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INFLAMMATION CONTRIBUTES TO 
VASCULAR REMODELING

This thesis addresses the contribution of several stimuli to vascular remodeling and 
atherosclerosis Results presented in Chapter 3 and 4 showed the importance of 
inflammatory cells, in particular macrophages, in the remodeling response of both small 
and large arteries. Using a mesenteric artery ligation model, macrophage infiltration was 
found to be transient and was shown to be enhanced early in the remodeling process. 
Macrophages accumulated mainly in the adventitia rather than at the luminal side of 
both inward as well as outward remodeling arteries, as was also shown by other research 
groups [1‐3]. The origin of these accumulating macrophages in the adventitia is unclear 
and remains to be determined. Intravital microscopy could be used to track the influx of 
monocytes, coming either from the luminal side or from the adventitia, into the vascular 
wall after flow cessation. 
Changes in blood flow are sensed by the endothelium. Yet, the phenotype of also 
the smooth muscle cells (SMC) affects macrophage infiltration. Thus, we found that 
overexpression of the transcription factor Nur77 in SMC resulted in a reduction in the 
number of infiltrating macrophages. This reduction in macrophages was associated with 
a decrease in outward remodeling. One possible explanation is that Nur77 might inhibit 
the inflammatory response of SMC, resulting in a reduction in chemokine production like 
MCP‐1, a chemo‐attractant of monocytes/macrophages [4]. Further studies are therefore 
needed to determine how Nur77 in smooth muscle cells affects the influx of monocytes 
after an increase in blood flow. While it became clear that macrophages are important 
for vascular remodeling, the next question was how these cells facilitate a change in 
vessel calibre. Macrophages produce cytokines that potentially influence vascular cell 
differentiation and extracellular matrix remodeling. Tang et al. [1] indeed showed that 
the recruitment of macrophages to remodeling arteries coincided with cytokine and 
chemokine expression, such as IL‐1β, IL‐6, CXCL10 and TNF‐α. However, not all cytokines 
produced are required for inward remodeling of carotid arteries after partial ligation, 
as was demonstrated using IL‐1β ‐/‐ mice [1]. Other factors derived from macrophages, 
such as MMPs, have been implicated in the remodeling of carotid arteries [5,6]. Results 
in Chapter 3 indeed show an upregulation, although not in all cases significant, in MMP‐
1 and MMP‐9 expression in both inward and outward remodeling mesenteric arteries. 
Also in the context of Nur77, a reduction in infiltrating macrophages coincided with 
a decrease in MMP‐1 and MMP‐9 production and consequent reduction in outward 
remodeling of the carotid artery (see Figure 8‐1 for an overview of inflammation related 
processes leading to remodeling). One mechanism by which MMPs could be activated 
is through locally produced ROS [7], either by SMC or macrophages. This mechanism 
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was further investigated by Tang et al. and by Martinez‐Lemus et al. who indeed 
showed superoxide‐initiated production and activation of cytokines followed by inward 
remodeling in vivo and in vitro of both carotid arteries and cremaster arterioles  [1,8]. 
Initially, we hypothesized that the direction of remodeling arteries towards inward or 
outward remodeling would depend on the phenotype of the infiltrating macrophages 
towards M1/M2 polarized macrophages. Although cytokine production of both T‐helper 
1 (Th1)  and T‐helper 2 (Th2) cytokines was upregulated in both low flow and high 
flow arteries, in line with data from other research groups [1,9], no clear phenotypic 
difference in the inflammatory response was found. However, the examination of 
such phenotype differences during the inflammatory response was not exhaustive. 
Therefore, distinct subsets of macrophages, not displaying a clear M1/M2 polarization, 
could still be important regulators of remodeling arteries. Zhou et al. described a subset 
of macrophages expressing the chemokine receptor CXCR3, the receptor for IP‐10, in 
inward remodeling carotid arteries after ligation of the external carotid artery. They 
showed that macrophages expressing CXCR3 accumulated selectively in the adventitia 
of the remodeling arteries in mice and at sites of disturbed shear stress in human 
carotid bifurcations [2]. Furthermore, CXCR3 expression contributed to macrophage 
activation by inducing the production of the transglutaminase FXIIIA, which we have 
previously shown is an important co‐factor in inward remodeling of small arteries [10]. 
Thus, macrophages may contribute to both inward and outward remodeling through the 
production of MMPs, whereas macrophage‐derived FXIIIA may be particularly important 
in inward remodeling. Whether macrophages display a different phenotype in outward‐ 
vs. inward remodeling, remains to be established.
 
