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The vasculature adapts continuously to both physiological and pathological stimuli. 
In this thesis the contribution of several stimuli that lead to structural adaptation of 
the vessel wall, including changes in blood-flow and inflammation, are investigated. 
The focus of research is one particular family of enzymes, the transglutaminases. 
Transglutaminases were found to contribute to inward remodeling of small arteries 
due to the cross‐linking abilities by which they can stabilize the extracellular 
matrix [1]. In this thesis the contribution of two transglutaminases, tissue type 
transglutaminase and the plasma transglutaminase Factor XIIIA (FXIIIA), to vascular 
remodeling and atherosclerosis are investigated. 

SMALL ARTERY REMODELING

Around 80% of total resistance in the vasculature is accounted for by small arteries 
with a diameter of < 200 µm. By adapting their diameter, these vessels are able 
to regulate regional blood‐flow distribution and blood pressure [2]. A primary 
mechanical stimulus for regulating vessel diameter is shear stress, which is the 
frictional force produced by the flowing blood acting on the vessel wall. Shear stress 
in small vessels is proportional to the product of blood viscosity and flow divided 
by the diameter to the third power. The cells in the vessel wall that are capable of 
sensing shear stress are the endothelial cells, the most inner layer of cells in the 
vascular wall. Endothelial cells contain several structures, including the cytoskeleton, 
the glycocalyx and cilia, that can sense the shear stress and transduce the shear 
stress signal to downstream pathways. There are several functional and structural 
endpoints of such signaling. In response to shear stress, endothelial cells regulate 
the vessel diameter by modulating vascular tone (the amount of constriction of the 
smooth muscle cells) by release of vasoactive factors, like endothelin [3], leading to 
vasoconstriction, and nitric oxide (NO) [4], resulting in vasodilation. On a local level, 
shear stress induces remodeling of the cytoskeleton of individual endothelial cells 
in the direction of the flow. Such cytoskeletal remodeling could reduce the load 
acting on the cell surface. This remodeling is dependent on the RhoA/Rho kinase 
system, which is activated rapidly after onset of shear stress [5,6]. On the vessel 
level, prolonged changes in flow eventually lead to structural adaptation of the 
vessel wall, where increases in flow result in outward remodeling and a decrease in 
flow results in inward remodeling of the vessel [7,8] (Figure 1‐1). These structural 
adaptations can occur without changes in wall mass (eutrophic remodeling) or by 
an increase (hypertrophic remodeling) or decrease (hypothrophic remodeling) in 
wall material [9]. The inward or outward direction of remodeling was shown to 
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be driven by increased, respectively decreased vascular tone [10,11]. Moreover, 
both inward and outward remodeling are dependent on several other mechanisms, 
like the RhoA/Rho kinase system [12], activity of transglutaminases [1], and 
inflammation [13].

