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Background
Transglutaminases (TGs) are involved in macrophage infiltration, and are found in 
human atherosclerotic lesions. We hypothesized that TGs affect the development of 
atherosclerotic lesions. 

Methods
A tapering cast was placed around the carotid artery of ApoE‐/‐ mice (n=16), creating 
a lowered shear stress proximal of the cast (LSS) and an oscillatory shear stress region 
distal from the cast (OSS). Both tissue type transglutaminase (TG2) and the plasma 
transglutaminase Factor XIIIA (FXIIIA) were inhibited by the transglutaminase inhibitor 
L682.777, delivered by an osmotic minipump (n=8). 

Results
TG2 is activated by oscillatory shear stress and influences the actin cytoskeleton in 
endothelial cells in vitro. Using an in vivo model for atherosclerosis, in the OSS region, 
inhibition of TGs resulted in larger lesions (12673 ± 1327 μm2 for control versus 24135 
± 3732 μm2 TG inhibitor, p<0.05), with higher smooth muscle content (10 ± 5% of total 
plaque area in control versus 38 ± 8% TG inhibitor, p=0.01), lower lipid content (23±5% 
control versus 5±3% in TG inhibitor, p<0.05) and lower macrophage content (51±10% for 
control versus 10±3% in TG inhibitor, p<0.05). TG inhibition had no effect on lesion size, 
lipid accumulation and macrophage infiltration in lesions developed in the LSS region. 

Conclusion
Inhibition of TGs has a profound effect on plaque size and composition in regions of 
oscillatory shear stress, resulting in larger lesions with a more stable phenotype. 
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INTRODUCTION

Atherosclerosis is a multifactorial disease, involving genetic factors, life‐style, and 
local hemodynamic conditions. Lesions develop preferably at certain locations in large 
arteries, which include bifurcations, curvatures and side branches [1]. Here, endothelial 
cells are exposed to oscillatory and low shear stress. This hemodynamic profile affects 
the local coagulation state, increases the expression of leukocyte adhesion factors, and 
promotes the formation of reactive oxygen species [2‐4]. These conditions may promote 
the infiltration of leukocytes, a key step in the initiation of atherosclerosis.
Within the endothelium, the enzyme transglutaminase type 2 (TG2) is highly expressed. 
Despite its abundance, its functional role remains largely unknown. We previously found 
that inhibition of TG2 reduces the number of macrophages in cuff‐induced lesions in 
ApoE3 Leiden mice on high fat diet [5]. Other reports suggest that endothelial TG2 might 
function as a local coagulation factor [6], and can be activated by thrombin in vitro [7]. 
The expression of TG2 has also been shown to increase under oscillatory shear stress in 
endothelial cells in vitro [8] and after exposure to inflammatory cytokines [9,10]. Based 
on these observations, we hypothesized that TG2 plays a role in the development of 
atherosclerosis. We report that TG2 is activated by oscillatory shear stress, and affects 
the endothelial cytoskeleton and cell morphology. In vivo, the inhibition of TG2 greatly 
affects atherosclerotic lesion composition in areas exposed to oscillatory shear stress, 
but not in areas of low, steady shear stress.         

 
MATERIALS AND METHODS

Flow setup and endothelial cell culture

HUVECs from pooled donors (Lonza) were cultured in fibronectin coated Ibidi slides 
(μ‐slides 0.4, Ibidi; concentration 8 * 104 cells/slide) untill confluence was reached. 
HUVECs were cultured in EGM‐2 MV culture medium (Lonza) and passages 3‐7 were 
used in the experiments. After reaching confluence, HUVECs were exposed to different 
flow conditions for 24 hours, using a setup in which a pressure difference is created 
between the inlet and the outlet of the Ibidi slide [11]. Flow patterns used were either 
steady flow (1 ml/min) or oscillatory flow (1ml/min ± 2 ml/min) leading to a shear stress 
of 1.3 dyne/cm2 and 1.3 ± 2.6dyne/cm2 respectively.  
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Shear stress and transglutaminase activity

