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Abstract

Background: Atherosclerosis is characterized by a hypercoagulable state,
during which coagulation and fibrinolytic factors are simultaneously activated.
However, details regarding the progression of atherosclerosis remain unknown.
Here, we investigated the effects of direct long-term inhibition of thrombin by
dabigatran etexilate on atherosclerotic progression in apolipoprotein E*~ and
low-density lipoprotein receptor-- double-knockout mice.

Methods: Mice received either standard chow (placebo group) or
dabigatran-supplemented chow for 22 weeks. The amount of atherosclerosis
was estimated as the ratio of the atherosclerotic area to the total aortic intimal
area. Immunohistochemistry was used to examine the expression of Matrix
Metalloproteinase-9 (MMP-9), Vascular Endothelial Growth Factor (VEGF),
Tissue-Type Plasminogen Activator (t-PA), and Endothelial Nitric Oxide
Synthase (eNOS) in atherosclerotic regions.

Results: The atherosclerotic area was smaller in the dabigatran group than
in the placebo group. Immunohistochemistry revealed decreased expression of
MMP-9 and VEGF, but increased expression of eNOS, in the dabigatran group
compared with the placebo group. t-PA expression did not differ between the
groups.

Conclusion: Direct long-term inhibition of thrombin by dabigatran in mice
led to a decrease in atherosclerosis progression via decreased expression of
MMP-9 and VEGF.
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Introduction

Atherosclerosis is an inflammatory disease in which the arteries
gradually narrow and stiffen over time. Although it is a leading cause
of acute coronary syndrome and cardiovascular disease in humans,
the precise mechanisms underlying its development remain unknown
[1]. Clinically, atherosclerosis is characterized by the development of
atherosclerotic plaque within the tunica intima, the innermost layer of
the artery wall. Over time, the plaque enlarges until the endothelium
separating the plaque from the blood circulation ruptures, causing
circulating platelets to be exposed to the thrombogenic cellular
and acellular components of the plaque. This exposure initiates the
coagulation cascade leading to thrombus formation and possible
luminal occlusion [2].

Thrombin is a serine protease that is best known for its crucial
role in feedback activation of the coagulation cascade. This role
obviously makes thrombin an important enzyme after rupture of an
atherosclerotic plaque. However, thrombin is also a multifunctional
protein that plays important roles outside the coagulation cascade. For
example, thrombin increases endothelium-dependent vasorelaxation
[3], increases vascular inflammation [4], and alters endothelial cell
phenotype [5]. Together, these effects likely decrease endothelial
function and induce vascular smooth muscle cell contraction and

proliferation-changes known to accelerate atherogenesis. During
atherogenesis, macrophages localize at sites of inflammation and
release tissue factor for the initiation of the thrombin formation [6].
Thrombin also accelerates T-cell proliferative responses, including
cytokine production, induction of leukocyte chemotaxis, and
immunoresponsiveness [7,8]. Together, these findings suggest that
thrombin and the coagulation cascade are involved not only in plaque
rupture butalso in the development and progression of atherosclerosis
and plaque formation; however, the underlying mechanisms remain
to be elucidated.

Many oral anticoagulants are currently approved for the treatment
of nonvalvular atrial fibrillation [9]. Therefore, it is very interesting
whether the inhibition of the thrombin decreases the progression
of atherosclerosis. Dabigatran etexilate is an oral anticoagulant
developed specifically for long-term administration [10]. It is
currently used for the treatment of nonvalvular atrial fibrillation, but
its clinical application is extending with its application as an inhibitor
of activated coagulation factor X in second-generation anticoagulant
therapy to replace warfarin [11]. Dabigatran may also reduce the risk
of bleeding during anticoagulation therapy [9].

Here, we examined the effects of long-term (22-week) thrombin
inhibition by dabigatran on the development and progression of
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atherosclerosis in Apolipoprotein E (ApoE)”~ and Low-Density
Lipoprotein Receptor (LDLR)”~ double-knockout mice. Histological
and immunological examinations of the whole aorta allowed us to
compare the sites of plaque development as well as the progression of
atherosclerosis in mice with or without thrombin inhibition.

