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Bungarotoxin (1µM, 10µM, Life Technologies, B1601), N-acetyl-cysteine (0.5 µM, Sigma, 

A7250), Vitamin K (Menaquinone-7, 10 µM, Nattopharma ASA), Stattic (1µM, Abcam, 

ab120952), SU6656-SrcFK inhibitor (2µM, Sigma, S9692), GSK2656157-pERK inhibitor 

(2µM, ApexBio, B2175), BAPTA-AM (1µM, Molecular probes #d1207). 

 

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 not normally 

distributed, the Man-Whitney and Kruskal-Wallis tests were used, otherwise, statistical 

significance was tested with t-test, one sample-test and 1-way ANOVA with Bonferroni post 

hoc for experiments with 2 and more groups, respectively. Statistical analysis was carried out 

using GraphPad Prism 8.2.0.  All clinical data were analysed on a per lesion basis and the 

statistical test did not account for the correlation of multiples lesions within patients. Clinical 

data computations were performed using SPSS (IBM Corp., Armonk, NY, USA). The exact 

test used for each data set is mentioned in figure legends. * denotes p<0.05, ** p<0.01, *** 

p<0.001. 

(Extended methods are provided in Supplemental material) 

 

Results 

1. Smoking increases the incidence of calcification in human atherosclerotic plaques 

Smoking has been shown to correlate with higher incidence of vascular calcification.38 

We assessed calcifications in 30 carotid artery atherosclerotic plaques of 15 smokers and 

compared to 32 plaques of 15 non-smokers using µCT scanning (Figure 1A and 1B). We 

divided the observed calcifications into 3 groups based on size and quantified their number and 

volume. Results show that, overall, calcification was present in 73.3% smokers and 34.4% non-

smokers (p=0.002, Table 1). Smoking was associated with a significantly higher prevalence of 

plaque calcifications of all size categories (microcalcifications were present in 21 lesions 

(70.0%) of smokers vs. 8 lesions (25.0%) of non-smokers, p<0.001; intermediate calcifications 

in 20 lesions (77.7%) vs. 7 lesions (21.9%), p<0.001; macrocalcifications in 18 lesions (60.0%) 

vs. 4 lesions (12.5%), p<0.001; Table 1). Additionally, smokers had significantly more 

calcifications of all sizes (Figure 1C-E). The total volume of microcalcifications and 

intermediate calcifications, but not macrocalcifications, was also higher in smokers than in 

non-smokers (Figure 1F-H). These results suggest that smoking predisposes the formation of 
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microcalcifications as well as calcification progression resulting in increased numbers of 

intermediate and macrocalcification. 

 

Table 1: Characteristics of patients, whose lesions were used for the study. 
 
Clinical data Smoking Non-Smoking p-value 
 n = 30  n = 32    
Age (years) 74.5 ± 11.5 75.2 ± 10.4 NS  
Male (n, %) 14 (46.7) 17 (53.1) NS 
Diabetes (n, %) 14 (46.7) 14 (43.8) NS 
Glucose (mmol/L) 8.8 ± 3.6 9.1 ± 3.4 NS 
CRP (mg/L) 155.1 ± 149 113.4 ± 112.2 NS 
 
Calcification (n, %) 22(73.3) 11(34.4) 0.002 
Overall NOC (n) 921.5 ± 1305.5 54.3 ± 146.2 0.001 
 
Microcalcification 
   Present (n, %) 21(70.0) 8(25.0) <0.001 
   NOC (n) 917.7 ± 1303.7 53.7 ± 145.8 0.001 
   Volume (mm²) 0.180 ± 0.235 0.018 ± 0.045 0.001 
   Total calcification (AU) 207.8 ± 268.7 22.5 ± 55.3 0.001 
 
Intermediate size calcification 
   Present (n, %) 20(66.7) 7(21.9) <0.001 
   NOC (n) 2.43 ± 2.40 0.38 ± 1.10 <0.001 
   Volume (mm²) 0.069 ± 0.068 0.011 ± 0.034 <0.001 
   Total calcification (AU) 89.55 ± 91.97 15.79 ± 45.59 <0.001 
 
Macrocalcification 
   Present (n, %) 18(60.0) 4(12.5) <0.001 
   NOC (n) 1.37 ± 1.38 0.31 ± 1.00 0.001 
   Volume (mm²) 2.47 ± 4.07 1.28 ± 6.77 NS 
   Total calcification (AU) 4610.8 ± 9766.4 2360.9 ± 12654.4 NS 
 
The data are presented as mean±SD or n (%). Data were analysed on a per lesion basis and the statistical 
test did not account for the correlation of multiples lesions within patients. 
Abbreviations: NOC=number of calcifications; AU=arbitrary units. 
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Figure 1. Smoking increases the incidence and amount of calcification in human atherosclerotic 
plaques. (A) Representative µCT image of carotid plaque from a non-smoker. Carotid plaque including soft 
tissue and (B) the same plaque without soft tissue displaying compartmentation of microcalcification in 
green, intermediate size calcification in magenta, and macrocalcification in turquoise. (C) Number of 
microcalcifications, (D) intermediate size calcifications and (E) macrocalcifications in carotid artery 
atherosclerotic plaques from smokers and non-smokers quantified by µCT. (F) Volume of 
microcalcifications, (G) intermediate size calcifications, and (H) from the same analysis. Statistical 
significance was tested using t-test, n=30 plaques for smokers, n=32 plaques for non-smokers. All graphs 
show mean and SEM. 
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2. Nicotine increases VSMC calcification in vitro  

To investigate the mechanisms underlying increased calcification observed with 

smoking, we investigated effects of nicotine, a major component of cigarette smoke, on human 

primary VSMC calcification in vitro. Nicotine increased calcification of VSMCs (Figure 2A), 

as well as other hallmarks of active mineralisation processes. Expression of some osteogenic 

markers was increased: transcription factors Runx2 and Osx and downstream targets OCN, 

BSP and OPN (Figure 2B-2F), however others did not show a consistent pattern of 

upregulation (Supplemental figure 1A-1D). Increased osteogenic gene expression was 

accompanied by a decrease in expression of some contractile markers: SM22α mRNA (Figure 

2G) and αSMA, CNN1, p-MLC on protein level (Figure 2H-K). Expression of other contractile 

markers did not show a consistent pattern of regulation (Supplemental Figure 1E-1I). We also 

examined expression of markers characteristic of the dedifferentiated (synthetic) phenotype 

(KLF4, S100A4) and found it not to be changed by nicotine (Supplemental Figure 1J, 1K).  
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Figure 2. Nicotine increases VSMC calcification in vitro. (A) Calcification was induced with elevated 
Ca2+ concentrations (5.4 mM) in DMEM with 2.5% FBS in the presence of nicotine (1 mM, 5-7 days) and 
quantified using an o-cresolphthalein colorimetric assay. Statistical significance was tested with one sample-
test. (B-F) qPCR analysis of osteogenic genes RUNX2, Osx, OCN, BSP, OPN, and (G) contractile marker 
SM22α in VSMCs treated with nicotine (1 µM or 1 mM, 7 days in DMEM with 20% FBS). Statistical 
significance was tested with one sample-test. Each of the genes were tested at least 3 times with a different 
set of samples (n ≥3 independent experiments) in duplicate. In case of borderline significance, more samples 
were added to rule in/rule out the genes that are involved in nicotine-induced changes in VSMCs. (H-K)
Western blotting and quantification of contractile markers αSMA, CNN1, p-MLC in VSMCs treated with 
nicotine (1mM, 7days in DMEM with 20% FBS). Labels show protein standard (kDa). Statistical 
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significance was tested with one sample-test. (L) VSMCs treated with nicotine (1mM, 24 hours) in DMEM 
with 0.5% FBS secrete more EVs than VSMCs treated with vehicle control. 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 with one sample-test. (M-N) qPCR analysis of EV-related 
genes; CD63 and SMPD3 mRNA expression treated with nicotine (1mM, 7days in DMEM with 20% FBS). 
Statistical significance was tested with one sample-test.  All graphs show data from n ≥3 independent 
experiments. 

 

Calcifying EVs play an important role in the initiation and development of vascular 

calcification.39 We found that EV release was increased by nicotine (Figure 2L, Supplemental 

Figure 1L), as was expression of EV-related genes (Figure 2M, 2N). Surprisingly, we observed 

that VSMCs treated with nicotine showed decreased proliferation rates compared to control 

(Supplemental Figure 2A). Nicotine at the concentration and timepoint used for these assays 

did not affect VSMC viability at the time points the cells were collected for analysis 

(Supplemental Figure 2B, 2C). Taken together, these results suggest dedifferentiation of 

VSMCs and activation of some calcification-promoting mechanisms as a result of exposure to 

nicotine.  