 
TRANSGLUTAMINASES AND THEIR CONTRIBUTION 
TO ATHEROSCLEROTIC PLAQUE DEVELOPMENT

Because of their ability to cross‐link extracellular matrix proteins and to regulate several 
steps in the inflammatory response, i.e. adhesion and migration of monocytes [11], 
we hypothesized that transglutaminases could contribute to lesion formation during 
atherosclerosis. In this context, other research groups used various mouse models of 
atherosclerosis that involved a transglutaminase deficiency or in which either TG2 or 
FXIIIA was inhibited. Table 8-I summarizes the main results of these studies and our 
results as presented in Chapter 5 and 6. 
As shown in Table 8-I, results from other research groups yielded apparently contradictory 
results regarding the influence of TG2 or FXIIIA on atherosclerotic plaque build‐up and 
the inflammatory component in these lesions. Using the same atherosclerosis model, 
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namely the ApoE‐/‐TG2‐/‐ mice on a Western type diet, timing and/or location of analysis 
seemed important determinants of capturing TG2‐related differences in atherosclerotic 
parameters such as plaque area [13,14]. Another difficulty in comparing results from 
these studies is due to redundancy among transglutaminases, as demonstrated by 
research done within our group and also by Tarantino et al., where FXIIIA was found 
to compensate for the lack of TG2 [10,16]. To overcome this redundancy among 
transglutaminases, we chose to use an active‐site inhibitor of both TG2 and FXIIIA in two 
atherosclerosis models. We first used the cuff injury model [17], where a non‐constrictive 
cuff was placed around the injured femoral artery, to investigate the influence of 
transglutaminase inhibition on development of early atherosclerotic lesions. Although 

Figure 8‐1: Adventitial inflammatory cells, attracted from either the lumen or the adventitia, contribute to both 
inward and outward remodeling through the release of MMPs and FXIIIA.  Nur77 in smooth muscle cells influ-
ences outward remodeling by reducing the infiltration of monocytes into the vascular wall.
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Table 8-I: Summary of our results and results from other research groups investigating the contribution of one 

particular transglutaminase to atherosclerotic lesion development.

Model TG inhibited Location Plaque area Inflammation

ApoE-/- Blood cell 

transduction 

of a FXIIIA 

inhibitor [12]

Aortic root 21 wks: ↓ 21 wks: ↓

ApoE-/- TG2-/- [13] Aortic root 16 wks: -

30 wks: ↓

16 wks:-

30 wks: ↑

ApoE-/- TG2-/- [14] Brachiocephalic 

artery

24 wks: - 24 wks: n.d.

LDLr-/- TG2-/- 

bonemarrow 

transplant [15]

Aortic root 16 wks: ↑ 16 wks: n.d.

ApoE3Leiden 

[cuff]

Combined 

TG2 and 

FXIIIA inhibitor 

[Chapter 5]

Femoral artery 5 wks: - 5 wks: ↓

ApoE-/- 

[constrictive cast]

Combined 

TG2 and 

FXIIIA inhibitor 

[Chapter 4]