To investigate whether different flow patterns activate transglutaminases in endothelial 
cells, HUVECs were cultured in the flow setup for 24 hours in the presence of 10-4M 
FITC‐cadaverine. After 24 hours of either steady flow or oscillatory flow, HUVECs were 
fixated with 4% formalin and slides were mounted with Vectashield containing DAPI 
(Brunschwig) and imaged with confocal microscope (Leica). ImageJ was used to quantify 
the transglutaminase activity by measuring the total intensity of the FITC‐cadaverine 
signal within one field of view. Static cultured HUVECs in Ibidi slides were used as control

PCR 

To measure the influence of steady and oscillatory flow patterns on mRNA expression 
of TG2, HUVECs were washed with ice‐cold PBS and immerged in Tri‐reagent (Sigma‐
Aldrich). Samples were snap‐frozen in liquid nitrogen and stored at ‐80°C until RNA 
extraction. Specific primers for TG2 FW: 5’‐CTAAGAGATGCTGTGGAGGAG‐3’ RV: 5’ 
GGCACCAGGCGTTGAAG‐3’ and ribosomal protein P0 FW: 5’‐TCGACAATGGCAGCATCTAC‐3’ 
RV: 5’‐ATCCGTCTCCACAGACAAGG‐3’ were designed using Beacon Designer software and 
purchased from Invitrogen. Expression of genes was presented relative to housekeeping 
gene RLP0. 

Thrombin stimulation and transglutaminase activity in carotid 
arteries

To study the effect of thrombin on the activity of endogenous transglutaminase in the 
vessel wall, carotid arteries of female C57Bl6/J mice (n=5 per group) were used. After 
euthanization, carotid arteries of mice were isolated and cut into three pieces and used 
for three separate experimental groups. The carotid artery pieces were then incubated 
for 24 hours at 37°C in 100 ul Leibovitz culture medium (Gibco) supplemented with 1% 
antibiotic‐antimycotic (Gibco) in the presence or absence of 1U/ml thrombin and 10-5M 
TG inhibitor L68277 ((1,3,4,5,‐Tetramethyl‐2‐[(2‐oxopropyl)thio]imidazolium chloride, 
Zedira)). To visualize TG activity in the vessels, 10-5M Alexa Fluor 594‐cadaverine was 
added during the experimental period. At the end of the experimental period, the 
pieces of carotid artery were washed with PBS and cut open longitudinally. Vessels were 
mounted with Vectashield containing DAPI (Vectorlabs) on microscopy glasses with the 
endothelium facing upwards and imaged with confocal imaging (Leica).  The TG activity 
as determined by Alexa Fluor 594‐cadaverine incorporation was quantified using ImageJ 
software. 
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Thrombin stimulation in endothelial cells

HUVECs were used to study the effect of thrombin stimulation on the cytoskeletal 
remodeling and the redistribution of TG2 in endothelial cells. HUVECs were cultured in 
fibronectin coated Ibidi slides (concentration 8 * 104 cells/slide; μ‐slides 0.4, Ibidi) until 
confluence. When confluence was reached, cells were pre‐incubated for 1 hour with the 
TG inhibitor (10-5M) and thereafter stimulated with 1U/ml thrombin for 30 min. Then, 
cells were washed with PBS, fixated using 4% formaldehyde and phase contrast images 
were taken to determine the circularity of a cell as determined by its shape index. The 
shape index, defined as 4πA/p2, where A is the area of the cell and p the perimeter of the 
cell, was calculated by automatically detecting the contours of a cell using a threshold 
(Matlab, The Mathworks).
Subsequently, cells were stained with FITC‐phalloidin (1:500, Invitrogen) and for TG2 
(1:10, Labvision) combined with Cy3‐labelled goat anti‐rabbit antibody (Brunschwig). 
Cells were mounted with Vectashield containing DAPI (Vectorlabs) and imaged with 
confocal microscopy (Leica).  