 

3. Nicotine induces ROS production in VSMCs 

As nicotine is a known inducer of oxidative stress40,41 and increased reactive oxygen 

species (ROS) are an important risk factor for atherosclerosis and calcification24,42, we 

investigated the effect of nicotine on ROS production in VSMCs. We found that nicotine 

induced ROS production in VSMCs (Figure 3A). Further to that, nicotine-induced ROS and 

EV production could be blocked by antioxidant vitamin K2 (Figure 3B, 3C), and this leads to 

decreased calcification (Figure 3D). The same effect was observed for antioxidant N-

acetylcysteine (NAC, Figure 3E). This suggests that the calcification-promoting effects of 

nicotine are mediated by increased ROS production. 
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Figure 3. Nicotine-induced ROS production leads to VSMC calcification. (A) Stimulation of nicotine 
(1mM, 40 minutes) induces intracellular ROS of VSMCs compared to vehicle control. ROS production was 
measured using a fluorescent assay with DCFDA. Statistical significance was tested with one sample-test. 
Pre-treatment of VSMCs with vitamin K (10 µM, 1 hour) prior to stimulation with nicotine reduces (B)
intracellular ROS (1mM nicotine, 40 minutes), (C) EV secretion (1mM nicotine in DMEM with 0.5% FBS, 
24 hours), and (D) VSMC calcification (1mM nicotine in DMEM with 2.5% FBS and 3.6 mM Ca2+, 3-5 
days). Statistical significance was tested with ANOVA (B-D). (E) Pre-treatment with NAC (0.5 µM, 1 hour) 
prior to nicotine stimulation reduces VSMC calcification induced by DMEM with 2.5% FBS and 3.6 mM 
Ca2+ (3-5 days). Calcification was detected using Fetuin A-Alexa-546. Statistical significance was tested 
with Kruskal-Wallis test. All graphs show data from n ≥3 independent experiments.

4. Nox5 mediates pro-calcific effects of nicotine

To reveal the source of increased ROS, we examined the expression of Nox4 and Nox5, 

two enzymes strongly implicated in oxidative stress in vascular disease.43 Expression of neither 

enzyme was consistently changed by nicotine treatment (Figure 4A-D). However, pan-Nox 

inhibitor GKT136901 significantly blocked nicotine-induced ROS production suggesting a 

potential role for a Nox enzymes in these processes (Figure 4E). Pan-Nox inhibitor 
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GKT136901 was not sufficient to reduce nicotine-induced calcification (Figure 4F).  Nox5 

activity is known to be mediated by Ca2+ binding to this enzyme43 and we have previously 

shown that increased intracellular Ca2+ mediates increased ROS production by Nox5.44 

Therefore, we wanted to investigate whether nicotine induces changes in intracellular Ca2+. 

First, we showed that nicotine did induce an increase in intracellular Ca2+ (Figure 4G). Further 

to that, intracellular Ca2+ chelator BAPTA-AM attenuated nicotine-induced ROS production 

in VSMCs (Figure 4H). To confirm that this effect is mediated by Nox5, we performed siRNA 

knockdown of Nox5 (Figure 4I, 4J). Results show that Nox5 siRNA significantly lowered 

nicotine-induced ROS production (Figure 4K), EV release (Figure 4L) and calcification 

(Figure 4M). 
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Figure 4. Nox5 mediates pro-calcific effects of nicotine. (A) qPCR analysis of NOX5 mRNA expression 
in VSMCs treated with nicotine (1 mM, 7days in DMEM with 20% FBS). (B-D) Western blotting and 
quantification of Nox4 and Nox5 protein in VSMCs treated with nicotine (1 mM, 7days in DMEM with 20% 
FBS). Labels show protein standard (kDa). Statistical significance was tested with t-test. (E) Pre-treatment 
of VSMCs with GKT136901 (1 µM, 1 hour) prior nicotine stimulation (1 mM, 40 minutes) reduces nicotine-
induced intracellular ROS. Statistical significance was tested with ANOVA. (F) VSMC calcification was 
induced with calcification medium (2.5% FBS, 3.6 mM Ca2+) in the presence of nicotine (1 mM), with or 
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without pre-treatment with GKT (1 µM, 1 hour), for 3 to 5 days. Calcification was detected using Fetuin A-
Alexa-546. Statistical significance was tested with Kruskal-Wallis test. (G) Nicotine (10 mM, 5 minutes) 
induces an increase in intracellular Ca2+ (measured using Fluo-4-AM). Statistical significance was tested 
with t-test. (H) Pre-treament of VSMCs with BAPTA-AM (1 µM, 1 hour) reduces nicotine-induced 
intracellular Ca2+ (10 mM nicotine, 5 minutes). Statistical significance was tested with ANOVA. (I-J) 
Western blot showing that siRNA knock-down (24 hours) decreased Nox5 protein expression. Labels show 
protein standard (kDa). Statistical significance was tested with one sample-test (K) SiRNA knock-down of 
Nox5 (24 hours) decreased VSMC intracellular ROS, (L) EV secretion, and (M) VSMC calcification (2.5% 
FBS, 3.6 mM Ca2+, 3-5 days). Statistical significance was tested with ANOVA (K-M). All graphs are 
representative of data from n ≥3 independent experiments. 

 

In order to examine alternative mechanisms leading to oxidative stress-mediated 

calcification and phenotype changes of VSMCs  we investigated the SrcFK/JAK-STAT3/ERK 

pathways (Supplemental Figure 3A).45 While we observed a trend towards increased STAT3 

phosphorylation (p=0.051) after nicotine treatment (Supplemental Figure 3B, 3C), inhibition 

of STAT3 phosphorylation with Stattic did not consistently change EV release and calcification 

(Supplemental Figure 3D-E). Additionally, inhibition of SrcFK with SU6656 and ERK 

phosphorylation with GSK2656157 did not change nicotine-induced EV release or 

calcification (Supplemental Figure 3D, 3E). Taken together, these results suggest that these 

pathways do not play a role in mediating nicotine-induced EV release and calcification. 

 

5. Nicotine mediates its effects through interaction with α3 and α7 nicotinic acetylcholine 

receptors 

Subsequently, we investigated which nicotinic acetylcholine receptor (nAchR) subunit 

mediates the effects of nicotine in VSMCs. We used two nAchR inhibitors, hexamethonium 

bromide and α-Bungarotoxin, which inhibit α3, and α7-9 nAchR subunits, respectively.46,47 

VSMCs do not express α8 and α9 subunits.46 Both hexamethonium bromide and α-

Bungarotoxin reduced nicotine-induced intracellular ROS production (Figure 5A). While 

hexamethonium bromide significantly decreased VSMC calcification, α-Bungarotoxin did so 

only slightly (Figure 5B). However, α-Bungarotoxin reduced nicotine-induced raise in 

intracellular Ca2+ (Figure 5C), but not EV release (Figure 5D) or expression of Nox5 and EV-

related genes (Figure 5E-G). This data suggests that both α3 and α7 nAchR are involved in 

mediating effects of nicotine in VSMCs.  
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Figure 5. Nicotine mediates its effects through interaction with α3 and α7 nicotinic acetylcholine 
receptor. (A) Pre-treatment with α-Bungarotoxin (1 µM, 1 hour) and hexamethonium bromide (100 µM, 1 
hour) reduced nicotine-induced intracellular ROS (1 mM nicotine, 40 minutes) and (B) VSMC calcification 
(1 mM nicotine in DMEM with 2.5% FBS, 3.6 mM Ca2+, 3-5 days). Calcification was detected using Fetuin 
A-Alexa-546. Statistical significance was tested with ANOVA (A-B). (C) Pre-treatment with α-
Bungarotoxin (1 µM, 1 hour) prior to nicotine stimulation (1mM, 5 minutes) reduces intracellular Ca2+. 
Statistical significance was tested with ANOVA. (D) VSMCs were treated with nicotine (1 mM, 24 hours) 
with or without pre-treatment with α-Bungarotoxin (1 µM, 1 hour) in DMEM with 0.5% FBS. 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 with Kruskal-Wallis test. (E) qPCR 
analysis of Nox5 and (F-G) EV-related gene CD63 and SMPD3 expression in VSMCs treated with nicotine 
(1 mM, 7 days in DMEM with 20% FBS) with or without α-Bungarotoxin pre-treatment (1 µM, 1 hour). 
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Statistical significance was tested with ANOVA (E) and Kruskal-Wallis test (F-G). All graphs show 
representative data from n≥3 independent experiments. 
 

6. expression correlates with the amount of calcification in human atherosclerotic plaques 

 Finally, to examine whether our findings have relevance in vivo, we examined 

expression of Nox5 as well as contractile marker CNN1, synthetic marker S100A4 and EV 

marker CD63 in human carotid arteries 15 smokers and 15 non-smokers, whose arteries were 

previously examined by µCT (Figure 1). Immunohistochemistry showed markedly increased 

expression of Nox5 in smokers compared to non-smokers, while levels of CNN1, S100A4 and 

CD63 were not changed (Figure 6A-6E). Interestingly, we found a positive correlation 

(r=0.8187, p<0.0001) between calcification (measured by µCT) and Nox5 expression (score) 

in both smokers and non-smokers (Figure 6E). Taken together, these data suggest that smoking 

is associated with increased Nox5 expression and that Nox5 promotes calcification in vivo. 
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Figure 6. Smoking and calcification are associated with increased carotid artery Nox5 expression. (A) 
Immunohistochemical analysis of Nox5, CNN and S100A4 expression in carotid artery samples from human 
donors. I and M indicates intima and media, respectively. Scale bars are 250 µm. Figure shows representative 
images from 32 carotid artery samples that were stained (15 smokers, 15 non-smokers). (B-D) Quantification 
of protein expression scores. Statistical significance was tested with Mann-Whitney test. Dots denote 
individual data points. (E) Nox5 expression positively correlates with calcification (P<0.001, r=0.8187 and 
P<0.0001, r=0.794, when outliers are removed). Nox5 expression scores were plotted against µCT total 
calcification scores for each patient. Graph shows individual data points (both smokers and non-smokers). 
Linear regression was plotted, and a two-tailed Pearson correlation test was carried out.
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Discussion

In this study we demonstrated that smoking is associated with a significant increase in both 

micro- and macrocalcification in human carotid artery atherosclerotic plaques. We showed 

through in vitro studies that nicotine directly affects human VSMCs through α3 and α7 nAChR 

and induces all the major hallmarks of calcification. We uncovered a novel mechanism by 

which nicotine induces an increase in intracellular Ca2+, resulting in Nox5-mediated 

intracellular oxidative stress providing the perfect storm for VSMC calcification (Figure 7).