Materials and Methods

Experimental animals and drug administration

C57BL/6 mice (age, 10-13 weeks) were obtained from SLC
(Hamamatsu, Japan). Double- homozygous Apo-E”~ and LDLR™"-
deficient mice (129 x C57BL/6] background) were obtained from
The Jackson Laboratory (Bar Harbor, Maine, USA) and bred through
brother-sister mating. All animals were maintained at Kobe Gakuin
University (Hyogo, Japan) in air- conditioned rooms (22.5 + 0.5°C;
humidity, 50% #+ 5%) on a 12:12-h light:dark photocycle with free
access to chow and drinking water. Only male mice were used in the
experiments. All procedures were conducted in compliance with the
Guiding Principles for the Care and Use of Animals in the Field of
Physiological Science of the Physiological Society of Japan.

Three groups of animals were used. One control group was
used in which C57BL/6 mice were fed placebo chow. In addition,
two experimental groups were used in which Apo-E”~ and LDLR™~
double-knockout mice (n=38 overall) were fed placebo chow or
dabigatran- supplemented chow. In the three groups, 6-week-old
mice were given either placebo chow or dabigatran-supplemented
chow (BIBR1048MS; 7.5mg dabigatran/g) for 22 weeks; at 22 weeks,
the mice were examined. Placebo chow and dabigatran-supplemented
chow (0Omg dabigatran/g-chow, 7.5mg dabigatran/g-chow) were
provided by the manufacturer (Boehringer Ingelheim, Ingelheim
am Rhein, Germany) and had been adjusted on the basis of a high-
fat diet (ER R/M acc D122451(II)mod; ssniff, Soest, Germany). The
dose of dabigatran reflects the low bioavailability of dabigatran in
mice (about 6.5%), thus necessitating a relatively high dose for oral
administration [12,13].

Plasma concentration and efficacy of dabigatran

After the mice had been fed for 22 weeks, blood was collected
from the abdominal aorta of each mouse into 3.14% sodium citrate
via a 23-gauge needle and stored at -80°C until analysis.

Plasma concentrations of dabigatran were measured by using the
Hemoclot Thrombin Inhibitors assay (Hyphen Biomed, Neuville-
sur-Oise, France) in accordance with the manufacturer’s instructions
but with slight modifications. In brief, mouse plasma was diluted
1:8 with 0.9% NaCl solution; 37.5uL of this dilution was mixed with
75uL of human plasma. After incubation of the mixture for 1min at
37°C, 75uL of thrombin solution was added and the clotting time was
measured by using a coagulometer (CA-101, Sysmex, Kobe, Japan).
For quantification purposes, dilutions of Dabigatran Calibrator Low
(Hyphen Biomed) covering the range of 0-500ng/mL were run in
parallel. All experiments were performed in duplicate.

Bleeding time

Mice were anesthetized with sodium pentobarbital (60mg/kg,
intraperitoneal injection) and bleeding time was determined. In brief,
a 3mm tail-tip transection was made, and blood drops were removed
every 15s by using filter paper. If blood flow did not reoccur within

30s of wiping away a blood drop, bleeding was considered stopped.
Experiments were terminated after 30min if the blood flow had not
ceased.

Assessment of atherosclerosis progression

Atherosclerosis progression was assessed by estimating the area
of an atherosclerotic region as a percentage of the entire surface
area of the aorta, as previously described [14]. In brief, hearts were
exposed through abdominal incision, and phosphate-buffered saline
(PBS; pH 7.4) followed by 10% neutral-buffered formalin solution
(Nacalai Tesque, Tokyo, Japan) was infused through an indwelling
20-gauge butterfly needle (Top Kasei, Tokyo, Japan). Next, the major
blood vessels were washed with PBS and fixed with 10% neutral-
buffered formalin solution by reflux through a femoral artery. Then,
connective tissue and minor branching blood vessels were removed
from the aortic arch. The extracted vessels were kept in 10% neutral-
buffered formalin solution until processing, at which point they were
incised along the longitudinal plane and pinned flat. The tissues were
washed with distilled water for 30s, treated with 60% isopropyl alcohol
for 1min, and stained with Oil Red O (to identify atherosclerotic
plaques) at 37°C for 15min. Finally, the tissues were washed with 60%
isopropyl alcohol and distilled water.