RhoA activation in endothelial cells

After lysis of the cells (25mM Tris, 150mM, NaCl, 10mM MgCl2, 2mM EDTA, 0.02% SDS, 
0.2% Deoxycholate, 1% Triton X‐100, pH7.4) and centrifugation (10 minutes at 14.000g) 
of the cytoskeletal fraction, C21‐Rhotekin‐GST fusion protein for active RhoA was added 
[12]. After incubation for 30 minutes at 4°C, GST‐beads were centrifuged, washed and 
analyzed by SDS-PAGE.

In vivo mouse model

An atherosclerosis mouse model was used to investigate the effect of transglutaminase 
inhibition on atherosclerotic plaque development. Four months old female ApoE‐/‐ 
(n=16) mice on a C57Bl6/J background were used in the experiments. Mice were fed a 
standard chow until the start of the experiment. From then on, mice were fed a Western 
type diet (4021.06, Arie Blok) containing 0.25% cholesterol for two weeks before the 
surgical procedure and continued for the remaining experimental period of 4 weeks. All 
experiments were approved by the local committee for animal experiments.
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Experimental procedures

After two weeks of Western type diet, mice were anesthesized with isoflurane (2%) and 
the right common carotid artery was dissected from its surrounding tissue, whereafter 
a tapered polymethylpentene cast (diameter 200‐400 μm, 1.5 mm length) was placed 
around the carotid artery [13]. This tapered cast creates different shear stress regions, 
i.e. lowered shear stress proximal of the cast, an increased shear stress region inside the 
cast and an oscillatory shear stress region distal from the cast [14]. Within the time‐frame 
of 4 weeks, the placement of this cast results in shear stress‐induced atherosclerotic 
plaques at the low shear stress region (proximal from the cast) and at the oscillatory 
shear stress region distal from the cast. In n=8 mice, additionally an osmotic minipump 
was placed in the intraperitoneal cavity containing the irreversible active‐site directed 
inhibitor L68277 (0.1 M, Zedira). This inhibitor blocks both TG2 and Factor XIIIA and was 
used to avoid compensatory mechanisms among these transglutaminases [15].

Flow measurements using ultrasound

Velocity and diameter measurements in the right carotid artery, proximal from the cast, 
and the uncasted left carotid artery were performed at the end of the experimental 
period under 2% isoflurane anesthesia with the use of a Vevo 770 system (Visualsonics) 
and a 40 MHz probe (RMV‐704). Heart rate and body temperature were monitored during 
the measurements. Based on the Poiseuille relationship, the time‐averaged maximum 
velocity and time‐averaged diameter were used to calculate the time‐averaged flow 
(Q=0.5*Vmax*pi*(D/2)2).

Plasma cholesterol and triglyceride levels

Blood samples from mice were collected by heart puncture under general anesthesia. 
Plasma cholesterol and triglycerides were determined enzymatically using a commercially 
available kit (bioMerieux). 

Immunohistochemistry

After euthanazition, carotid arteries were isolated and stored, together with a small 
piece of liver, embedded in Tissue Tek and snap-frozen using isopropanol. Tissues 
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were stored at ‐80°C until further processing. Equally spaced serial cryosections (5 
μm thick, every 200 μm) were stained with Oil Red O to determine fat‐deposits in the 
atherosclerotic lesions. Furthermore, cryosections were stained for the appearance 
of macrophages (CD68 antibody, concentration 1:200, AbDSerotec), smooth muscle 
cells (1A4 antibody, concentration 1:500, Dako) and fibrin(ogen) (HRP‐goat anti‐mouse 
fibrin(ogen) antibody, concentration 1:500, Nordic). Briefly, sections were fixed in 
acetone, followed by overnight incubation of the antibodies at 4°C or incubation of 1 
hour at room temperature (1A4). Appropiate HRP‐conjugated secondary antibodies 
were applied for 30 minutes at room temperature whereafter antibodies were visualized 
with either AEC or DAB. Hematoxylin was used to counterstain nuclei. BioPix software 
(BioPix) was used to quantify positive staining in cross‐sections, where the cross‐section 
with the largest lesion in either the low shear stress region and the oscillatoiry shear 
stress region was used for analysis.   