Figure 7. Mechanism of nicotine-induced VSMC calcification. Nicotine induces changes in 
VSMCs that initiate their calcification. First, nicotine binds to α3 and α7 nAchR on VSMCs, 
which rapidly raises intracellular Ca2+ levels. Nox5, whose activity is dependent on Ca2+, is 
then activated and subsequently increases production of intracellular ROS. Oxidative stress 
induces VSMC phenotypic switching and promotes transdifferentiation of VSMCs towards an 
osteogenic phenotype. Phenotypic switching of VMSC also results in higher secretion of EVs, 
which mineralize and contribute to calcification.

Smoking is associated with vascular microcalcification and vulnerable plaque phenotype

We show that calcification is significantly more present in smokers than non-smokers. 

Our data support previous studies which reported a significant association between smoking 

and coronary artery as well as aortic calcification.20,48 While smoking has recently been shown 

to be an independent risk factor for carotid artery plaque calcification49, calcifications have not 

been analysed with respect to their size. It has been shown that microcalcifications affect 

atherosclerotic plaque stability.50 We extend the current knowledge and show that smoking is 

associated with 17-fold increase in microcalcifications within atherosclerotic lesions. Since 
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microcalcifications are biologically active and are an important feature of vulnerable 

plaques9,50–52, our data suggest that smoking may be associated with a more vulnerable plaque 

phenotype. Indeed, studies have shown that cigarette smoke impacts the composition of the 

plaque, which contributes to plaque vulnerability and increased risk of plaque rupture.53,54  

 

Nicotine induces phenotypic switching of VSMCs and initiates calcification 

In this study, we elucidate the mechanism by which nicotine initiates vascular 

calcification in VSMCs. First, we show that nicotine downregulates VSMC contractile markers 

(SM22α, αSMA, CNN1, and p-MLC) and upregulates bone-specific markers (Runx2, Osx, 

OCN, BSP and OPN). This is in line with previous studies showing that nicotine decreased 

expression of αSMA, SM22α and increased expression of OPN in murine VSMCs55 and OPN 

and inflammatory cytokines in human VSMCs.56 Another study reported that nicotine 

differentiated VSMCs to a synthetic phenotype, demonstrated by a reduction in SM22α and h-

caldesmon, and increased in myosin-II 10 and β-actin gene expression.57 Unexpectedly, the 

observed decrease in contractile markers in our experiments was not accompanied by a 

nicotine-induced increase in synthetic phenotype markers. This could be explained by the 

heterogeneity of VSMCs and sub-clonal population of VSMCs17,58, which do not uniformly 

express specific markers at specific time points.58 More recent understanding points to the 

notion that VSMCs exhibit co-expression of genes rather than a two-end spectrum: contractile 

and synthetic phenotype, and that intrinsic and extrinsic factors as well as the developmental 

phase of the aorta should be taken into account.59,60  

Phenotypic switching of VSMCs can be caused by various stimuli, including oxidized 

cholesterol, inflammatory cytokines, PDGF, and oxidative stress.61,62 We found that nicotine 

mainly acts via increasing oxidative stress, as it markedly induced intracellular ROS production 

and ROS mediated nicotine-induced calcification. It is well documented that nicotine induces 

ROS generation both in animal studies63–65 and in murine and rat VSMCs (as cigarette smoke 

extract).55,66 However, our study is the first to show a causative link between ROS, nicotine 

and VSMC calcification. 

We also show that ROS production induced by nicotine leads to increased EV release 

from VSMCs. Both quantification using a CD63/CD81 bead capture assay and NTA suggest a 

role for exosomes, however, we cannot exclude a role for larger microvesicles, which were 

also present in VSMC culture supernatants. EVs are a well-known inducer of calcification and 

it is known that phenotypic switching of VSMCs results in increased secretion of EVs.39,67 

Pathological conditions induce release of EVs with distinct composition, which may affect 
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cellular phenotypes.68 Indeed, release of EVs from osteogenic VSMCs promotes 

mineralization.67,69 Nicotine (as cigarette smoke extract) has been shown to affect the 

composition of EVs in lung cancer and bronchial epithelial cells70,71 and higher levels of local 

site EVs were found in lungs of smokers.72 Interestingly, nicotine reduced monocyte-derived 

EV release.73 However, to our knowledge, there is no previous data on the effect of nicotine on 

EV release from VSMCs.  

 

nAchR and Nox5 mediate pro-calcific processes induced by nicotine 

We investigated the intracellular source of increased ROS and, through 

pharmacological inhibition and knockdown experiments, we identified Nox5 as a key regulator 

of nicotine-induced ROS generation and calcification in human VSMCs. Nox enzymes are a 

major source of ROS in vascular diseases74, however the mechanism linking nicotine and 

oxidative stress in VSMCs is not well described in the literature. The effect of cigarette smoke 

on inducing vascular Nox activity has mainly been studied in endothelial cells.75,76 Cigarette 

smoke extract induced endothelial CXCL16-dependent leukocyte arrest via Nox5.77 Some data 

using rat and rabbit VSMCs suggest the involvement of Nox2 after nicotine induction.64,78 

Despite the lack of increased Nox5 expression in VSMCs exposed to nicotine in our study, we 

found that siRNA knock-down of Nox5 attenuated nicotine-induced ROS production, EV 

release and calcification. This indicates that although Nox5 levels are not altered, activity of 

Nox5 is increased. Nox5 is a unique Nox, as it does not require other subunits for activity, but 

does require Ca2+ binding.43,79 We found that nicotine significantly raises intracellular Ca2+ 

within VSMCs, thereby contributing to increased Nox5 activity without increasing Nox5 

expression. Our data are in line with a previous study showing that nicotine increases 

intracellular Ca2+ levels in human VSMCs.57  

We also investigated an alternative mechanism leading to oxidative stress-mediated 

phenotypic switching of VSMCs and calcification, involving Janus kinase (JAK)/Signal 

transducers and activator of transcription (STAT) signalling, a critical pathway that regulates 

cell proliferation, differentiation, and apoptosis.80 Our data show that nicotine induces STAT3 

phosphorylation in VSMCs. However, inhibiting STAT3, SrcFK, and ERK phosphorylation 

did not reduce nicotine-induced EV release and calcification, which was consistent with 

decreased proliferation rate of VSMCs treated with nicotine. This data merits caution as in 

vitro experimental time-points models more accurately interpret acute smoking than habitual 

smoking, which might involve activation of different signaling pathways.81 The STAT3/SrcFK 

pathway was shown to be only activated during 24 hour nicotine exposure of rat VSMCs but 
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not after 48 hour nicotine exposure.81 The fact that we did not see nicotine-induced changes in 

EV release and VSMC calcification when inhibiting STAT3 after 7 days of treatment might be 

explained by a transient involvement of STAT3 phosphorylation at only the initial exposure to 

nicotine. As a result of this, STAT3 might not necessarily participate in the mechanisms of EV 

release and calcification of VSMCs. In line with our results, cholesteryl ester-transfer protein 

inhibitor treatment of rat VSMCs showed that STAT3 phosphorylation was unaffected by 

oxidative stress inhibitor NAC and Nox inhibitor GKT137831, suggesting that these two 

pathways are independent from each other.82 With the data obtained in our study, we conclude 

that nicotine-mediated VMSC calcification does not depend on SrcFK/JAK-STAT3/ERK 

pathways. 

In this study we show that nicotine affects VSMCs at least in part through binding of 

α3 and α7 nAchR. We show that inhibition of α3 and α7 nAchR results in decreased 

intracellular ROS. Inhibition of α3 nAchR reduces nicotine-induced VSMC calcification 

whereas inhibition of α7 nAchR reduces nicotine-induced intracellular Ca2+. Indeed, others 

have shown that nicotine increases intracellular Ca2+ of rat airway smooth muscle cells through 

α7 nAchR.83 However, the connection between α7 nAchR and Nox5-mediated oxidative stress 

in VSMCs has not been made before. Although a previous study has shown that α7 nAchr is 

the most abundantly expressed subunit in human VSMCs84, we did not observe a significant 

reduction of nicotine-induced EV secretion when inhibiting α7 nAchR. Therefore, we conclude 

that other nAchRs may also play roles in VSMC phenotypic switching.  