ATHEROSCLEROSIS

Atherosclerosis develops under influence of systemic risk factors like high plasma 
LDL levels, smoking, hypertension and obesity. However, certain areas in the 
vascular tree are more susceptible to the development of atherosclerosis than 
others. Especially areas that experience disturbed (low and/or oscillatory) shear 
stress profiles predipose to atherosclerotic plaque development. In areas of steady 
shear stress endothelial cells maintain a quiescent phenotype, characterized by a 
normal production of vasodilators like NO and low levels of thrombotic markers 
and adhesion molecules for circulating leukocytes. However, in areas of disturbed 
flow patterns, as in the bifurcation of carotid arteries, endothelial cells become 
activated, resulting in the suppressed bioavailability of vasodilator compounds 
like NO and prostacyclin and the upregulation of vasoconstrictors like endothelin, 
as well as pro‐thrombotic and pro‐adhesive molecules [14]. Activation of the 
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Figure 1-1: Small artery remodeling in response to changes in shear stress. Low shear stress leads to inward 
remodeling; high shear stress leads to outward remodeling of arteries. Among other processes, inflammatory 
cells contribute to the remodeling response.
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endothelium results in the loss of barrier function, as shown by an increased uptake 
of fluorescent compounds in regions experiencing low and/or oscillating shear stress 
[15]. Hereby, LDL particles from the bloodstream more easily cross the endothelium 
and become trapped in the subendothelial space, where they become oxidized 
by reactive oxygen species (ROS) produced by the endothelial cells in response 
to disturbed flow patterns. Circulating leukocytes are recruited to scavenge the 
oxidized LDL particles and turn into so‐called ‘foam cells’, characteristic of an early 
atherosclerotic lesion. Inflammatory cytokines as well as low shear stress acting on 
endothelial cells cause the differentiation of smooth muscle cells from a contractile 
into a synthetic phenotype. These smooth muscle cells will migrate from the media 
of the artery towards the neo-intima, contributing to the growing lesion and 
forming a fibrous cap over the necrotic core (Figure 1‐2). 
As the atherosclerotic lesion growth progresses and the necrotic core expands while 
the fibrous cap is thinning, the plaque becomes vulnerable to rupture. Eventually, 
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Figure 1‐2: Atherosclerotic lesion formation in the vessel wall. Shear stress patterns contribute to activation 
of endothelial cells, leading to enhanced influx of LDL particles and leukocytes into the vessel wall. In time, a 
necrotic core and calcifications are formed within the atherosclerotic plaque. Smooth muscle cells will migrate 
from the media of the vessel wall on top of the necrotic core and form a fibrotic cap.
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rupture of the atherosclerotic lesion causes the formation of a thrombus, which 
may block the lumen entirely, leading to stroke or a heart attack [16,17]. 
Atherosclerosis is characterized by a T‐helper‐1 (Th1) immune response, as shown 
by the localization of predominantly Th1 cytokines in human atherosclerotic lesions, 
like IFNγ and TNF [18]. In studies using mice of different genetic background, indeed 
C57Bl/6 mice, prone to respond with a Th1 type immune response, develop larger 
atherosclerotic lesions as compared with Balb/c mice, known to respond with a 
more Th2 type response [19]. 

VASCULAR REMODELING DURING ATHEROSCLEROSIS

During progression of the atherosclerotic lesion, the vessel wall remodels 
outwardly in an attempt to keep the lumen diameter constant. This mechanism, 
which will continue up to a plaque area of 40%, was first described by Glagov, who 
showed in human coronary arteries that atherosclerotic lesions coincided with 
expansive vascular remodeling [20]. In mice, Glagov remodeling is dependent on 
the background strain, suggesting a genetic component contributing to the sensing 
and transduction mechanisms of shear stress, leading to flow-induced vascular 
remodeling [21,22].  Indeed, components of the cytoskeleton in endothelial cells, 
like vimentin, influence outward remodeling in response to alterations in blood flow 
[23]. Besides the cytoskeleton, other components of the mechanosensory complex 
of endothelial cells, such as PECAM‐1, VE‐cadherin and VEGFR2 [24], influence 
the outcome of vascular remodeling. Indeed, in mice deficient in PECAM-1, which 
serves as a force transmitter in endothelial cells, the remodeling response after 
carotid artery ligation was impaired [25]. 
In addition to determining vascular stiffness, extracellular matrix proteins, like 
fibronectin, facilitate the remodeling of carotid arteries in response to alterations 
in blood flow [26]. Partly this might be through the recruitment of inflammatory 
cells [13,27], but also because of modifications of the extracellular matrix itself by 
enzymes like transglutaminases.

TRANSGLUTAMINASES 

Transglutaminases (TGs) are involved in the post‐translational modification 
of proteins, from which their best-known action is their ability to cross-link 
extracellular matrix proteins to contribute to the stability and strength of the 
matrix. Hereby, a Nε(γ‐glutamyl)Llysine isopeptide is formed between the ε–amino 
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group of peptide‐bound lysine and the γ‐carboxamide group of peptide‐bound 
glutamine to create a chemical bond resistant against enzymatic break-down by 
matrix metalloproteinases [28]. The cross‐linking ability of transglutaminases 
is dependent on the conformational state of the enzyme, which is controlled 
by the presence of calcium [29]. In the absence of calcium, the four domains of 
the enzyme: two COOH‐terminal β‐barrel domains belonging to the fibronectin 
superfamily, an NH2‐terminal β‐sandwich, which is able to bind to fibronectin, 
and a catalytic domain containing a Cys-His-Asp catalytic triad, are in a compact, 
inactive conformation. Upon binding of calcium, the enzyme undergoes a large 
conformational change, exposing its active site cysteine [29,30] (Figure 1‐3). The 