 
RESULTS

Oscillatory shear stress activates TG2 in endothelial cells

To study the presence of TG2 in the vessel wall, sections of a carotid artery of an ApoE‐
/- mouse were stained using immunohistochemistry. Figure 6-1A shows that TG2 protein 
is highly expressed in the endothelial cells of the arterial wall and less expressed in the 
smooth muscle cells. To investigate the effect of shear stress profiles on the TG2 activity 
in endothelial cells, HUVECs were cultured under either steady or oscillatory flow profiles 
for 24 hours in the presence of FITC‐cadaverine to visualize TG2 activity. Oscillatory shear 
stress significantly increased TG2 activity in HUVECs, as compared to endothelial cells 
exposed to steady shear stress (Figure 6‐1B and C). A diffuse staining pattern throughout 
the cell is noticed when cells were exposed to oscillatory shear stress, whereas cells 
experiencing steady shear stress show a more granular staining pattern of TG2 activity 
around the nucleus. RT-PCR results show that TG2 is a shear stress responsive gene, as 
indicated by a downregulation of the TG2 expression under flow conditions compared to 
cells in static culture. However, TG2 mRNA expression level was not significantly different 
when cells were exposed to steady versus oscillatory shear stress (Figure 6‐1D). 
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Thrombin stimulation of vessels increases TG2 activity

Oscillatory shear stress may induce a procoagulant state, with an increase in tissue 
factor activity [16]. We therefore investigated the effect of thrombin on the activity of 
TG2 in the vessel wall, using the fluorescent TG2 substrate Alexa Fluor 594‐cadaverine. 
Carotid arteries were incubated with 1U/ml thrombin for 24 hours and TG2 activity 
was visualized with confocal microscopy. Vessels stimulated with thrombin showed 

Figure 6-1: A) TG2 staining of a carotid artery section obtained from an ApoE‐/‐ mouse. TG2 staining is pre-
dominantly present in the endothelial layer of the vessel wall. B) FITC‐cadaverine incorporation in HUVECs to 
detect TG2 activity. Cells were exposed to 24 hours of steady flow or oscillating flow in the presence of 10-4M 
FITC cadaverine. Scalebar = 50 μm. C) Quantification of FITC‐cadaverine incorporation in endothelial cells. D) 
Gene expression of TG2 in HUVECs exposed to steady or oscillating flow conditions for 24 hours compared to 
housekeeping gene (RLP0).

0

200

400

600

800

1000

1200

1400

A
c�

vi
ty

 [-
]

*

*

Sta�c Steady Oscillatory

Control Steady Oscillatory

scalebar = 50 um

0.00

0.10

0.20

0.30

0.40

TG
2/

H
KG

 e
xp

re
ss

io
n 

[-
]

Sta�c Steady Oscillatory

0.50

A

B

D

*
*

C

Lumen



TRANSGLUTAMINASES IN SHEAR STRESS-INDUCED ATHEROSCLEROSIS | 117

significantly more TG2 activity compared with control vessels (Figure 6‐2 A and B). Alexa 
Fluor 594- cadaverine was incorporated mostly at the basolateral side of the endothelial 
layer (Figure 6‐2A). After incubation with the TG inhibitor L68277, TG2 activity after 
thrombin stimulation was reduced to baseline levels (Figure 6‐2 A and B). 