To confirm our in vitro findings, we show that carotid arteries of patients who smoked 

have higher Nox5 expression levels than arteries of non-smokers. Because we did not observe 

Nox5 expression consistently elevated in nicotine-induced VSMCs, the elevated expression in 

carotid arteries could be attributed to the length and amount of cigarette that smokers were 

exposed to, or other chemical constituents in the cigarette which also induce oxidative stress 

via Nox activity.85  More interestingly, Nox5 expression positively correlates with degree of 

calcification in these patients. Specifically, the correlation of Nox5 and calcification is the 

strongest at lower scores of calcifications. This observation may imply an involvement of Nox5 

in initiating calcification after being induced by nicotine. Once calcification is present, it 

induces more changes in the vasculature that lead to more calcification.86–89 While the presence 

of Nox5 in the atherosclerotic plaques of human carotid arteries is known90–92, a direct 

association between smoking and Nox5 expression has not been described. Amongst vascular 

diseases, smoking is known as one of the strongest life-style risk factors for development and 

calcification of abdominal aortic aneurysm (AAA).93–96 Interestingly, Nox5 expression was 
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significantly increased in aortic aneurysm segments compared to matched non-dilated aortic 

specimens.97 Additionally, increased oxidative stress was significantly associated with 

smoking in the aortic aneurysm segments.97 Our in vivo data put forward Nox5 as a key 

mediator of vascular calcification caused by smoking. 

 

Vitamin K ameliorates effects of nicotine on VSMCs 

Given the role of oxidative stress in the pathogenesis of vascular calcification, 

antioxidant therapy may represent a viable therapeutic approach. We found that pre-treatment 

of VSMCs with vitamin K attenuates nicotine-induced intracellular ROS generation, reduces 

EV release, and subsequently inhibits calcification. However, we have not excluded that 

vitamin K could decrease calcification by its direct effect on γ-glutamylcarboxylation. Vitamin 

K is involved in multiple cellular processes and has important implications in cardiovascular 

and bone diseases.98 The primary role of vitamin K is to serve as a cofactor in the activation of 

coagulations factors and vitamin K-dependent calcification inhibitors such as matrix Gla-

protein99, however vitamin K also exerts antioxidative properties, as several studies have 

demonstrated.100–104 It has also been shown that vitamin K can serve as an electron donor for 

the plasma membrane Nox of soybean plant, which may implicate protection of plasma 

membranes against ROS.105 Nicotine administration in rats fed with a high-fat diet was shown 

to lower scavenging activity of antioxidant enzymes.106 It is therefore tempting to speculate 

that vitamin K may be a useful agent to counteract the development of nicotine-induced 

vascular pathologies. 

 

Taken together, we propose a novel mechanism by which nicotine induces VSMC 

calcification, via a sequence of events involving a raise in intracellular Ca2+ via the α7 nAchR, 

increasing ROS production by Ca2+-dependent Nox5 and increase EV release. We show that 

smoking is associated with increased vascular microcalcification in atherosclerotic plaques and 

that both smoking and degree of calcification correlated with increased Nox5 expression. 

Finally, we show that reducing oxidative stress using vitamin K ameliorates effects of nicotine 

on VSMCs. Nicotine is the primary agent in both cigarettes and e-cigarettes. Our findings add 

to the current literatures that vaping may not be a healthier choice when it comes to vascular 

health. Our study contributes to the understanding of how nicotine not only affects 

atherosclerotic plaque calcification, but possibly also other VSMC-mediated vascular diseases, 

such as hypertension107,108 and aortic aneurysm.109,110  
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Limitation of the study 

(i) Detail characterization of the study cohort is not available. We have included all parameters 

we were able to access, but did not have information about further patient characteristics such 

as cardiovascular risk factors (e.g. family history, hypertension), laboratory values (LDL, 

HDL, cholesterol, triglycerides, hsCRP), and medication. (ii) The discrepancy between VSMC 

markers in vitro and in vivo observations could be attributed to the length and amount of 

cigarette that smokers were exposed to. In vivo data from vascular tissue of a smoker represents 

years of cigarette exposure, and possibly vascular repair and remodeling as compensation. In 

vitro data represents direct effect of nicotine and the immediate consequences that lead to 

VSMC pathology. We did not observe differences in S100A4 expression both on mRNA level 

in vitro and by immunohistochemistry in vivo. This is consistent with previous findings that 

S100A4, while associated with VSMC phenotype in certain conditions111, does not increase 

with increased Nox5 activity. The tissue analysed by immunohistochemistry might represent 

various stages of atherosclerosis and various locations in the plaque, which we could not 

control for. It is possible that active synthetic differentiation occurs only at certain stages and 

locations of the vessel and thus any differences in expression are obscured, even though they 

may have been present. Additionally, the lack of correlation of S100A4 with Nox5 expression 

confirms our previous findings that overexpression of Nox5 or H2O2-induced oxidative stress 

downregulates expression of S100A4 in VSMCs. Therefore, we cannot unequivocally 

conclude the nature of S100A4 regulation because of the interaction between nicotine treatment 

and oxidative stress. Further to that, we saw no difference in CNN1 expression in smokers vs 

non-smokers by immunohistochemistry, which. could be attributed to similar reasons. (iii) We 

have not investigated the involvement of other members of the Nox family in mediating 

nicotine-induced effects on VSMCs. However, we have previously investigated the 

involvement of Nox1 and Nox4 in VSMC differentiation and calcification and found that they 

were not involved.44 While literature shows that Nox2 is involved in mediated oxidative stress 

in VSMCs112,113, it has not been examined whether this leads to increased calcification.  
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Translational Perspective 
 
Our findings reveal that smoking causes vascular calcification through VSMC Nox-5 mediated 

pro-calcific processes. We elucidate the molecular effects of nicotine on VSMC phenotype and 

provide novel insights into mechanisms of nicotine-induced vascular calcification. Nicotine 

binding to the nAChR results in increased intracellular calcium and secretion of extracellular 

vesicles, providing potential targets for pharmacological intervention. The use of vitamin K2, 

besides being a cofactor for the carboxylation of matrix Gla-protein, is an effective antioxidant 

ameliorating nicotine-induced oxidative stress and extracellular vesicle release, and has the 

potential to open new avenues for the treatment of vascular disease. 
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Supplemental Figures and Table

Supplemental Figure 1. Phenotype-related gene expression in VSMCs in response to nicotine. qPCR 
analysis of (A-D) osteogenic (BMP-2, COL1α1, SOX9, COMP), (E-I) contractile (SMTN, MYH11, αSMA, 
CNN1, MYOCD), and (J-K) differentiation/synthetic (KLF4 and S100A) gene expression in VSMCs treated 
with nicotine (1 mM, 7 days in DMEM with 20% FBS). (L) Nanoparticle tracking analysis shows size 
distribution of the EVs in VSMC culture supernatants. Statistical significance was tested with one sample-
test (A-K). All graphs show data from n ≥3 independent experiments.
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Supplemental Figure 2. Effect of nicotine on VSMC proliferation and viability. (A) VSMCs treated 
with nicotine (1mM) proliferated at a decreased rate over 5-7 days in DMEM with 20% FBS. Proliferation 
rate of VSMCs was measured in vitro using xCELLigence. Statistical significance was tested with t-test.  
(B-C) Nicotine at 1mM concentration and timepoint used for all experiments did not affect viability of 
VSMCs. Ionomycin was added 15 minutes before measurement at 1 µM concentration.  Statistical 
significance was tested with t-test.  
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Supplemental Figure 3. Effect of nicotine on SrcFK/JAK-STAT3/ERK pathways in VSMCs. (A) An 
alternative mechanism of nicotine-induced VSMC effects through the SrcFK/JAK-STAT3/ERK pathways. 
(B-C) Western blotting and quantification of pSTAT3 and STAT3 in VSMCs treated with nicotine (1 mM 
in DMEM with 20% FBS, 15 minutes). Statistical significance was tested with one sample-test. (D) VSMCs 
treated with nicotine (1 mM, 24 hours) with or without pre-treatment with Stattic (1 µM, 1 hour), SU6656 
(2 µM, 1 hour), GSK2656157 (2 µM, 1 hour) prior to nicotine stimulation in DMEM with 0.5%FBS. 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 with ANOVA. (E) VSMC calcification 
was induced with calcification medium (2.5% FBS, 3.6 mM Ca2+) in the presence of nicotine (1 mM), with 
or without pre-treatment with Stattic (1 µM, 1 hour), SU6656 (2 µM, 1 hour), GSK2656157 (2 µM, 1 hour) 
prior nicotine stimulation for 3 to 5 days. Calcification was detected using Fetuin A-Alexa-546. Statistical 
significance was tested with ANOVA. All graphs show data from n≥3 independent experiments.
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Supplemental Figure 4. Effect of nicotine on VSMC calcification. (A) Representative images of VMSC 
calcification. VSMC calcification was induced with calcification medium (DMEM with 2.5% FBS and 3.6 
mM Ca2+) in the presence of vehicle control (EtOH) or 1 mM nicotine. Nicotine increases VSMC 
calcification within 3-5 days. Calcification was detected using Fetuin A-Alexa-546. VSMC nuclei were 
stained with Hoechst. Fluorescence signal were analysed and normalized to the number of cells. 
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Supplemental table 1. List of primers used for qPCR. 
 