calcium concentration inside the cell lies in the sub-micromolar range, implying 
an inactive conformational state of the transglutaminases within the cell. Outside 
the cell however, transglutaminases have sufficient Ca2+ to induce cross-linking. 
In addition to cross-linking, transglutaminases contribute to the adhesion, 
differentiation and motility of several cell‐types [29]. Whether these latter actions 
depend on catalytic activity of the transglutaminase is still under debate. Adhesion 
of monocytes to fibronectin has been shown to be facilitated by transglutaminase 2 
(TG2) without transamidation activity [31]. In a model for cealiac disease however, 
the adhesion and transmigration of monocytes through an endothelial layer was 
found to be TG2 and cross‐linking dependent [32]. 

Figure 1‐3: Closed and active conformation of TG2 (adapted from Pinkas et al.[29])
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TRANSGLUTAMINASES IN THE VASCULAR SYSTEM

The transglutaminase enzyme family consists of 9 known members, of whom 
three are functional in the vascular system. Transglutaminase 1 is expressed by 
the endothelium and is associated with endothelial barrier function by stabilization 
of intercellular junctions [33]. TG2 can be secreted by all cells in the vascular wall, 
i.e. endothelial cells, smooth muscle cells and fibroblasts and also monocytes/
macrophages.
FXIIIA, the plasma transglutaminase, is expressed by monocytes/macrophages in 
the vessel wall. The zymogen FXIII circulates in plasma as a A2B2 heterodimer and 
needs cleavage by thrombin of the so-called activation peptide in the A-subunits 
and, like all other TGs, binding of calcium to expose its active site. When expressed 
by monocytes/macrophages, FXIIIA is already secreted as a functional unit consisting 
of the A2 homodimer only [34,35]. Monocyte/macrophages express both TG2 and 
FXIIIA and the expression levels are dependent on the maturation state of the cell. 
TG2 activity and intracellular and cell‐surface expression levels increase drastically 
in the conversion of monocyte towards macrophage [31,36]. Simultaneously, FXIIIA 
expression levels decrease during differentiation of monocytes into macrophages. 
The expression of FXIIIA in macrophages is considered to be a marker of alternatively 
activated macrophages, whereas the absence of FXIIIA in macrophages reflects 
classically activated macrophages [37]. 
Besides activation by calcium, transglutaminases in the vascular system are, among 
others, activated by a decrease in nitric oxide (NO) [38]. Reactive oxygen species 
(ROS) could activate TGs indirectly, through an increase in calcium influx. Also, its 
gene expression levels are increased by disturbed shear stress patterns [39], all of 
which are associated with vascular inward remodeling.

TRANSGLUTAMINASES IN REMODELING ARTERIES

Transglutaminases have gained interest in the context of remodeling of both small 
and large arteries, because of their potential to stabilize matrix components and 
regulation of the inflammatory response. In line with these data, Pistea et al. 
found that inward remodeling in a model for hypertension was delayed in TG2-
/‐ mice [40]. Also, Bakker et. al found that TG2 facilitates inward remodeling in 
small arteries upon flow‐reduction after ligation of mesenteric arteries [1,40]. 
In TG2-/- mice, the reduced inward remodeling however was compensated by 
another transglutaminase, FXIIIA, secreted by monocytes/macrophages. This ability 
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of transglutaminases to compensate for the deficiency of another was further 
demonstrated by Tarantino et al., showing increased expression of FXIIIA in femurs 
of TG2‐/‐ mice compared to wild‐type littermates [41]. 
Atherosclerotic plaque development can be influenced by several transglutaminase-
related processes, i.e. the state of the endothelial barrier, the adhesion and 
migration of monocytes into the vessel wall and the phagocytosis of apoptotic 
cells by macrophages [42‐44]. Van Herck et al. showed a TG2 dependent decrease 
in atherosclerotic lesion size and inflammatory response [45] in an ApoE‐/‐
TG2-/- mouse model for atherosclerosis.  Also other research groups showed, 
although opposing, transglutaminase related effects on atherosclerotic outcome 
in different mouse models under influence of angiotensin I receptor cross-linking 
on monocytes [46], phagocytosis of macrophages [42], and lipid accumulation in 
the lesions [47]. In human atherosclerotic lesions, TG2 showed co‐localization with 
the transglutaminase cross‐link [48] and elafin [49], implicating a role for TG2 in 
stabilization of atherosclerotic lesions against plaque rupture.  

