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Abstract

Introduction—The multifunctional serine protease thrombin exerts proinflammatory and
profibrotic cellular effects that may contribute to cardiac remodeling. This study was designed to
investigate whether direct thrombin inhibition with dabigatran attenuates myocardial injury in the
setting of pressure overload-induced heart failure.

Material and Methods—Transverse aortic constriction (TAC) surgery was performed on
C57BI/6J male mice to elicit cardiac hypertrophy. TAC, or sham, mice were randomly assigned to
receive chow supplemented with the oral anticoagulant, dabigatran etexilate, or placebo.

Results—Dabigatran did not affect cardiac hypertrophy, as measured by heart weight-to-body
weight or the heart weight-to-tibia length, although a non-significant reduction in myocardial
hypertrophic markers (ANP, BNP and MHC) occurred. Dabigatran reduced perivascular fibrosis
by 25%, interstitial fibrosis by 54%, and the expression of myocardial fibrosis markers collagen |
& 111, MMP9, SMA, and PAR-1. These changes were associated with significant improvement in
both coronary flow reserve and global left ventricular function. In cultured cardiac fibroblasts,
dabigatran decreased thrombin and PAR-1-mediated collagen deposition by 30% and 37%,
respectively.

Conclusions—Dabigatran attenuates cardiac fibrosis in the setting of pressure overload and
improves coronary flow reserve and global cardiac function possibly by inhibiting thrombin
activity and down-regulating PAR-1 expression in the absence of an effect on cardiomyocyte
hypertrophy.
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INTRODUCTION

Myocardial fibrosis, a key pathological process of extracellular matrix (ECM) remodeling in
the heart leading to increased myocardial stiffness, (1) occurs with, left ventricular
hypertrophy (LVH), myocardial infarction (Ml), diabetes mellitus (DM), and advanced age
(2). A dysregulation of the ECM synthesis along with a decreased degradation results in an
heightened mechanical stiffhess leading to diastolic dysfunction ultimately leading to heart
failure (3). This fibrotic process is characterized by activation of cardiac fibroblasts
(myofibroblasts), that synthesize and excrete excessive collagen-rich extracellular matrix
(collagen I and 111) into the cardiac interstitial and perivascular regions in response to a
variety of stimuli such as hypertension, inflammation, hormones, cytokines, and growth
factors (4) Progressive fibrotic remodeling may ultimately lead to cardiac dysfunction,
abnormalities of coronary reserve, and fatal arrhythmias (5, 6).

Thrombin, a multifunctional serine protease, exerts pro-inflammatory and pro-fibrotic
cellular effects in normal tissues (7) and in settings of pathological conditions such as liver
fibrosis (8), pulmonary fibrosis (9), renal fibrosis (10), atherosclerotic plaque formation (11)
and tumor angiogenesis (12-16). Accumulating evidence suggests a role for thrombin in
cardiac hypertrophy/fibrosis, either through its proinflammatory and profibrotic functions, or
by signaling via the cell-surface protease-activated receptors (PAR) (17, 18). Enhanced
thrombin generation, inflammatory markers, and fibrinolytic activity are associated with
hypertrophic cardiomyopathy and heart failure (19, 20)

The G protein-coupled receptor protease-activated receptor-1 (PAR-1) is fundamentally
responsible for the cellular response to thrombin (13). It has been shown to be highly
expressed in cardiac fibroblasts in adult rats and involved in regulating myofibroblast
transformation activation and the increase in collagen (I and 111) synthesis (18). Additionally
increased intercellular calcium, extracellular signal-regulated kinase (ERK) 1/2, DNA
synthesis and cellular proliferation have all been reported (21). In the profibrotic lung,
ERK1/2 signaling, induced by PAR-1 expression, has been shown to be critical in the
formation of pulmonary fibrosis, where PAR-1 is significantly increased in patients with
severe lung disease (12, 14, 15). Additionally, increased PAR-1 expression has been
observed in the hearts of patients with ischemic and idiopathic-dilated cardiomyopathy, and
in animals with chronic heart failure (22).