 
 
 

Primer Forward Reverse 

α-SMA 5' AAG TAC CCA ATA GAA CAC GGC ATC 3' 5' CCA GGT CCA GAC GCA TGA T 3' 

Sm22a 5' TTG AAG GCA AAG ACA TGG CAG CAG 3' 

  

5' TCC ACG GTA GTG CCC ATC ATT CTT 3' 

 

SMTN 
5' GAG TAT GAG GAG CGC AAG C 3' 5' AAC CTC CCA GCC AAG GTG 3' 

 

MYH11 
5' AGA AGC CAG GGA GAA GGA AAC CAA 3' 

  

5' TGG AGC TGA CCA GGT CTT CCA TTT 3' 

MyoCD 5' TGC AGC TCC AAA TCC TCA GC 3' 

  

5' TCA GTG GCG TTG AAG AAG AGT T 3' 

CNN1 5' GCT GGA GAA CAT CGG CAA CTT CAT CAA G 3' 5' GCT CCT GCT TCT CTG CGT ACT TCA CTC 3' 

KLF4 5' AGA GGA GCC CAA GCCAAA 3' 

  

5' AGC CGT CCC AGT CAC AGT 3' 

S100A4 5' TCA TCT GTC CTT TTC CCC AAG A 3' 5' AGT TCA AGC TCA ACA AGT CAG AAC TAA 3' 

NOX5 5' TCT TCG AGG CTG CGG ACA AG 3' 5' GCC TGG AGC GCA AAG TTT ACT ACA T 3' 

NOX4 5' CCC AGT GTG TCC GCG TTA GA 3' 5' ACG GTT TCC AGT CAT CCA GCA 3' 

BMP-2 5' GCA GCT TCC ACC ACG AAG AAT C 3' 5' TCT CCT GTG TCT GCT CCC GA 3' 

Runx2 5' TTA ATC TCC GCA GGT CAC TAC CAG 3' 5' CGG GTG GTC AGC GAT GAT CT 3' 

Osx 
5' TGC TTG AGG AGG AAG TTC AC 3' 

  

5' AGG TCA CTG CCC ACA GAG TA 3' 

OCN 5' GGC AGC GAG GTA GTG AAG AG 3' 
 

5' CGA TAG GCC TCC TGA AAG C 3' 

OPN 5' TTG CAG CCT TCT CAG CCA A 3' 5' GGA GGC AAA AGC AAA TCA CTG 3' 

BSP 
5' AGT TTC GCA GAC CTG ACA TCC AGT 3' 

 
 

5' TTC ATA ACT GTC CTT CCC ACG GCT 3' 

Col1a1 
5' TGT GGC CCA GAA GAA CTG GTA CAT 3' 

  

5' ACT GGA ATC CAT CGG TCA TGC TCT 3' 

SOX9 
5' AGC TCT GGA GAC TTC TGA ACG AGA 3' 

  

5' ACT TGT AAT CCG GGT GGT CCT TCT 3' 

COMP 5' GCA GAT GGA GCA AAC GTA TTG GCA 3' 
 

5' AGG ACT TCT TGT CCT TCC AAC CCA 3' 

SMPD3 5' GCC TAT CAC TGT TAC CCC AAC 3' 
 

 

5' GAC GAT TCT TTG GTC CTG AGG 3' 

CD63 5' CGG TGG AAG GAG GAA TGA AAT GT 3' 5' GAC ACC CAC GGC AAT CAG T 3' 

GAPDH 5' AAC GGA TTT GGT CGT ATT GGG C 3' 
 

5' CTT GAC GGT GCC ATG GAA TTT G 3' 

 



 NICOTINE AND NOX5-MEDIATED PRO-CALCIFIC PROCESSES IN ATHEROSCLEROSIS

165

 

  

Supplemental Methods 

 

cDNA synthesis and real-time PCR  

VSMCs were incubated with nicotine (150nM, 1µM or 1mM) or ethanol for 7 days in culture 

medium. After incubation, total RNA was extracted using a phenol-chloroform method as 

previously described by Chomczynski et al.28 RNA concentration was quantified 

spectrophotometrically at 260nm. 250ng of total RNA was reverse transcribed into cDNA 

using Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT), RNAse Out, 

dNTPs, dithiothreitol (all Invitrogen), and an oligo(dT) adapter (Eurogentec) for 1 hour at 

37°C. Gene expression levels were quantified by real-time quantitative PCR (qPCR) on a 

LightCycler 480 (Roche Applied Science). Amplification reactions were carried out in a 

volume of 10µl including 100ng of total cDNA, 5µl QuantiTect SYBR Green PCR Kit 

(Qiagen) and 0.5µM of each primer (Supplemental Table 1.) An initial denaturation step 

(15minutes at 95°C) was followed by 50 cycles of amplification (denaturation: 15 seconds at 

95°C, annealing: 30 seconds at 57°C, extension: 45 seconds at 72°C). The specificity of 

amplification products was controlled by melting curve genotyping. Fluorescence curves were 

analyzed with LinRegPCR software and relative quantification by plotting N0 ratios. All 

samples were assayed in triplicate. 

Western blotting 

VSMCs were lysed in RIPA lysis buffer (ThermoFisher Scientific) with MS-SAFE (Sigma). 

Protein concentrations were determined using DC protein assay kit (Bio-Rad) and lysates were 

separated on Any kD Mini-PROTEAN TGX Precast Protein Gels (BioRad). Samples were 

transferred to a nitrocellulose membrane (BioRad) and incubated overnight with anti-calponin1 

(1:2000, Abcam, ab46794), anti-αSMA (1:2000, Dako, M0851), anti-p-MLC (1:500, Cell 

Signalling, 3675S), anti-Nox4 (1:1000, Abcam, ab133303), anti-Nox5 (1:500, Abcam, 

ab191010) anti-GAPDH (1:10000, Milipore, MAB374), anti-STAT3 (1:2000, Cell Signalling, 

49045), anti-pSTAT3 (1:1000, Cell Signalling, 91345). Protein was then detected using HRP-

conjugated secondary antibodies (anti-mouse: p0447, Dako; anti-rabbit: 7074S, Cell 

Signalling) and visualized by enhanced chemiluminescence (Pierce ECL Western Blotting 

Substrate, ThermoFisher Scientific). 

Calcification detection 

Cells were seeded into 48-well plates at 15000 cells/well. The next day, media were replaced 

with calcification medium (DMEM, 2.5% FBS, 1% PS and 3.6 mM or 5.4 mM Ca2+) with 
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nicotine for 3 to 5 days. The lower concentration of FBS in the vitro model of VSMC 

calcification is similar to what has been used in past studies.29,30 Cells were preincubated with 

inhibitors one hour prior to nicotine stimulation. Calcification was quantified using either of 

the following methods; 1.Cresolphtalein method (Randox, London, United Kingdom) and 

normalized to protein content determined by BCA assay (Thermo Scientific, Bleiswijk, the 

Netherlands), 2.Calcification was detected using fluorescence probe (Fetuin A-Alexa-546, 3 

µg/ml in calcification medium). VSMC nuclei were stained with Hoechst 33342 (Thermo 

Fisher). The fluorescence signal was analysed with Cytation™ 3 (Biotek) (Supplemental 

Figure 4) and normalized to the number of cells.  Fetuin A is a potent inhibitor of ectopic 

mineralization and calcification.31,32 Monomeric form of fetuin A has a high affinity to small 

clusters of calcium and phosphate and binds the mineral surface without influencing formation 

of mineral nuclei.31,33,34  Fetuin A has been used as a surrogate marker for mineral containing 

particles and calcifcation.35,36  

Quantification of extracellular vesicle release 

Cells were seeded in 48-well plates at 15000 cells/well and incubated with nicotine for 24 

hours. Exosomes were quantified using a bead-capture assay.30 Anti-human CD63 antibody 

(BD Bioscience, 556019) was immobilized on aldehyde-sulphate functionalized beads 

(Invitrogen). Human primary VSMC culture media was incubated with anti-CD63-coated 

beads on a shaker overnight at 4 °C. VSMC nuclei were stained with Hoechst 33342 (Thermo 

Fisher) and counted using a Cytation™ 3 (Biotek). Beads were washed and incubated with 

anti-CD81-APC antibodies (BD Bioscience, 551112) for 1 h at room temperature. Then beads 

were washed with PBS with 2% BSA and analyzed by flow cytometry (Accuri C6, BD). 

Arbitrary units (AU) were calculated as mean fluorescence unit times percentage of positive 

beads and normalized to the number of cells. 

Nanoparticle Tracking Analysis 

VSMC culture supernatant was collected and centrifuged at 4400 g for 15 minutes, and 13000 

g for 2 minutes at 4 °C to remove cells and apoptotic bodies, respectively. Suspension of 

extracellular vesicles was loaded into the sample chamber of an NS300 (Nanosight, Amesbury, 

UK) and three videos of 60 seconds were recorded of each sample. Samples were analyzed 

using basic control setting (shutter speed 50 millisecond, camera gains 280-560). Data analysis 

was performed with NTA 2.1 software (Nanosight). Data are presented as the average and 

standard deviation of the video recording. 
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Oxidative stress measurement  

Cells were seeded in 96-well black plates at 8000 cells/well and stimulated with 1mM nicotine 

at times of measurement. Inhibitors were preincubated 1 hour. Subsequently, VSMCs were 

stimulated with nicotine for 40 minutes. Intracellular reactive oxygen species were measured 

using cell permeant reagent 2’,7’–dichlorofluorescin diacetate (DCFDA), a fluorogenic dye 

that measures hydroxyl, peroxyl and other reactive oxygen species (ROS) activity within the 

cell. The fluorescence intensity was detected with Cytation™ 3 (Biotek) for 40 min and 

analyzed by calculating area under the curve (AUC) and normalized to the number of cells. 