Thrombin-induced stress fiber formation is dependent on TG2 
activity

Thrombin is known to induce actin fiber formation in endothelial cells, associated with a 
decrease in barrier function [17]. To investigate the contribution of TG2 in this thrombin‐
induced cytoskeletal remodeling, HUVECs were stimulated with thrombin for 30 minutes 
and stained for F‐actin. As seen in Figure 6‐3A, thrombin induced the formation of stress 
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Figure 6-2:  A) Alexa Fluor 594‐cadaverine incorporation to detect endogenous TG2 activity in the vessel wall 
of carotid arteries of C57BL/6 mice after stimulation with thrombin. Control vessels were used to determine 
background TG2 activity. Scalebar = 75 μm. B) Quantification of TG2 activity as determined by Alexa Fluor 
594‐cadaverine incorporation in the vessel wall.
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fibers across the cytoplasm of endothelial cells. Control samples showed actin staining 
mainly along the cell membrane. Pre‐incubation with the TG inhibitor inhibited the 
formation of stress fibers after thrombin stimulation. After stimulation with thrombin 
cells became more longitudinally shaped as determined by the shape index compared 
to control cells, which maintained a more circular cell shape (Figure 6‐3B). This effect 

Figure 6-3: A) Phalloidin staining in HUVECs to detect stress fiber formation after stimulation with 1U/ml 
thrombin in the presence or absence of the TG inhibitor. Cells were also stained for TG2 to detect localization 
of TG2 protein within the cell after stimulation with thrombin. Scalebar = 50 μm. B) Shape index of HUVECs 
after stimulation with 1U/ml thrombin in the presence or absence of the TG inhibitor.  C) RhoA activity as-
say on HUVECs stimulated with thrombin. A decrease in GTP‐bound RhoA is observed in the presence of the 
transglutaminase inhibitor.
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of thrombin could be inhibited by the TG inhibitor. Moreover, thrombin induced a re-
distribution of TG2 protein in the cell from a peri‐nuclear staining pattern (control cells) 
to a granular staining pattern inside and in between the cells (Figure 6‐3A). The TG 
inhibitor also prevented this thrombin‐induced re‐distribution of TG2 protein in the cell 
(Figure 6‐3A). The role of TG2 in thrombin‐induced stress fiber formation was associated 
with the activation of RhoA (Figure 6‐3C). Thus, the TG inhibitor reduced the GTP‐bound 
form of RhoA by 39% (n=2), suggesting that TG2 promotes stress fiber formation at least 
partly via the RhoA pathway.  

In vivo mouse experiments

Based on the in vitro findings, we aimed to test the in vivo relevance of TG2 in a setting of 
atherosclerosis induced by altered shear stress. For this purpose, a constrictive cast was 
placed around the carotid artery of ApoE‐/‐ mice. In this mouse model, atherosclerotic 
lesions are induced by low and oscillatory shear stress patterns before and after the cast 
respectively. To test the role of TG2, some mice additionally received the TG inhibitor 
L68277, delivered continuously by an osmotic minipump. After the experimental period 
of four weeks, no differences were found in body weight of the control mice and mice 
receiving the TG inhibitor (see Table 6‐I). Cholesterol levels as well as triglyceride levels 
in plasma were not significantly different between control mice and TG inhibitor treated 
mice. 