In-vitro, thrombin treatment brings about phenotype modulation of vascular smooth muscle
cells, myofibroblast transformation and proliferation, as well as matrix remodeling (23).
TGF-b, responsible for cellular proliferation and differentiation, and procollagen secretion
resulting from thrombin induced PAR-1 and ERK1/2 signaling and down regulation of
matrix metalloproteinase (MMP, involved in the breakdown of extracellular matrix)
demonstrates the importance of thrombin in this disease process (24). Prevention of
thrombin associated stiffening and contraction of cardiac fibroblast tissue through the
Inhibition of PAR-1 was shown to be effective. Therefore modulating thrombin’s action and
its interaction with PAR-1 may represent a novel approach in targeting organ pathological
fibrosis associated with a number of chronic diseases.
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The pro-drug dabigatran etexilate undergoes esterase-mediated hydrolysis to dabigatran a
selective direct thrombin inhibitor and thereby functions as an anticoagulant. Dabigatran’s
mechanism of action functions by reversibly binding to the active site of thrombin, whereby
it inhibits the Arg-Gly bond cleavage of fibrinogen, a process that is normally required for
fibrin formation (11). In addition, when bound to thrombin, dabigatran appears to prevent
cleavage at the extracellular N-terminal of PAR-1 resulting in an inhibition of the majority of
profibrotic events induced by thrombin (11). Additionally, dabigatran may prevent
thrombin’s inflammatory and fibrotic effects as recent studies demonstrated a beneficial
effect of dabigatran in fibrotic lung disease, and a reduction in collagen production by lung
fibroblasts (13, 25). In the current study, the authors investigated the role of thrombin in
mediating cardiac fibrosis in the setting of pressure overload and in activation of cardiac
fibroblasts in vitro. We report that dabigatran attenuates cardiac fibrosis and improves
coronary flow reserve and global cardiac function in association with down-regulation of
PAR-1 expression, without effects on cardiomyocyte hypertrophy.

MATERIALS AND METHODS

Animals

Male mice (C57BL/6J) aged 10- to 12-weeks, were purchased from the Jackson
Laboratories (Bar Harbor, ME). Animals were housed in sterile micro-isolator cages (Lab
Products, Maywood, NJ), fed drug supplemented or control food and acidified water ad
libitum and were maintained on 14-hour day/10-hour night-light cycle. This study was
conducted according to the National Institute of Health Guidelines for the Care and Use of
Laboratory Animals, and was approved by the Institutional Animal Care and Use Committee
of the University of Kentucky.

Transverse Aortic Constriction

Pressure overload of the Left Ventricle (LV) was induced via transverse aortic constriction
(TAC) as described previously (22, 23). Sham control mice underwent a similar procedure in
which a suture was passed around the aorta but removed without tying (24). Blood flow
velocity between the innominate and left common carotid artery was measured by Doppler
(Indus Instruments, Houston, TX) before and after surgery. The pressure gradients across the
banded site of aorta arch were evaluated by the ratio of flow velocity in the right-to-left
carotid artery; the increased ratio indirectly represents pressure overload to the left ventricle.

Drug treatment

Mice were randomly assigned into one of four groups (TAC + dabigatran, TAC + placebo,
sham + dabigatran, sham + placebo), and fed chow supplemented with 10- mg/gm
dabigatran etexilate or placebo (Boehringer Ingelheim, Biberach Germany) for up to five
weeks. Dabigatran etexilate or placebo chow was provided to the animals one week prior to
surgery (pre-treatment) or immediately after surgery (immediate treatment) and continued
for the duration of the study.
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Coagulation assays