Carotid artery 6 wks low SS: -

6 wks osci SS: ↑

6 wks low SS: -

6 wks osci SS: ↓

no effect of transglutaminase inhibition on plaque size could be found, the inflammatory 
component as measured by infiltrating macrophages in the media of the femoral arteries 
was reduced. Although we used a broad atherosclerosis gene expression array in the cuff 
injury model, the mechanism by which inhibition of cross‐linking activity of transglutami-
nases lead to less macrophage infiltration in the cuff injury model remains to be determined.   
The second model for testing the role of transglutaminase in atherosclerosis was based 
on disturbed shear stress using a constrictive cast [18]. Disturbed shear stress is a well‐
known determinant of atherosclerotic lesion development in humans [19,20]. Using 
this model, we found that transglutaminase inhibition only influenced plaque area and 
composition in areas of oscillating shear stress, indicating a shear stress profile‐related 
activation of transglutaminase. Also in this model we found that inhibition of transgluta-
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minases reduced plaque macrophage content, as well as lipid and fibrin(ogen) content. 
Since the effect of transglutaminase inhibition was restricted to the area of disturbed 
shear stress, this suggested an important role for the endothelium and the local hemo-
dynamic profile. Therefore, subsequent studies were done to elucidate the activation 
of endothelial TG2 in relation to different shear stress profiles and coagulation factors.

ACTIVATION OF TG2

The cross‐linking activity of TG2 is regulated by binding of nucleotides, both ATP and GTP, 
and calcium. Calcium activates TG2 by inducing a conformational change allowing access 
of substrates to the active site, including Cys277. Under physiological circumstances, 
within the cell the relatively low Ca2+ and high GTP concentrations are associated with 
low TG2 activity [21‐23]. Besides calcium and GTP, also the availability of NO, which 
influences the S‐nitrosylation of TG2, and the redox state inside the cell can influence 
TG2 activation [21,24]. Indeed, as was demonstrated by Santhanam et al. steady shear 
stress profiles acting on endothelial cells, causing a steady production of NO, lead to 
increased S‐nitrosylation of TG2, thereby decreasing TG2 activity compared to static 
conditions [24]. Disturbed shear stress profiles acting on endothelial cells lead to the 
production of ROS, thereby negatively influencing bioavailability of NO (Chapter 2). 
In our in vitro model (Chapter 6), we used oscillating shear stress to further study the 
effect of atherogenic shear stress profiles on TG2 activity in endothelial cells and found 
oscillating but not steady shear stress to induce transglutaminase activity. Whether this 
effect was due to a decreased bioavailability of NO or by ROS‐related calcium influx in 
the cell, inducing a conformational change towards an active conformation of TG2 needs 
to be further elucidated. 