Intracellular Ca2+ assay 

Cells were seeded in 96-well plates at 8000 cells/well. The next day, growth medium were 

replaced with medium (DMEM, 20% FBS, 1% PS) supplemented with 5 µM Fluo-4-AM 

(Invitrogen # F14201), 0.4 mg/ml Pluronic, and Hoechst for 30 minutes at 37°C. Cells were 

washed twice with PBS and replaced with Krebs-Ringer phosphate glucose (KRPG) buffer 

supplemented with green quencher (Cell Signalling #12388) and stimulus (nicotine 10mM, a-

bungarotoxin 10 µM). Positive control contained 3.6mM CaCl2 and 500 µM Ionomycin. 

Intracellular Ca2+ was detected and quantified with Cytation™ 3 (Biotek) and normalized to 

the number of cells. 

Proliferation assay 

To measure the proliferation rate of VSMCs, we used an in vitro xCELLigence RTCA (real-

time cell analysis) platform. Cells were seeded into 96-well electronic microtiter plates (E-

Plate®) at 2000 cells/well in growth medium and observed over 5-7 days.  Adhesion of cells 

to the gold microelectrodes in the wells impedes the flow of electric current between electrodes 

and impedance value is plotted as a unitless parameter (Cell Index) over course of time. The 

rate of cell growth was determined by calculating the slope of the line curve between two given 

time points. 

Cell death assay 

VSMCs were plated into a 12-well plate, 30 000 cells/well. The next day they were treated 

with 1 mM nicotine in DMEM with 20% FBS for 7 days. After that cells were trypsinised and 

pelleted together with cells from the culture supernatant, in order to include dead cells. Cells 

were then resuspended in binding buffer with 0.3 ng/µl AnnexinA5-FITC,37 and 3 ng/µl 

propidium iodide (Sigma). After 15 min cells were analyzed using flow cytometry (Accuri C6, 

BD). 
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Immunohistochemistry 

Sequential 4 µm paraffin sections of  human carotid artery lesions (15 smokers and 15 non-

smokers analysed using a µCT, as described above) were cut and used for 

immunohistochemical staining as previously described8, using the following primary 

antibodies: Nox5 (Sc-67006, Santa Cruz, 1:500), calponin (1:200, Abcam, ab46794), S100A4 

(1:100, Bioconnect, LS-B2520), HRP conjugated secondary antibodies (anti-mouse, Dako, 

P0447; anti-rabbit, Dako, P0217, both at 1:250) and DAB or Nova-RED substrate (Vector 

Labs, Amsterdam, the Netherlands). Sections were counterstained with haematoxylin 

(Klinipath, Duiven, the Netherlands) and mounted in entellan (Merck, Amsterdam, the 

Netherlands). Pictures were taken with a Leica DM2000 widefield microscope (Leica 

Microsystems). The protein expression in the stained tissue sections was quantified using 

scores from 0 to 5 for intima, media and plaque. The 3 scores for each vessel sample were 

summed and these values were used for analysis. The scoring was carried out blinded. 
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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).  
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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 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 
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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. 

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.  
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qPCR 

RNA extraction, cDNA synthesis and qPCR were performed as described previously (29). The 

following primers were used: Nrf2 (F) 5’CAGCGACGGAAAGAGTATGA3’, Nrf2 (R) 

5’TGGGCAACCTGGGAGTAG3’,GAPDH(F) 5’AACGGATTTGGTCGTATTGGGC 3’, 

GAPDH (R) 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, Darmstadt, Germany) which is oxidized 

to 2 ,7 –dichlorofluorescein in the presence of reactive oxidants.  
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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. 
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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).  
 

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 

 

1. 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 

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).  
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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, **.

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. 
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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.

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 
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volume; p < 0.05; Figure 2C). Fetuin-A was also present in the medial and adventitial layer, 

however this was similar between all treatment.

2. 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.

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 
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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). 

 

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 

aaSMA+ 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 

 

3. Warfarin treatment of human vascular smooth muscle cells increases calcification. 

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

4. 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-
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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).

5. 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).

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 
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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 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 
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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. 

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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Key findings in perspective 

Aortic aneurysm is an emerging cardiovascular disease that mainly affects the older 

population. Untreated aneurysm leads to aortic rupture, hemorrhage, and death. Aortic 

aneurysm at different anatomical sites associates with different causes. Whereas aortic 

aneurysm in the ascending aorta is mainly associated with genetic diseases such as Marfan and 

Loey-Dietz syndrome, abdominal aortic aneurysm is associated with aging, gender, and 

lifestyle risk factor such as smoking. Both pathologies involve depletion of VSMCs and ECM 

degradation, which leads to weakening of the vessel wall resulting in dilation. However, what 

causes aortic aneurysm and the pathophysiology of aneurysm formation has not been 

elucidated. Recent data has shown that active microcalcification takes place in aortic aneurysm, 

as demonstrated by an increased uptake of the bone PET tracer NaF18. The increase of NaF18 

uptake in aortic aneurysm also correlates with the progression of the disease. We hypothesized 

that VSMCs play an important role in the pathogenesis of aneurysm since it is the most 

abundant cell type within the vascular bed playing a key role in vascular calcification. In this 

thesis we investigated the role of VSMCs in the pathophysiology of vascular diseases such as 

aneurysm and atherosclerosis.  

In chapter 4, we compared VSMCs isolated from aneurysm tissue to VSMCs isolated from 

healthy tissue from the same patient. We investigated the characteristics of aneurysm VSMCs 

and their involvement in aortic aneurysm formation and progression. In chapter 5, we studied 

the effect of smoking, the most important life-style risk factor of aneurysm, on vascular 

calcification and effects of nicotine on VSMCs in vitro. In chapter 6, we used an animal model 

to elaborate on the effect of vitamin K supplementation on atherosclerotic plaque progression 

and calcification.  

 

 Key findings in this thesis are 

1. VSMCs isolated from aneurysm tissue exhibit a distinct phenotype to VSMCs 

isolated from healthy tissue (Chapter 4) 

2. Nicotine initiates vascular calcification through calcium-dependent NOX5 signaling 

(chapter 5) 

3. Vitamin K ameliorate nicotine-induced oxidative stress, extracellular vesicles, and 

calcification (chapter 5) 

4. Vitamin K2 supplementation holds atherosclerotic plaque progression and rescues 

intimal calcification in a preclinical experimental animal model (chapter 6). 
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1. Aneurysm VSMC exhibit a distinct phenotype from healthy VSMC 

Calcification in AAA increases risk of aortic rupture and is associated with higher 

overall and cardiovascular mortality.1,2 Vascular remodelling and calcification are mediated by 

vascular smooth muscle cells. However, the underlying mechanisms of VSMC involvement in 

aneurysm formation is not completely clear. In this study, we examined phenotype differences 

of VSMCs isolated from aneurysmal aorta compared non-aneurysmal vascular tissue of the 

same patient and how these differences affect VSMC calcification. 

In this thesis, we demonstrated that AAA VSMCs exhibit a phenotype distinct from 

VSMCs isolated from non-aneurysmal vascular tissue from the same patient. AAA VSMCs 

undergo phenotypic switching, lose contractility and assume a synthetic phenotype. AAA 

VSMCs showed pro-inflammatory differentiation by increased expression of Galectin 3 and 

CD68, markers generally expressed by inflammatory cells, implicating macrophage-like 

VSMCs. Interestingly, increased Galectin-3 expression was observed in differentiated 

osteoblastic cells and osteochondrogenic VSMCs.3,4 Indeed, macrophage-like human VSMCs 

have a genetic profile associated with calcification and showed higher propensity to calcify.5 

We further showed that phenotypic switching of AAA VSMC is accompanied by alterations 

in VSMC oxidative stress and EV release, which are important VSMC features that drive 

microcalcification. To date, there is no data on the role of VSMCs-derived EVs in patients with 

AAA. Furthermore, we showed that AAA VSMCs exhibit senescence associated secretory 

phenotype (SASP) at earlier passages compared to non-AAA VSMCs. These early passage 

AAA VSMCs secrete IL6 which induced inflammatory responses in ECs. Ultimately, we 

showed that AAA VSMCs from all analysed patients calcify faster and deposited significantly 

more calcium-crystals compared to non-AAA VSMCs. It has been shown that senescent human 

VSMCs overexpress inflammatory and pro-calcific genes associated with medial 

calcification.6,7 Taken together, our results suggest that VSMC senescence and resulting 

inflammation contribute to vascular microcalcification observed in AAA. 

We also explored potential markers for early AAA detection. AAA tissue showed 

significantly higher expression of inactive vitamin K-dependent MGP (ucMGP), a strong 

inhibitor of vascular calcification. We hypothesize that the distinct AAA VSMC features, 

together with an inactive calcification inhibitor (ucMGP) status, favours initiation of 

microcalcification. Our findings provide novel insight into the mechanisms of AAA 

development, and thus the potential for new avenues of treatment. 
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2. Nicotine initiate vascular calcification through calcium-dependent Nox5  

Smoking is an important risk factor of cardiovascular morbidity and mortality and is 

known to associate with increased vascular calcification.8,9 However, the molecular mechanism 

how smoking initiates vascular calcification has not been fully understood. Nicotine is a major 

constituent of smoking.10 It has been shown that nicotine acts via the nicotinic acetyl choline 

receptor (nAchr) in neuronal cells.11 In human VSMCs, expression of α2, α6, α7, b1 nAchr has 

been reported.12  In this study we investigated the correlation between smoking and vascular 

calcification in atherosclerotic plaques. Furthermore, we investigated the direct effect of 

nicotine on VSMCs in vitro to unravel the mechanism underlying nicotine-induced vascular 

calcification. 