At time points one and five weeks post-surgery, blood was collected into EDTA-coated tubes
for complete blood count analysis (CBC) performed using a Hemavet 950FS (Drew
Scientific Inc., Waterbury, CT). Plasma was prepared for thrombin clotting time (TT),
thrombin activity assay, and plasma inflammatory biomarkers. The TT was determined by
Hemoclot® thrombin inhibitor assay, according to the manufacturer’s protocol (ANIARA,
Mason, OH). The diluted TT is particularly sensitive to the effects of dabigatran, and
displays a linear dose-response over therapeutic concentrations; therefore, dabigatran plasma
concentrationwas calculated from diluted TT (26). Plasma thrombin activity was detected
using SensoLyte® 520 thrombin activity assay kit, according to the manufacturer’s protocol
(AnaSpec, Fremont, CA). Plasma cytokines were quantified using a mouse 96-well
multiplex assay kit (MPXMCYTO-70K; Millipore, Billerica, MA), according to the
manufacturer’s protocol. Bead fluorescence was detected using a BioRad Bioplex 200
suspension array reader and analyzed using Bio-Plex Manager 4.0 software (BioRad
Laboratories, Hercules, CA).

Echocardiography

Animals were anaesthetized with 1-1.5% isoflurane inhalation to maintain heart rate
between 450 to 550 bpm, and imaged by transthoracic echocardiography (Vevo 770 Imaging
System with a 15-MHz probe, VisualSonics, Toronto, Ontario, Canada) before surgery and
at three, and five weeks post-surgery, as previously described (27). Cardiac ventricular
dimensions were measured on M-mode images. LV function was evaluated by Tissue
Doppler Imaging (TDI) with the sampling region within the LV posterior wall in short-axis
view at the level of the papillary muscles, as previously described (28).

Doppler Studies

Velocity of blood flow in the carotid arteries and left coronary artery was measured using a
20 MHz Doppler probe (Indus Instruments, Houston, TX) as described previously (29) at
five weeks post-surgery. A computer-based Doppler signal processor (Model DSPW, Indus
Instruments) was used to store the Doppler signals for later analysis. The coronary flow
velocities under basal (1% isoflurane) and hyperemic (2.5% isoflurane) conditions were
recorded at five weeks after surgery. The coronary flow reserve (CFR) was calculated from
the ratio of hyperemic-to-basal coronary flow velocity during the systolic and diastolic
period.

Histological analysis

Hearts were excised and fixed in 4% paraformaldehyde, and then embedded in paraffin.
Transverse sections of heart were cut in 4um sections at the papillary muscle level and
subsequently stained with hematoxylin and eosin, Masson-trichrome, and Picrosirius red.
Approximately 10 visual fields on two randomly selected sections from each animal were
visualized by light microscopy using an objective with a calibrated magnification (x400).
Perivascular fibrosis (area of Picrosirius red-positive staining surrounding the vessel/total
lumen area) in LV wall and interstitial fibrosis (area of interstitial Picrosirius red-positive
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staining/total myocardial area of the field) in papillary muscle, were quantified by
MetaMorph imaging software (Molecular Devices, Sunnyvale, CA).

Cardiac fibroblast culture and collagen deposition

Cardiac fibroblasts were harvested from TAC or sham mice that had consumed dabigatran
etexilate or placebo chow for five weeks after surgery, or from hearts of normal mice on
regular chow. Hearts were removed under aseptic conditions and immediately retrograde
perfused with calcium-free PBS and dispase solution. LV was isolated, minced, and digested
at 37° C. Cells were collected by centrifugation and cultured in DMEM medium containing
10% FBS and 1% antibiotics (penicillin/streptomycin) at 37°C in 5%CO». Cells were used
at passages two through four.

Cells (5 x 10%well) were cultured in 96-well plates to confluence and incubated in serum-
free DMEM overnight. The cells were then pre-incubated in a final volume of 100 pl/well
DMEM with either the active drug dabigatran (400 ng/ml), or vehicle for one hour, followed
by a 96-hour incubation with thrombin (1 unit/ml) or the thrombin receptor-activating
peptide SFLLRN (10 uM). Insoluble collagen binding to Sirius red dye was measured in
cells washed and fixed with Boiun’s solution (Sigma Aldrich, St. Louis MO) for one hour at
room temperature. Unbound Sirius red was removed by washing four times with 0.1 N HCI.
Bound dye was eluted with 0.5 N NaOH under mild shaking for 30 minutes, and optical
density at 550 nm was recorded.