SCOPE OF THESIS

The precise mechanisms by which the vasculature adapts to changes in blood flow 
are not yet fully understood. Inflammatory cells may contribute to the remodeling 
process by the release of matrix degrading enzymes like matrix metalloproteinases 
and by the release of ROS (reviewed in Chapter 2; see Figure 1‐4 for schematic 
overview of thesis chapters). The role of inflammation in vascular remodeling in 
opposite directions, inward versus outward remodeling is investigated in Chapter 
3. We investigated whether the phenotype of the inflammatory response during 
flow-induced remodeling in resistance arteries is related to the direction of the 
remodeling response by using a ligation model in mice.
Besides inflammation, large artery remodeling involves the phenotypic 
differentiation of smooth muscle cells from a contractile to a more activated, 
proliferative phenotype. Nur77, a nuclear receptor belonging to the NR4A subfamily, 
was shown to be induced in activated smooth muscle cells following inflammatory 
cytokine treatment in‐vitro [50]. In Chapter 4 we aimed to study the function of 
Nur77 in smooth muscle cells in outward remodeling arteries by using a carotid 
artery ligation model and Nur77-transgenic mice.
Previous studies from our research group revealed that transglutaminases are 
important in flow‐induced inward remodeling in small arteries [1]. In addition, 
other research groups showed a contribution of transglutaminases to several 
atherosclerosis-related processes including the phagocytic and migratory ability 
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of monocytes/macrophages [31,42]. Based on these results, we hypothesized that 
transglutaminases are also involved in the early onset of atherosclerosis due to their 
ability to cross‐link extracellular matrix proteins. To investigate this hypothesis, a 
cuff-induced atherosclerosis model was used, in which transglutaminases were 
inhibited using an active-site inhibitor. Results from this study are presented in 
Chapter 5. 
The gene expression of TG2 in endothelial cells was found to be shear stress 
responsive [39].  To further investigate the relation between shear stress and 
transglutaminase activation in atherosclerotic lesion development, we used a shear 
stress-dependent atherosclerosis model. Again, the activity of transglutaminases 
was inhibited using an active‐site inhibitor (see Chapter 6). 
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Figure 1‐4: Schematic overview of research described in this thesis. Chapter 2 describes the contribution of 
shear stress patterns and inflammatory cells to the formation of ROS and to structural remodeling of the vessel 
wall. Chapter 3 investigates the phenotype of the inflammatory response in giving direction to inward or out-
ward remodeling of arteries. Chapter 4 describes the contribution of the transcription factor Nur77 in smooth 
muscle cell activation leading to large artery remodeling. Chapter 5 investigates the influence of transgluta-
minases TG2 and FXIIIA and their ability to cross‐link extracellular matrix proteins on atherosclerotic plaque 
development. Chapter 6 describes the activation of TG2 by shear stress profiles in endothelial cells and how 
transglutaminase activation influences atherosclerotic plaque build‐up. Finally, in Chapter 7, the localization 
of transglutaminases TG2 and FXIIIA in advanced human atherosclerotic plaques in the context of calcification 
is further investigated.
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In a later stage of atherosclerosis, plaques may become calcified. In-vitro studies 
in smooth muscle cells have shown that transglutaminases are involved in the 
phenotypic switch towards an osteochondric phenotype [51]. Using advanced human 
atherosclerotic plaques obtained during endarterectomy surgery, the localisation 
of transglutaminases and its association with calcifications was investigated. The 
results of this study are described in Chapter 7.  In Chapter 8, a discussion of the 
results as described in this thesis are presented. 
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