Table 6-I: Mice characteristics

Control mice TG inhibitor mice p-value

Body weight start diet [g] 20.5±0.5 21.8±0.5 0.11

Plasma cholesterol [mmol/l] 24.1±1.1 22.0±1.1 0.18

Plasma triglycerides [mg/dl] 111.5±27.8 84.6±13.0 0.40

TG inhibition leads to larger lesions in the oscillatory shear stress 
region 

Atherosclerotic lesion development was analyzed hemodynamically and histologically 
four weeks after cast placement. Combined cast placement and lesion growth resulted 
in a flow reduction of 58 % compared to flow through the contra lateral carotid artery, 
both in the control mice (58 ± 4%) and the mice that received the transglutaminase 
inhibitor (58 ± 7%). In the low shear stress region, TG inhibition did not significantly 
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influence the atherosclerotic lesion size at any location (88518 ± 8089 µm2 in control 
mice versus 96885 ± 12886 µm2 in mice receiving the TG inhibitor, p = 0.6,  Figure 6-4A 
and B). In the oscillatory shear stress region however, TG inhibition resulted in larger 
lesions (12673 ± 1327 µm2 in control mice and 24135 ± 3732 µm2 in TG inhibitor mice, 
p=0.01, Figure 6‐4A and B).
Vessels in the low shear stress region showed outward remodeling associated with lesion 
development. Transglutaminase inhibition did not influence this Glagov [18] remodeling 
in arteries in the low shear stress region (192 ± 46 % remodeling in control mice versus 
175 ± 37 % in mice receiving the TG inhibitor).

TG inhibition results in more stable lesions in oscillatory shear 
stress region

Plaque composition was analyzed by staining cross‐sections of the atherosclerotic 
carotid arteries for lipid content by Oil Red O (Figure 6‐5A and B). Lesions in the low shear 
stress region contained more lipids as detected by Oil Red O staining compared with the 
oscillatory shear stress region (normalized to intimal area; 39 ± 4% in low shear stress 
regions and 23 ± 5% in oscillatory shear stress regions (p<0.02)). After TG inhibition, 
atherosclerotic lesions in the oscillatory shear stress region contained markedly less 
lipids compared with control mice (5 ± 3% in TG inhibitor treated mice compared to 23 

Figure 6-4: A) Plaque area of control mice and mice receiving the TG inhibitor at several locations proximal 
and distal from the cast. B) Quantification of plaque areas based on sections with the largest lesion in low 
and oscillatory shear stress regions. TG inhibition leads to larger lesions in the oscillatory shear stress region 
(p<0.01). N.s. = not significant.
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Figure 6-5: A) Oil Red O staining for lipids in lesions in the low and oscillatory shear stress region for control 
mice and mice receiving the TG inhibitor. B) Quantification of lipid accumulation by Oil Red O staining. Data 
are shown as a ratio of the intima area. C) CD68 staining to detect macrophages in lesions in low and oscilla-
tory shear stress region in control mice and mice receiving the TG inhibitor. D) Quantification of CD68 positive 
area. Data are shown as a ratio of the intima area. E) Smooth muscle actin staining (1A4) in lesions in low and 
oscillatory shear stress regions in control and TG inhibitor mice. F) Area positive for 1A4 as a ratio of the intima 
area. Scale bar = 150 μm.
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± 5% in control mice, p=0.01). In contrast, the TG inhibitor did not affect lipid content in 
the low shear stress area. 
Macrophages were detected by staining cross‐sections for CD68. TG inhibition lead to 
a pronounced reduction in macrophage accumulation in lesions that developed in the 
oscillatory shear stress region (Figure 6‐5C and D; 51 ± 10% in control mice and 10 ± 3% 
in TG inhibitor treated mice, p<0.01). TG inhibition did not affect macrophage content in 
the low shear stress area.
The relative amount of smooth muscle cells in the intima of lesions in the low shear 
stress region did not significantly differ from lesions in the oscillatory shear stress region 
(11 ± 2% in the low shear stress region compared to 10 ± 5%). Inhibition of TG resulted in 
an increased smooth muscle cell content in lesions in the oscillatory shear stress region 
compared to control (38 ± 8% in TG inhibitor treated mice and 10 ± 5% in control mice, 
Figure 6‐5 E and F).  
Finally, the contribution of TG2 to the deposition of fibrin(ogen) was analyzed. Lesions 
in the low shear stress region contained similar amounts of fibrin(ogen) compared with 
lesions in the oscillatory shear stress region. When transglutaminases were inhibited, 
less fibrin(ogen) was deposited in lesions in the oscillatory shear stress region as 
compared with control mice (14 ± 3% in TG inhibitor mice and 32 ± 6% in control mice, 
p<0.02) (Figure 6‐6A and B).