In this thesis, we showed that smokers have a higher degree of calcification of 

atherosclerotic plaques compared to non-smokers. This is in line with previous studies which 

reported a significant association between smoking and coronary and aortic calcification.13,14 

However, the size of calcification areas has not been studied before. We extended the current 

knowledge and demonstrate that smokers have higher total volume of microcalcification 

compared to non-smokers. Microcalcification is a known feature of the vulnerable plaque 

phenotype.15–18 This suggest that smoking may cause detrimental effects by promoting the 

vulnerable plaque to rupture via microcalcification. 

We further investigated the direct effect of nicotine on VSMC in vitro. We found that 

nicotine induces major hallmarks of calcification including phenotypic switching of VSMCs 

to an osteochondrogenic phenotype, oxidative stress, and secretion of EVs. We showed that 

the effects of nicotine were in part through binding to α3 and α7 nAchr. The association of 

smoking-induced oxidative stress has been reported before, however the exact mechanism has 

not been elucidated. We showed that nicotine-induced VSMC calcification is mediated – in 

part - through Nox5, an enzyme producing ROS. We further showed that nicotine increased 

the activity of Nox5 by inducing a rapid increase of intracellular calcium. Increased calcium 

influx through α7 nAchr by nicotine has only been described in neuronal cells.11 To the best of 

our knowledge, this is the first study to reveal a connection between nicotine and Nox5 in 

VSMCs. We identified a mechanism by which nicotine induced Nox5-mediated oxidative 

stress, EV release, and subsequently VSMC calcification. Finally, we showed that our in vitro 

findings are relevant in vivo by demonstrating that aortic tissue from patients who smoked has 

higher level expression of Nox5 than non-smokers. The increase expression of Nox5 is also 

positively correlate with the degree of calcification in these patients. Thus, our findings add to 
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the current knowledge that smoking causes vascular calcification through VSMC-mediated 

pathways.  

 

3. Vitamin K ameliorates nicotine-induced oxidative stress, extracellular vesicles, and 

calcification 

Vitamin K is a fat-soluble vitamin. Natural occurring vitamin K includes vitamin K1 

and vitamin K2. Whereas vitamin K1 is found in green vegetables, vitamin K2 is synthesized 

by bacteria and it can be found in fermented food.19 The main function of vitamin K is to act 

as a cofactor in the posttranslational carboxylation of vitamin K dependent proteins (VKDPs).20 

VKDPs are localized throughout the human body. Hepatic VKDPs include coagulation factors 

and anticoagulant proteins. Hence, they are involved in the long-known function of vitamin K 

in regulating blood coagulation.20 Extrahepatic VKDPs include matrix Gla protein (MGP), 

Osteocalcin, and Gla rich protein (GRP) which are involved in regulating bone hemostasis and 

ectopic calcification.21 Specifically, MGP is expressed by VSMCs and is known to inhibit 

extracellular matrix mineralization and vascular calcification.22 Vitamin K supplementation 

has shown to decrease aortic valve calcification.23 Vitamin K may also be involved in an 

alternative vitamin K route, which is associated with its function as antioxidant and production 

of ATP.24 However, data on these non-canonical functions are yet not conclusive. 

In this thesis, we showed that vitamin K has beneficial effect at the cellular level. We 

showed that vitamin K2 (MK-7) was able to prevent nicotine-induced VSMC calcification. 

This is in line with a previous study showing that vitamin K prevents aortic valve 

calcification.23 We further explored the non-canonical role of vitamin K as an antioxidant and 

found that vitamin K reduces nicotine-induced oxidative stress and subsequently reduces 

secretion of EVs from VSMCs. Thus far, vitamin K has been reported to protect against 

oxidative stress and oxidative stress-induced cell death in primary oligodendrocytes and 

immature cortical neurons.25,26 The mechanism of action has not been fully elucidated. 

However, vitamin K has also been shown to directly modulate Nox activity in soybean plant.27 

Indeed, we showed that Nox5 mediates nicotine-induced ROS, EV secretion and calcification 

of VSMCs. Therefore, it is likely that vitamin K scavenges ROS which is generated by Nox5, 

thereby lowering the secretion of EVs which form the nidus of calcification. 
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4. Vitamin K2 supplementation holds atherosclerotic plaque progression and rescues 

intimal calcification in a preclinical animal model. 

Vitamin K antagonist (VKA), such as warfarin, are widely used as anticoagulants to 

prevent thromboembolic complications.28 VKAs counteract the function of vitamin K by 

blocking VKOR and subsequently inhibit vitamin K recycling.29 Thus, VKA may indirectly 

impact activity of VKDPs.21,30 Ample evidence exists that patient using VKA have higher level 

of valvular and vascular calcification than VKA non-users.31–34 Analysis of atherosclerotic 

plaques from patients showed higher coronary calcium score and significantly higher amount 

of spotty calcification in VKA users compared to VKA non-users.34 Indeed, vascular 

calcification reflects atherosclerotic plaque burden and is a strong predictor for cardiovascular 

mortality.35 However, medical treatment for vascular calcification has not been established to 

date.36  In experimental animals, VKA-induced medial calcification was rescued by 

cotreatment with a high dose of vitamin K2.37 We further investigated the effect of VKA and 

vitamin K2 (MK-7) supplementation on intimal calcification and atherosclerotic plaque 

development in an apoe-/- mouse model of atherosclerosis. 

In this thesis, long-term warfarin treatment induces vascular intima calcification and 

increased atherosclerotic plaque size in mice. We showed that long-term warfarin treatment 

increases the inactive form of the calcification inhibitor ucMGP, supporting the notion that 

VKA might induce calcification by inhibiting MGP functionality.38 We further demonstrated 

that discontinuing warfarin treatment and replacing the treatment by vitamin K2 prevents long-

term effect of vitamin K deficiency on atherosclerosis plaque progression and intimal 

calcification. Specifically, vitamin K2 supplementation significantly increased the activated 

form of MGP (cMGP), reduced oxidative stress and increased amount of collagen in 

atherosclerotic plaques. Using an in vitro experimental setup, we showed that the effect of 

VKA and vitamin K2 on atherosclerotic plaque development is regulated, at least in part, via 

VSMCs. Finally, using a novel fluorescently labelled fetuin-A probe, which has high affinity 

to mineral nuclei, we demonstrated that vitamin K2 reduced the presence of calcification nidus 

in atherosclerotic plaques. This supports our in vitro findings that vitamin K2 reduces EV 

release from VSMCs, hence vitamin K2 might help to limit the nidus for the initiation of 

calcification. Taken together, our research suggests that vitamin K2 supplementation has 

clinical potential for the treatment of vascular calcification. 
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Concluding remarks and future perspectives 
 

The research described in this thesis aims to unravel mechanisms underlying aortic aneurysm 

formation. We revealed that aneurysm VSMCs display a distinct phenotype compared to 

healthy VSMCs. Our research emphasizes the importance of VSMC phenotypic switching and 

VSMC calcification in the pathogenesis of abdominal aortic aneurysm. As smoking is one of 

the strongest life-style risk factors for AAA, we demonstrate a mechanism by which nicotine 

induces pro-calcific traits of VSMCs through Nox5. We provide evidence that vitamin K 

reduces oxidative stress and calcification and ameliorates VSMC pathologies. Finally, we 

translated the cardiovascular promoting effect of vitamin K to the pre-clinical setting. 
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Chapter 1 provides fundamental knowledge on current understanding of aortic 

aneurysm and vascular calcification. Abdominal aortic aneurysm is a dilation of the aortic 

vessel wall and is most commonly found among men, older age population, and smokers. The 

underlying mechanism how aneurysm is formed has not been elucidated in detail. Current 

management relies exclusively on surgical repair in order to prevent rupture and there is no 

pharmacotherapy is yet recommended thus far.  Vascular calcification is an active process of 

calcium-phosphate crystal deposition and is associated with cardiovascular diseases including 

aortic aneurysm. Numerous processes have been proposed as pathological mechanism for the 

initiation of vascular calcification including loss of calcification inhibitors and 

osteochondrogenic-like cells. VSMCs are the major cell type in the vessel and play an 

important role in vascular pathology and vascular remodeling. VSMC elicits a remarkable 

phenotypic plasticity and they are important mediators of vascular calcification through 

differentiation in osteochondrogenic phenotype. Moreover, VSMCs harbor MGP - a vitamin 

K dependent protein (VKDP) which is an important calcification inhibitor. Chapter 2 

describes the role of vitamin K in depth. Vitamin K is an essential bioactive compound which 

acts as a cofactor for the carboxylation of hepatic and extrahepatic vitamin K dependent 

proteins. We elaborated on the different functions and implications in diseases of vitamin K 

beyond its well-established role in coagulation. There are two naturally occurring vitamin K: 

Phylloquinone (K1) and Menaquinones (K2), both of which facilitate hepatic VKDPs 

activation and coagulation processes. Specifically, we highlight the role of vitamin K2 which 

is more able to redistribute to the circulation and assist extrahepatic VKDPs in maintaining 

bone hemostasis as well as inhibiting ectopic calcification. Vitamin K2, specifically MK-7, has 

the longest bioavailability and is most efficiently absorbed. We summarized the current 

implications of vitamin K in different clinical settings including osteoporosis, atherosclerosis, 

cancer, and inflammatory diseases.  