TRANSGLUTAMINASES IN 
TRANSENDOTHELIAL MIGRATION

Once activated inside the cell, TG2 might conduct intracellular cross‐linking actions or 
the enzyme might be externalized. As shown in Chapter 6, activated transglutaminase 
activity in endothelial cells was associated with thrombin‐induced stress fiber formation. 
TG2 also affected the activation of RhoA, suggesting that the effect of TG2 on barrier 
properties of the endothelium may act at least partly through RhoA. Indeed, in line with 
our data, Myrsky et al. showed that, in the context of celiac disease, TG2 auto‐antibodies 
induced TG2 activity in endothelial cells and enhanced transmigration of lymphocytes 
in a RhoA‐dependent manner [25]. Other intracellular substrates of TG2 that also could 
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influence endothelial‐monocyte interactions include cell adhesion molecules (CAM). 
In this respect, van den Akker et al. showed vascular cell adhesion molecule 1 to be 
a substrate for TG2 in vascular smooth muscle cells (van den Akker et al., submitted). 
However, results as presented in Chapter 6 could not differentiate between endothelial‐ 
or monocyte‐related transglutaminase actions. Future experiments could give more 
insight into the differentiation between TG2‐, FXIIIA‐ or even TG1‐related actions involved 
in monocyte migration through endothelial cells. For this purpose, a constrictive cast 
could be placed around the carotid artery of both WT and TG2‐/‐ mice to induce changes 
in shear stress profiles after which the amount of monocytes infiltrating the vessel wall 
could be quantified. 
As an alternative to intracellular actions of transglutaminase, activation of the enzyme 
could also influence several pathways in the extracellular matrix that may influence 
monocyte adhesion and migration through the endothelium. As shown in Chapter 6, in 
lesions in the oscillatory shear stress region, fibrin(ogen) deposition was reduced by the 
transglutaminase inhibitor. Fibrin(ogen), a substrate for both TG2 as FXIIIA, is known to 
regulate gene expression of CAM on the endothelial surface, possibly through ligation of 
fibrin(ogen) to VE‐cadherin and by activation of the transcription factor nuclear factor‐
κ‐B, thereby promoting monocyte adhesion [26,27]. In human atherosclerotic plaques, 
it was proposed that cross‐linking of fibrin(ogen) to lipoprotein(a) by FXIIIA could 
contribute to an antifibrinolytic environment, the formation of foam cells and an increase 
of the smooth muscle cell content in the plaque [28]. As an alternative, it was suggested 
that, due to sequence homology between TG2 and FXIIIA, TG2 in the vessel wall could 
act as a local coagulation factor enhancing fibrin(ogen) stabilization into the vessel wall 
following vascular injury [29]. Data presented in Chapter 6 support the latter hypothesis; 
a possible route of action could be through local upregulation in gene expression or 
activity of tissue factor (TF), known to be upregulated  in endothelial cells exposed to 
oscillating shear stress [30].  Figure 8‐2 shows an overview of transglutaminase activation 
influencing monocyte adhesion and migration through the endothelial layer, based on 
results presented in Chapter 6.
Besides cross‐linking activities of transglutaminases, also non‐enzymatic actions were 
shown to influence adhesion and migration of several cell types [11,32]. However, 
in order to be either transported to the outside of the cell membrane or completely 
externalized from the cell, it was implicated that an intact fibronectin binding site as 
well as accessibility of the active site, in particular the Cys277 [32,33], is needed. In 
this respect, the cell permeable (van den Akker, submitted) transglutaminase inhibitor 
used in Chapter 5 and Chapter 6 could indirectly influence non‐cross‐linking actions of 
transglutaminase by inhibiting its externalization through blocking interactions with the 
active site.
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TRANSGLUTAMINASES IN ADVANCED 
ATHEROSCLEROTIC PLAQUES