Stained specimens were photographed (Pentax K-7, Ricoh,
Tokyo, Japan) and the images were transferred to a personal computer
and analyzed with image analysis software (Image- Pro Plus, Media
Cybernetics, Rockville, Maryland, USA). The whole area (W) of the
dissected aorta and the portion that was stained positively with Oil
Red O (R) were calculated; the resulting ratio ((R + W) x 100%) was
used as an index of atherosclerotic progression.

Histological and immunological analyses

The aortic root, aortic arch, and brachiocephalic artery were all
analyzed by immunohistochemistry and histology; however, only
data from the aortic arch are shown. The blood vessels of interest
were fixed in OCT Compound (Tissue-Tek, Sakura, Japan) and
frozen by using a dry ice - acetone mixture or liquid nitrogen. Frozen
OCT-embedded tissue blocks were cut into 6um sections, which
were placed on poly-L-lysine-coated microscope slides (Muto Pure
Chemicals, Tokyo, Japan).

For histological analysis, sections were stained with hematoxylin
and eosin followed by elastica van Gieson stain (Merck KGaA,
Darmstadt, Germany). Elastica van Gieson staining was performed
according to a standard protocol [15]. For visualization of the elastin
laminae and its fragments, the sections were stained by using an
elastica van Gieson staining kit. The presence of calcium deposits
was assessed by means of von Kossa staining in accordance with the
supplier’s protocols (Genmed, USA). The specimen was positioned
under an ultraviolet light for 1h in the dark, rinsed 3 times with
double-distilled water, and treated with 5% sodium thiosulfate
to remove background staining. After three washes with PBS, the
specimen was counterstained with Nuclear Fast Red Solution for
5min.

For immunohistochemical analysis, the heart was exposed, and
a butterfly catheter was inserted into the left ventricle. The heart
was flushed with 10mmol/L PBS (pH 7.4) for about 3min to remove
all blood. The blood vessels then were perfusion-fixed with 4%
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paraformaldehyde in PBS (Wako Pure Chemical Industries, Osaka,
Japan).

For immunohistochemical analysis, after immunoperoxidase
staining, sections were examined with anti-MMP-9 antibody
(dilution, 1:100; MMP-9 Rabbit PAb, Bio Vision, California, USA),
anti-VEGF antibody (1:100; VEGF Rabbit PAb, GeneTex, Irvine,
California, USA), anti-t-PA antibody (1:100; t-PA Rabbit PADb,
LabVision), and anti-Endothelial Nitric Oxide Synthase (eNOS)
antibody (1:100; eNOS Rabbit PAb, LabVision). Epitopes recognized
by the primary antibody were visualized by labeling with streptavidin
and biotinylated horseradish peroxidase (LSAB2 Kit, Dako, Kyoto,
Japan), as described previously. The slides then were counterstained
with Mayer’s hematoxylin (TA-125-MH, LabVision) in accordance
with standard protocols. During histology, cross-sections were
obtained from at least three sections (luminal side, intraplaque, and
intimal side) of each plaque.

For evaluation of the relative intensities of the stained areas,
staining intensity was quantified by using digital image analysis
software (Image Pro Plus Version; Media Cybernetics) followed
by application of an immunochemistry data analysis protocol. The
staining intensity was determined by means of a modified reciprocal
intensity method. The reciprocal intensity was determined in a
constant area that contained atherosclerotic plaque per section and
then the results per mouse were averaged.

Statistical analysis

Results are expressed as means + SEM. Comparisons among
groups were made by using factorial ANOVA. Differences between
groups of each determined parameter were analyzed by using Student’s
t-test. A P value of <0.05 was defined as statistically significant. No
adjustments were made. All analyses were accomplished by using the
statistical package JMP (JMP 13 SAS Institute, Tokyo, Japan).

Results

Body weight and food intake

At 22 weeks, control mice weighed 36.7 £ 1.0 g (mean + SEM;
n=14), placebo mice weighed 49.5 + 1.3 g (n=32), and dabigatran mice
weighed 48.0 + 1.4 g (n=23). Body weight did not differ significantly
between the placebo and dabigatran mice, both of which were on
a high-fat diet. Feed intake did not differ between the control and
dabigatran mice.