Statistical analysis

Data are expressed as mean + standard error of the mean (SEM). Comparison of multiple
groups was performed by two-way ANOVA using SigmaPlot (version 10.0, Systat Software,
Inc., Chicago, IL). All other statistical analyses were performed by t-test or one-way
ANOVA,; P <0.05, was accepted as statistically significant.

RESULTS AND DISCUSSION

Dabigatran does not alter cardiac hypertrophy

Approximately 5% of the mice died immediately following TAC, and the remaining mice
survived to five weeks. No overt bleeding complications or statistically significant body
weight differences were observed between surgical and drug treatment groups. Mice were
fed chow with placebo or dabigatran etexilate, which undergoes rapid conversion to the
active drug dabigatran. Dabigatran dosing was monitored by diluted thrombin clotting time
(dTT). When fed to animals for one week before (pre-treatment) or immediately after
surgery (immediate treatment), dabigatran etexilate significantly extended dTT by 3.2-fold
and 3.7-fold, respectively. The effect of dabigatran on dTT was independent of procedure
(Table 1). The dTT is particularly sensitive to the effects of dabigatran and displays a linear
dose-response over therapeutic concentrations. Therefore, plasma concentration of
dabigatran can be calculated from dTT (26). Using this, plasma levels where found to reach
approximately 0.4 pg/ml in animals fed chow with dabigatran etexilate, and was
undetectable in animals fed placebo chow (Table 1). Plasma thrombin activity was 38.9%
lower in plasma from dabigatran etexilate-fed mice than in placebo (p<0.001) (Table 1).
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Following TAC, the ratio of flow velocity in the right-to-left carotid artery increased
significantly (3.9 £ 0.36 and 1.2 + 0.12 in TAC and sham groups, respectively, p<0.001), and
was similar in placebo and dabigatran TAC groups at five weeks (3.87+ 0.38 and 4.03

+ 0.35; p>0.05), indicating a similar load on the LV. As expected, TAC resulted in cardiac
hypertrophy as assessed by both an increase in LV mass and LVPWD at five weeks (Table
2). Dabigatran etexilate consumption either immediately (Supplemental Fig. 1) following
surgery or as pretreatment did not affect cardiac hypertrophy as measured by heart weight-
to-body weight ratio (Fig. 1A), heart weight-to-tibia length ratio (Fig. 1B), and LV mass or
LV posterior wall thickness dimension, determined by echocardiography (L\VPWD; Table 2).
No statistically significant difference in the expression of myocardial hypertrophic markers
BNP, ANP, or cardiac MHCp was observed in mice in the pre-treatment groups (Figs. 1C —
E). A non-significant reduction occurred in the expression of myocardial hypertrophic
markers in the dabigatran immediate treatment group (Supplemental Fig. 1).

Dabigatran attenuates myocardial fibrosis in the setting of LVH

TAC elicits remodeling of the coronary arteries, characterized by outward expansion of the
vessel wall. Remodeling, as measured by artery thickness, was lower in animals pretreated
with dabigatran (Fig 2A) with a trend towards more vimentin expression, although statistical
significance was not achieved(Fig 2B). TAC increased collagen deposition in perivascular
(Figs. 2A, C) and interstitial areas (Figs. 2A, B), and this was accompanied by increases in
in expression of mMRNA for collagen I, collagen 111, MMP-9, and smooth muscle actin
(SMA) (Figs 3B-3E). Dabigatran reduced TAC-induced interstitial fibrosis by 54% (Fig.
2D) and perivascular fibrosis by 25% (Fig. 2E). Interstitial fibrosis displayed a linear
relationship with cardiac hypertrophy (heart: body-weight ratio). In mice treated with
dabigatran, less fibrosis was observed at any given heart: body-weight ratio (Fig 2F). TAC-
induced fibrosis is associated with connective tissue growth factor expression and SM a.-
actin expression by immunohistochemistry particularly around the coronary arteries (Fig 3A
and B). Consistent with the histologic findings, fibrosis-related gene expression was lower in
mice pretreated with dabigatran etexilate diet (Figs. 3C—F) and in mice fed dabigatran
etexilate immediately after TAC (Supplemental Fig. 2). PAR-1 is highly expressed in the
TAC heart and was reduced 42% by dabigatran pre-treatment (Fig. 3G), and 64% by
dabigatran initiated after TAC (Supplemental Fig. 2D).