As mentioned earlier, transglutaminases are able to cross‐link several extracellular matrix 
proteins, including collagen and fibronectin, which are produced during atherosclerotic 
lesion development. It was proposed by several research groups that cross-linking of 
these proteins in shoulder regions of the plaque could protect against plaque rupture 
[34‐36]. However, in the human advanced atherosclerotic plaques presented in Chapter 7 
the transglutaminase-produced cross-link could not be detected in shoulder regions, but 
rather in areas of calcifications. Furthermore, as shown by using a constrictive cast model 
of atherosclerosis in mice, inhibition of transglutaminases resulted in larger lesions with 
a more stable phenotype, implying a protective effect of transglutaminase inhibition 
rather than activation in lesion development (Chapter 6). In this respect, both Van Herck 
et al. and Williams et al. investigated plaque vulnerability in their atherosclerosis mouse 
model and found the amount of buried fibrous caps in the brachiocephalic artery was 
not significantly different between ApoE‐/‐ and ApoE‐/‐TG2‐/‐ mice. Possibly, this is due 
to redundancy amongst transglutaminases in their models [13,14]. Further research will 
be needed to investigate plaque rupture under influence of transglutaminase activity, 
taking into account the possible compensation mechanisms between transglutaminases.
In a further stage of atherosclerosis, plaques may become calcified. In advanced human 
atherosclerotic plaques we found these calcified areas to correlate with transglutaminase 
activity, as determined by the transglutaminase‐induced cross‐link. The cross‐link was 
associated with FXIIIA, which was dominant over TG2 and was delivered by macrophages 
in the plaque (Chapter 7). It would be of interest to investigate more closely the causal 
relationship between TG2 activity and vascular calcification. Using in vitro studies on 
smooth muscle cells and aortic rings, Johnson et al. showed that TG2 is important in 
inducing a phenotypic switch towards a chondro-osseous phenotype. Furthermore, 
the deficiency of TG2 can be partly rescued by exogenous active TG2 and FXIIIA [37]. 
Using Matrix Gla protein ‐/‐ mice, a mouse model leading to rapid vascular calcification, 
Kaartinen et al. showed an upregulation of TG2 and the cross‐link in calcifying arteries 
[38].  
Future experiment could focus on the contribution of macrophage‐delivered TG2 and 
FXIIIA in inducing a phenotypic differentiation of smooth muscle cells into a bone‐
forming cell eventually leading to vascular calcification. In a first attempt to study vascular 
calcification using our TG2‐/‐ mice, we tried to induce vascular calcification by warfarin 
treatment. Warfarin treatment in rats is commonly used to study vascular calcification 
as a result of decreased γ‐carboxylation of proteins inhibiting mineralization, like Matrix 
Gla protein [39]. Using our wild type and TG2‐/‐ mice, which are bred on a mixed C57Bl6/
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Figure 8‐2: Oscillatory shear stress directly increases TG2 activity in endothelial cells, possibly through in-
creased influx of ROS‐related Ca2+ and by decreasing bioavailability of NO. Furthermore, oscillating shear stress 
is known to upregulate both mRNA and activity of tissue factor (TF), causing local production of thrombin [30]. 
Results in Chapter 6 show that thrombin is able to activate TG2, causing stress fiber formation, partly through 
activation of RhoA. Active TG2 is able to cross‐link fibrin(ogen) into the vessel wall in regions of oscillatory 
shear stress (Chapter 6), which may inflyuence monocyte adhesion to the endothelium by upregulation of cell 
adhesion molecules (CAM) [31].
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Svjl29 background, warfarin treatment did not lead to vascular calcification, possibly due 
to the background strain of our mice. Other research groups indeed found C57Bl6 mice 
to be more resistant in developing vascular calcification compared to DBA/2 mice [40]. 
Backcrossing of our TG2-/- mice on a DBA/2 background following warfarin treatment 
would allow the study of TG2 related vascular calcification. Using our transglutaminase 
inhibitor and bone‐marrow transplantations it would also be possible to differentiate 
between TG2 and FXIIIA related induction of vascular calcification as well as the 
contribution of immune cells on the calcification process.

CLINICAL PERSPECTIVE

Research presented in this thesis showed the importance of inflammatory cells, in 
particular monocytes/macrophages, in physiological remodeling of both small and large 
arteries following changes in flow. However, dysregulated remodeling of the vascular 
wall, due to a persisting inflammatory response, may lead to pathologies, including 
hypertension and atherosclerosis. While such dysregulation of vascular structure can 
clearly not be attributed to only transglutaminases, these enzymes seem so intimately 
involved in vascular regulation that investigation of therapeutic possibilities seems 
relevant. Based on the currently observed causal relations and correlations, the 
processes that could be affected by intervention on transglutaminase activity include 
inward remodeling of small arteries, infiltration of macrophages in atherosclerotic 
lesions, size and phenotype of atherosclerotic lesions at sites exposed to an oscillating 
shear stress, and calcification in advanced plaques. 
TG2 and FXIIIA are widely expressed by several cell types throughout the vascular system. 
A global inhibition would therefore interfere with many other cross‐linking related 
processes than the target alone. One such example is the role of FXIII in clot stability. 
Therefore, a more subtle approach towards local inhibition of transglutaminases could 
benefit atherosclerotic disease outcome. This could be achieved through development 
of monoclonal antibodies, directed against specific epitopes on the transglutaminase 
protein in order to inhibit i.e. extracellular transglutaminase only. Although work 
presented in this thesis suggests that interfering with the cross‐linking activities 
of trangslutaminases  might influence the clinical outcome of atherosclerosis, the 
contribution of non‐enzymatic functions of transglutaminases cannot be ruled out 
completely. In conclusion, the research presented in this thesis contributes to a better 
understanding of mechanisms that influence vascular remodeling in small and large 
arteries, but further work is clearly needed to extrapolate these results to the human 
situation.
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