DISCUSSION

The preferential localization of atherosclerotic lesions to areas of disturbed shear stress 
is well documented [1,19]. As the endothelium is exposed directly to the flowing blood, 
many studies focused on the impact of different shear stress profiles on the function 
of endothelial cells. These studies revealed that the exposure of endothelial cells to 
disturbed fluid flow induces changes in the expression of many genes. In general, a more 
pro‐inflammatory and pro‐coagulant state is found [2]. This phenotype of endothelial 
cells promotes the infiltration of leukocytes, including monocytes/macrophages. The 
subsequent uptake of lipids by macrophages is a crucial step in the development of 
atherosclerosis. Here we indentified TG2 as a shear stress responsive gene. Despite the 
reduction in TG2 mRNA with both low steady and oscillatory shear stress, we found a 
selective increase in TG2 activity under oscillatory shear stress. The activity of TG2 is 
regulated by calcium, nitric oxide, and the local redox state [20,21]. Possibly, the oscillatory 
shear stress profile affects TG2 activity through one or more of these pathways. Recent 
work of Santhanaham [20] showed that inhibition of nitric oxide increases TGase activity 
in HUVECs. Thus, reactive oxygen species induced by oscillatory shear stress may reduce 
the level of nitric oxide and thereby increase TG2 activity [20,22]. Alternatively, ROS may 
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increase the level of intracellular calcium sufficiently high to induce TG2 activity [23]. 
We found that in addition to oscillatory shear stress, thrombin increased transglutaminase 
activity in the endothelial layer of carotid arteries. The activation of TG2 with thrombin 
has been noted previously for endothelial cells [7], but the relevance of this finding was 
unclear. We show that TG2 plays a role in thrombin‐induced stress fiber formation and 
changes in cell shape of endothelial cells. The formation of stress fibers is of importance 
in the regulation of cellular permeability [17]. Activation of TG2 by auto‐antibodies has 
been reported to increase permeability through activation of RhoA in endothelial cells 
[24]. We therefore speculated that TG2 may act on stress fiber formation through RhoA. 
The results of the RhoA activity assay substantiated this, and showed that the activation 
of RhoA depends at least partly on TG2. An additional explanation could be that the 
role of TG2 in the regulation of cell shape and stress fiber formation is more indirect, 
and related to the attachment of endothelial cells, as shown by several groups [25‐27]. 
Thus, TG2 secreted from endothelial cells may alter the extracellular matrix through 
cross‐linking of substrates such as fibronectin, promote integrin clustering, and affect 
cell spreading and attachment. 
The activation of TG2 by thrombin is interesting as TG2 is related to coagulation Factor 
XIII. The plasma transglutaminase, Factor XIII, is a heterotetramer (A2B2) that requires 
activation by thrombin and calcium, to cleave off the regulatory B subunits and release 
the catalytically active A2 dimer (FXIIIA). Factor XIIIA then catalyzes the cross‐linking of 
fibrin to increase clot strength. Thus, while TG2 does not need enzymatic cleavage as 
Factor XIII, thrombin may activate TG2 through other pathways, possibly through an 
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Figure 6-6: A) Fibrin(ogen) staining in lesions developed in low and oscillatory shear stress regions for control 
mice and mice receiving the TG inhibitor. B) Quantification of fibrin(ogen) positive staining. Data are shown as 
a ratio of the intima area.
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increase in intracellular calcium. The similarity in TG2 and Factor XIII function has led to 
the proposal that TG2 may act as a local tissue coagulant [6]. 
The activation of TG2 by oscillatory shear stress and thrombin prompted us to test the 
pathophysiological role of TG2 in vivo. We used a perivascular cast [14] to induce lesion 
formation by low laminar shear stress proximal to the cast and oscillatory shear stress 
distal to the cast. The results in this model show that under conditions that promote 
TG2 activity, being oscillatory shear stress and a pro‐coagulant state, a TG2 inhibitor 
greatly affects the atherosclerotic process. Thus, lesion formation proximal to the cast, 