Plasma concentration of dabigatran

In the mice fed the supplemented diet, the dabigatran plasma
concentration was 64.5 + 8.1 ng/mL (n=9) (data not shown). The
anticoagulant efficacy of dabigatran was examined by deriving the
international normalized ratio from the thrombin time (placebo
group, n=8: 3.2 + 0.1; dabigatran group, n=9: 6.6 + 0.5) (Figure 1a).

Bleeding time

At 14 weeks, bleeding time in the placebo group (n=20) was 161.1
* 4.9 s and that in the dabigatran group (n=24) was 295.9 £ 16.7 s
(data not shown). At 22 weeks, bleeding time in the placebo group
(n=32) was 156.4 + 3.8 s and that in the dabigatran group (n=23) was
367.8 £20.0 s (Figure 1b); bleeding time in the dabigatran group was
significantly longer than that in the placebo group (P < 0.001).

(a) P<0.001 (b) P<0.001
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Figure 1: Effects of dabigatran on thrombin time and bleeding time in mice
raised for 22 weeks on a high-fat diet supplemented or not with dabigatran.
(a) Thrombin time: placebo group, n=8; Dabigatran group, n=9. (b) Bleeding
time: placebo group, n=32; Dabigatran group, n=23. Data are presented as
means + SEM.

P=0.001

)
o
=

Athrerosclerotic area
(% of total aortic intima)

0

Control

Phcebo group  Dabigatran group

Placcho group Dabigatran group

Figure 2: Progression of atherosclerosis in control mice and in mice after
22 weeks of high-fat chow feeding in the placebo and dabigatran groups.
(a) Representative images of atherosclerotic regions identified by Oil Red
O staining of the entire aortic tree. (b) Comparison of atherosclerotic areas
(means + SEM). Placebo group, n=9; Dabigatran group, n=11.

Development of atherosclerosis

In the placebo and dabigatran groups, we evaluated the extent of
atherosclerosis after 22 weeks of feeding (Figure 2). At 22 weeks, the
atherosclerotic area in the aorta in the placebo group was 22.8% *
1.4% (n=9) and that in the dabigatran group was 11.2% + 0.7% (n=8)
(Figure 2b). The atherosclerotic area was significantly (P < 0.001)
smaller in the mice given dabigatran than in the mice not given
dabigatran.

Histological analysis

Figure 3 shows representative images from a histological analysis
of the aortic arch at 22 weeks. Elastica van Gieson staining revealed
cleavage of the lamina elastica (arrowing part), medial thickening, and
increased collagen fiber in the placebo and dabigatran groups, unlike
in the control group (Figure 3a and 3b; control data not shown). Von
Kossa staining revealed widespread calcium deposits in the plaque in
the placebo group, whereas few calcium deposits were observed in the
plaque in the dabigatran group (Figure 3¢ and 3d).

Expression of MMP-9 & VEGF in arteriosclerotic areas

Figure 4 shows representative images from our immunochemical
analysis of MMP-9 and VEGF expression in the aortic arch of mice
from the placebo and dabigatran groups. Expression levels of MMP-9
(Figure 4a and 4b) and VEGF (Figure 4c and 4d) were significantly
lower (MMP-9: P <0.001, n=6; VEGF: P <0.001, n=6) in the dabigatran
group than in the placebo group (P=0.0132, n=6) (data not shown).
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Figure 3: Representative images from histological analysis of the aortic arch
after 22 weeks of experimental chow feeding. (a,c) placebo group (n=6); (b,d)
dabigatran group (n=6). Elastica van Gieson staining (a,b) revealed cleavage
of the lamina elastica in both groups (arrows). Von Kossa staining (c,d)
revealed more widespread calcium deposits in the plaques in the placebo

group than in the dabigatran group (arrows). Magnification: 100x to 200x%.

Figure 4: Immunochemistry and pseudo-color treatment of the aortic arch in
the placebo group (a,c) and dabigatran group (b,d) after 22 weeks of feeding.
(a,b) Anti-MMP-9 staining. (c,d) Anti-VEGF staining. Arrows indicate positive
areas. Magnification: 100x to 200x%.