Chapter 3 elaborates on what is currently known about the role of VSMC phenotypic 

switching in pathophysiology of aortic aneurysm formation. We highlight that calcification of 

the vessel wall is involved in the initiation and progression of both thoracic and abdominal 

aortic aneurysms. Thus, early detection of microcalcification may help to hold aortic aneurysm 

progression. VSMCs actively mediate changes in aortic wall structure that lead to aneurysm 

formation and vascular calcification through a process called phenotypic switching. This 

phenotypic switching can be triggered by various stimuli including oxidative stress which is 

an important factor underlies the pathology of aortic aneurysm. In our review, we extend on 

current knowledge by providing an insight of the involvement of vitamin K-dependent 
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processes in aortic aneurysm. Vitamin K helps decrease vascular calcification through 

facilitation of MGP, a VKDP which is synthesized by VSMCs. Moreover, vitamin K and 

vitamin K-oxidoreductase are involved in the regulation of Nox and ROS generation. We shed 

light on potential treatment mechanisms with vitamin K to prevent vascular calcification 

induced aortic aneurysm formation and progression. 

In Chapter 4, we characterized human AAA VSMCs and compared them to VSMCs 

from a non-aneurysm region of the same patient. AAA VSMCs undergo phenotypic switching, 

activating several mechanisms leading to vascular calcification. AAA VSMCs lose 

contractility and assume the synthetic phenotype. This is accompanied by alterations in VSMC 

oxidative stress and EV release. AAA VSMCs further differentiate towards macrophage-like 

and osteo/chondrogenic-like VSMCs displaying a SASP phenotype. Pro-inflammatory AAA 

VSMCs secrete IL6 which induces inflammatory responses in ECs. We hypothesized that these 

AAA VSMC features, together with an increase in ucMGP (inactive calcification inhibitor), 

induces microcalcification. Microcalcification is known to cause destructive changes in the 

surrounding extracellular matrix and leads to weakening of the vessel wall. Macrocalcification 

develops over time and further aggravates the dilation of the vessel.  

In Chapter 5, we investigate how smoking affects vascular calcification. Calcification, 

specifically microcalcification, was found at a higher level in atherosclerotic plaques of 

smokers compared to non-smokers. We unraveled the mechanism how nicotine initiates VSMC 

calcification. Nicotine directly affects VSMCs by increasing intracellular calcium, oxidative 

stress, EV release, and subsequently calcification through binding of α3 and α7 nACh receptor. 

Binding of nicotine to nAChr resulted in a rapid increase of calcium influx and induced calcium 

dependent-Nox5 activation generating ROS. We identified Nox5 as a key mediator in inducing 

pro-calcific processes of VSMCs by nicotine. Finally, we showed that vitamin K2 (MK-7) 

ameliorates nicotine-induced VSMC pathologies including reduced oxidative stress, EV 

release and calcification.  

In Chapter 6, we used a preclinical animal model to demonstrate the effect of vitamin 

K2 on atherosclerotic plaque development and calcification. We report that discontinuation of 

VKA prevents vascular calcification in atherosclerotic plaques compared to long-term VKA 

treatment. Supplementation of vitamin K2 not only prevents vascular intima calcification, but 

also reduces atherosclerotic plaque progression and improves plaque stability by reducing 

oxidative stress and increasing collagen content. These findings support a potential use of 

vitamin K2 supplementation for treatment of atherosclerosis and calcification in the clinical 

settings. 
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Valorisation 
Aortic aneurysm is a life-threatening, pathological condition characterized by 

permanent dilation of the aorta. Aortic aneurysm is associated with male gender, advanced age, 

hypertension, genetic diseases and lifestyle factors such as smoking. Because of lack of 

understanding of the pathology underlying aneurysm formation, no pharmacotherapy is yet 

recommended to reduce risk of aortic aneurysm progression and rupture. Current management 

of aneurysms relies exclusively on surgical repair in order to prevent rupture. Decision for the 

type of repair requires careful assessment of rupture risk, specific feature or anatomy, life-

expectancy, and patient’s preference. Although medical advancement enables less invasive 

surgical treatments such as Endovascular aneurysm repair (EVAR) over the previous decade. 

EVAR comes with higher reintervention rate and cost.  

Better knowledge of basic mechanisms underlying aortic aneurysm will open up novel 

avenues for intervention and disease management. Key areas which offer great opportunities 

to advance knowledge regarding aneurysm formation have been proposed by medical experts 

in the field and include the following topics: 1. definition of etiologic factors responsible for 

development of aortic aneurysm, with an emphasis on elucidating biological mechanisms by 

which specific risk factors might act to promote aortic disease such as atherosclerosis and 

hypertension; 2. elucidation of genetic loci for an inherited predisposition; 3. better definition 

of the cellular and molecular pathophysiology of aneurysms, with emphasis on the mechanisms 

underlying progressive destruction of aortic wall. This includes the role of specific proteinases, 

nature of immune response, and better understanding of the role of VSMC in disease initiation 

and progression.5 

The research described in this thesis aims to unravel mechanisms underlying aortic 

aneurysm formation. We characterized VSMCs from aortic aneurysm tissue with specific focus 

on the involvement of vascular calcification in the pathogenesis of abdominal aortic aneurysm. 

Moreover, we studied the effect of smoking, the strongest life-style risk factor for development 

of aneurysm, on VSMCs and explored the role of vitamin K as potential anti-calcific and 

antioxidant therapy in vascular pathologies.  

Current implications of vitamin K and vitamin K dependent proteins in cardiovascular 

diseases are described in Chapter 2. The importance of VSMCs in vascular pathologies, with a 

focus on aortic aneurysm, is emphasized in Chapter 3. In this chapter, we extended on current 

knowledge by providing an insight in the involvement of vitamin K-dependent processes in 
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aortic aneurysm and shed light on potential treatment mechanisms with the nutraceutical 

vitamin K to prevent vascular calcification induced aortic aneurysm formation and progression. 

In Chapter 4, we characterized VSMCs from aneurysm patients and compared 

apparently healthy VSMCs and VSMCs from the abdominal aneurysm of the same patient. 

Understanding the basic pathologies of aortic aneurysm promote emergence of new approaches 

that would result in a better disease management. The findings in this chapter extend the current 

knowledge of aneurysmal VSMCs characteristic and morphology which has mainly been 

described based on studies in animal models. Importantly, we report that aneurysmal VSMCs 

are less contractile, increase extracellular vesicle release, and calcified more than control 

VSMCs. Our findings emphasize the importance of VSMCs in aortic aneurysm and its 

significant role in mediating vascular microcalcification which is observed during aortic 

aneurysm progression. Indeed, use of 18F-NaF to detect microcalcification recently became a 

promising additive tool to predict aneurysm progression and clinical events. It is particularly 

useful for patients in which the decision to intervene is challenging. We put forward (micro) 

calcification as an important risk factor amendable for intervention in AAA. Thus, targeting of 

VSMCs and extracellular vesicles may prevent vascular microcalcification and thus reduce 

aggravation of aortic diseases.   
In a pilot study, we showed that aneurysmal tissue is positive for (inactive) ucMGP, a 

marker used for indication of vascular vitamin K deficiency. Vascular vitamin K deficiency is 

associated with increased vascular calcification. Future studies in aneurysm patients measuring 

plasma inactive ucMGP as biomarker might provide insight on aortic aneurysm risk, hence 

provide a novel treatment area using vitamin K to improve vitamin K status. 

 Nicotine is known for its devastating effects on the vasculature. It increases risk of 

atherosclerotic calcification and abdominal aortic aneurysm. In Chapter 5 we investigated the 

molecular mechanisms how nicotine potentially affects the vasculature. We revealed that 

smoking is associated with higher degree of microcalcification in atherosclerotic plaques and 

unravel a potential mechanism by which nicotine affects VSMC via Nox5-mediated pro-

calcific processes. We demonstrated the involvement of α3 and α7 nicotine acetylcholine 

receptor in nicotine-induced VSMC pathologies which thus serve as potential targets for 

pharmacological intervention. Moreover, we show that downstream of nicotine binding to the 

nAChr induces oxidative stress and causes extracellular vesicle mediated calcification. Our 

data contribute to the understanding of how nicotine not only affects atherosclerotic plaque 

calcification, but possibly also other VSMC-mediated vascular diseases, such as hypertension 

and aortic aneurysm. Because nicotine is the primary agent in both cigarettes and e-cigarettes, 
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our findings also add to the current knowledge that vaping may not be a better and healthier 

choice for vascular health.  

In chapter 5, we provide evidence that vitamin K2, besides being a cofactor for the 

carboxylation of matrix Gla-protein to inhibit vascular calcification, is an effective antioxidant 

ameliorating nicotine-induced oxidative stress and extracellular vesicle release, subsequently 

inhibiting calcification of VSMCs. Vitamin K2 is naturally present in fermented food and is 

also available as supplement. The use of vitamin K2 is an easy, safe and cost-effective way to 

maintain vascular health and prevent vascular disease. In chapter 6, we further provide 

evidence on cardiovascular promoting effects of vitamin K2 in vivo. Using an animal model of 

atherosclerosis, we show that discontinuation of VKA and switch to supplementation with 

vitamin K2 prevents vascular calcification and reduces atherosclerotic plaque progression. Our 

findings emphasized an adequate status of vitamin K2 for vascular health and put forward 

clinical implications of vitamin K2 supplementation to treat cardiovascular diseases. 
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