exposed to low laminar shear stress, was not affected by TG2 inhibition. In contrast, a 
number of changes were noted in the lesion distal to the cast, exposed to oscillatory 
shear stress. Most notably, the reduced macrophage content suggests that TG2 activity 
is important for macrophage infiltration. This finding is to some extent in agreement 
with earlier findings of our group. Thus, in a previous study we observed a reduction in 
macrophage content after TG2 inhibition in a model of vascular injury and perivascular 
cuff placement [5]. In that study however, a non‐restrictive cuff was used and we do not 
anticipate the development of an oscillatory shear stress profile in that model. Perhaps, 
transglutaminases are activated in that model because of the injury that is part of the 
initiation of the model. The current results do seem at variance with another study, where 
an increase in macrophage content was found after crossbreeding TG2 ‐/‐ mice with ApoE 
‐/‐ mice [28]. Possibly, the specific model, compensatory mechanisms in knockout mice 
and experimental conditions play a role herein. The results of our study substantiate this 
notion, since we now show that TG2 plays a role in macrophage infiltration only under 
specific conditions. In addition, we previously found that the absence of TG2 can be 
compensated in part by Factor XIIIA [15]. In this study we therefore used the compound 
L68277, an inhibitor of both TG2 and Factor XIIIA. Obviously, this makes it unclear 
whether the in vivo effects of the inhibitor are attributed to TG2, Factor XIIIA, or both.
The inhibition of TG2 not only reduced macrophage content, but also the lipid content 
of the plaques in the oscillatory shear stress region. Since macrophages are responsible 
for most of the lipid uptake in the vessel wall, we interpret the reduction in lipid content 
as a consequence of the reduced number of macrophages. Another consequence of 
the inhibition of TG2 is the reduction of fibrin(ogen) in the lesion that developed in the 
oscillatory shear stress region. This is not unexpected, since fibrin(ogen) is not only a good 
substrate for FXIIIA, but also for TG2 [29]. Taken together, these effects point out a highly 
beneficial effect of transglutaminase inhibition as regards plaque stability. The adverse 
effect of the transglutaminase inhibitor however, was an increase in lesion size in the 
oscillatory shear stress region. This was the result of an increase in the area occupied by 
smooth muscle cells. As we found an decrease in cell proliferation with the TG inhibitor 
in vitro using a mouse vascular smooth muscle cell line (data not shown), the reason for 
this increase is presently unclear. Possibly, the increase in smooth muscle cell content is 
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a secondary consequence of the reduction in macrophages, lipid, or fibrinogen content. 
A question that remains to be determined is whether the effect of transglutaminase 
inhibition on plaque macrophage content is entirely attributed to endothelial TG2. While 
our in vitro experiments show the activation of TG2 in endothelial cells both in HUVECs 
and whole vessel preparations, the in vivo experiments are more difficult to interpret as 
also monocytes/macrophages express both TG2 and Factor XIIIA. In addition, Factor XIII 
is also present in platelets and plasma. It has been reported that monocytes show an 
increase in TG2 expression upon attachment to the endothelium [30], which suggests 
that this may be important for transendothelial migration.  
In conclusion, we show that TG2 is activated by oscillatory shear stress in HUVECs, and 
by thrombin in the (sub)endothelium of isolated carotid arteries. Endothelial stress 
fiber formation depends on TG2, acting via the activation of RhoA. A perivascular cast, 
placed around the carotid artery of ApoE KO mice was used to induce lesion formation 
by imposing an altered shear stress profile. This approach revealed that only in areas of 
oscillatory shear stress, macrophage infiltration, fat deposition, and fibrin(ogen) content 
were affected by transglutaminase inhibition in vivo. Collectively, these results show 
that TG2 plays an important role in the development of atherosclerotic lesions in areas 
exposed to oscillatory shear stress.        
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