Expression of t-PA & eNOS in arteriosclerotic areas

Figure 5 shows representative images from immunochemical
staining of the aortic arch of mice from the placebo and dabigatran
groups for t-PA and eNOS. Expression of t-PA was comparable
between the placebo and dabigatran groups (Figure 5a and 5b;
P=0.239, n=6). However, expression of eNOS was significantly
greater in the dabigatran group than in the placebo group (Figure 5¢
and 5d; P=0.0132, n=6).

Discussion

Here, we examined the effects of long-term (22 week) direct
inhibition of thrombin by dabigatranin Apo-E”~and LDLR"-double-
knockout mice to gain insights into the mechanisms underlying the
development and progression of atherosclerosis. Our main finding
was that oral administration of dabigatran at 7.5mg dabigatran/g-
chow significantly retarded atherosclerotic lesion development
throughout the entire aortic tree (49% decrease) compared with that
in placebo mice. In addition, this dose of dabigatran inhibited the

Figure 5: Immunochemistry and pseudo-color treatment of the aortic arch in
the placebo group (a,c) and dabigatran group (b,d) after 22 weeks of feeding.
(a,b) Anti-t-PA staining. (c,d) Anti-eNOS staining. Red arrows indicate
positive areas. Magnification: 100x to 200x.

long-term progression of atherosclerosis.

Dabigatran has high anticoagulant activity in the plasma of
humans and other animal species. Dabigatran inhibits not only the
solid-phase thrombin that binds to fibrin but also separated, liquid-
phase thrombin. The anticoagulant action and the antithrombotic
efficacy of dabigatran in vitro and ex vivo are dose dependent [16].

In one study of 18,113 patients with atrial fibrillation, the rate
of major bleeding was 3.36% annually in the warfarin-treated group
compared with 2.71%-3.11% annually in the dabigatran-treated group
(110-150 mg) [17]. In the present study, the treated mice had about
the same frequency of hemorrhagic side effects as in humans (data
not shown), although it should be noted that we used a high dose here
to account for the lower bioavailability of dabigatran in mice than
in humans [12]. However, we consider our dose appropriate because
the plasma levels of dabigatran in our mice were not higher than the
values reported by others [18]. We also observed hemorrhagic side
effects in 26-week old mice. Thus, further investigations using senile
mice are warranted.

Elastica van Gieson staining revealed rupture of the elastic fibers
and the lamina elastica of the plaque and areas of hypertrophy in the
tunica media in both the placebo and dabigatran groups (Figure 3a
and 3b). In addition, fewer collagen-positive areas were observed in
the dabigatran group than in the placebo group, suggesting decreased
inflammation in the dabigatran group.

Previous studies have suggested that fibroblast proliferation [19],
wound healing and angiogenesis [20]; and induction of inflammatory
cytokines [7,8] are inhibited by dabigatran. These findings suggest
that the progression of atherosclerosis is accelerated by thrombin.

Von Kossa staining at 22 weeks revealed pathologic findings
of Monckeberg medial calcific sclerosis (Figure 3¢ and 3d) and
atheromatous degeneration. In addition, marked arterial calcification
was observed, with the calcified lesions being co-localized with plaque
in both the placebo and dabigatran groups.

A study in Matrix Gla Protein (MGP)-deficient mice has shown
that a decrease of matrix Gla protein induced by administration of
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vitamin K antagonist leads to acceleration of vascular calcification
[21,22]. Warfarin is known to convert vitamin K-dependent
coagulation factors to the MGP PIVKA (protein induced by vitamin
K absence), thereby indirectly obstructing thrombin generation.
However, dabigatran is not a vitamin K antagonist and it is unknown
whether dabigatran causes a decrease of MGP expression. Therefore,
future studies are needed to examine the action of the thrombin on
MGP.

We also examined the expression of VEGF, MMP-9, t-PA,
and eNOS by endothelial cells in the aortic arch as indicators of
atherosclerosis progression. In atherosclerotic lesions, MMPs,
extracellular matrix splitting enzyme, and elastin are involved in
plaque rupture. It is thought that atherosclerosis is a restorative
response to the damage caused to the intima when the plaque ruptures;
thatis, it is a rebuilding of the framework of the extracellular matrix in
the intima [23]. This suggests that production and degradation of the
extracellular matrix must be strictly controlled in the arteriosclerotic
nest. Atherosclerotic plaques are a collection of lipids, calcium,
and other cellular debris covered by a fibrous cap. Although a large
amount of extracellular matrix is present in the fibrous cap, helping to
maintain the integrity of the plaque, the resolution of the extracellular
matrix induces in the lipid core, and it leads to the fragility of the
organization. This fragility causes the plaque to rupture [24]. In
both the placebo and dabigatran groups in our study (Figure 4),
MMP-9 was found to be localized in endothelial cells in the vicinity
of plaque, as well as in the plaque itself; however, significantly less
MMP-9 expression was observed in the dabigatran group than in
the placebo group. Previous studies have shown that thrombin is
involved in activation of the NF-kB pathway, and that thrombin
induces upregulation of various adhesion molecules, MMPs (1, 2, 3,
9, 11), cytokines, and growth factors [25,26]. It has also been shown
that thrombin increases vasopermeability by inducing the production
of MMP-9 [27]. In addition, MMP-9 expression increases if the
thrombin is injected into the encephalon basal substance, resulting in
cerebral edema [28]. Together, these reports suggest that inhibition of
thrombin by dabigatran leads to decreased expression of MMP-9 in
atherosclerotic lesions.

VEGEF plays a critical role in the development and progression
of atherosclerosis by inducing angiogenesis in the induration intima
[29]. We therefore examined the expression of VEGF as a pathological
index of atherosclerosis progression. In the placebo group, VEGF
expression was observed in plaque, especially in foam cells localized
in plaque and in smooth muscle cells localized in the lipid-rich core
of lesions or immediately below the core. However, significantly
less VEGF expression was observed in the dabigatran group. The
progression of atherosclerosis is known to involve migration and
transformation of vascular smooth muscle cells; this is induced
by chemokines and growth factors, including VEGF, secreted by
macrophages and foam cells [30]. Thrombin is thought to promote
the expression of VEGF by a protease activated receptor-1-mediated
mechanism and the induction of chemokine secretion. Thrombin is
also involved in the hypoxia-inducible factor-1a signal transmission
pathway, which is involved in both VEGF gene expression and
angiogenesis [31]. Together, these findings suggest that dabigatran-
mediated inhibition of these activities of thrombin leads to decreased
expression of VEGF.

t-PA expression was observed in regions of endothelium that were
associated with plaque in both the placebo and dabigatran groups,
and the expression levels did not differ between the groups (Figure 5a
and 5b). Therefore, thrombin inhibition had no effect on t-PA levels
(data not shown), suggesting that thrombin has no directly effect on
t-PA expression.

eNOS expression was observed in vascular endothelial cells in
the dabigatran group but not in the placebo group (Figure 5¢ and
5d). This expression was particularly low in plaque-associated
regions of endothelium. The lack of eNOS expression in the placebo
group suggests that the production of NO, which is necessary
for homeostasis of the microcirculation [32], was diminished in
atherosclerotic regions. Thrombin induces the expression of iNOS
and increases inflammation [33]. Generation of superoxides, leading
to the production of peroxynitrite and hydrogen peroxide, would
likely have a greater effect on the progression of atherosclerosis
than would the generation of NO. Dabigatran-induced thrombin
inhibition might prevent the effects of these compounds on the
progression of atherosclerosis. The influence of thrombin inhibition
on the expression of iNOS should be assessed in future experiments.

In summary, long-term (22 weeks) oral administration of the
thrombin inhibitor dabigatran in ApoE”~ and LDLR™" double-
knockout mice led to significant inhibition of atherosclerosis
progression and to significant decreases in expression of the
progression-related mediators MMP-9 and VEGF. These results
suggest that thrombin plays an important role in the progression
of atherosclerosis. We also found that dabigatran increased the
expression of eNOS, suggesting an additional role of thrombin in
preventing eNOS expression. Further studies examining the multiple
biological functions of thrombin and the roles of thrombin in the
progression of atherosclerosis, as well as examining how thrombin
inhibition by dabigatran influences the progress of atherosclerosis,
are warranted.
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