Dabigatran improves coronary flow reserve and cardiac function

LV hypertrophic remodeling is associated with impairments in myocardial microcirculation
and CFR. Therefore, we analyzed the effect of dabigatran on coronary artery flow. TAC
decreased the coronary artery diastolic peak flow reserve in both placebo- and dabigatran
etexilate-fed animals by 36.1% and 26.8 %, with respect to sham (Fig. 4A). There was no
difference between placebo and dabigatran-treated groups (Fig. 4A), indicating that diastolic
peak flow in the left coronary artery was unaffected by dabigatran, which was in keeping
with similar lumen areas of the coronary arteries histologically (Supplemental Fig. 3). Next,
we measured coronary flow velocity to estimate CFR during systolic and diastolic period
and observed a 22% improvement in dabigatran etexilate-fed animals compared to placebo
after TAC (Fig. 4B). Coronary perfusion reserve inversely correlated with fibrosis after TAC
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(Fig. 4C). Furthermore, dabigatran also improved global left ventricular function as
evaluated by tissue Doppler Tei-index by 60%, in comparison to placebo (Fig. 4D).

Dabigatran inhibits collagen production in cardiac fibroblasts

To confirm the anti-fibrotic effect of dabigatran in cardiac remodeling was via thrombin
activity, we examined its effect on thrombin-induced cardiac fibroblast collagen deposition
in vitro. In fibroblasts isolated from normal adult mice, dabigatran active drug used at
concentrations achieved in plasma in vivo decreased by 30% collagen production stimulated
by thrombin (Fig. 4D). Fibroblasts isolated from dabigatran etexilate-fed mice at five weeks
after TAC, also displayed 15% lower collagen production than that observed in cells from
placebo-treated mice, although the difference did not reach statistical significance.

Our results indicate that the oral administration of the direct thrombin-inhibitor dabigatran
attenuates pressure overload-induced cardiac fibrosis and improves myocardial perfusion
and function expression in the absence of effects on cardiomyocyte hypertrophy. The
inhibitory effect on collagen production was recapitulated using cardiac myofibroblasts
isolated from mice fed dabigatran etexilate, and by treating cells ex vivo with active
dabigatran. Our findings are in keeping with other recent observations that thrombin
inhibition blunts fibrosis in liver and lung. Interestingly, dabigatran reduces the development
of atherosclerosis in mice, and in this context, appears to stabilize plaque by increasing SMC
and collagen content (30), indicating a differential role for thrombin based on the setting.
Whether this represents a direct effect of thrombin signaling or an indirect effect, for
example due to less fibrin accumulation, remains unknown at this time.

Several of our observations merit additional discussion. We observed a direct correlation
between fibrosis and myocardial hypertrophy and coronary flow reserve, suggesting the
possibility of a causal relationship. Dabigatran reduced fibrosis and improved coronary flow
reserve. decline after TAC, as has been previously reported (31). The decline was less with
dabigatran treatment. Our findings suggest a correlation between coronary flow reserve,
vascular remodeling, and fibrosis. Furthermore, the improvement in perfusion reserve with
dabigatran may maintain global left ventricular function after TAC. This was supported by
the favorable effect of dabigatran on Doppler Tei index, a useful index for assessing cardiac
systolic and diastolic function in mice (28).

The plasma concentrations of the active metabolite of dabigatran etexilate are associated
with dabigatran safety and efficacy. Plasma levels reached approximately 0.4 pg/ml in
animals fed chow with dabigatran, and efficiently extended thrombin clotting time to
threefold. The mice had no wounds or other overt bleeding. Of note, the plasma
concentration achieved in mice is approximately two-fold higher than that observed in
humans (32). Dabigatran is less potent in inhibiting murine versus human thrombin, and
two-fold higher concentrations are required in mice to achieve similar thrombin inhibitory
effects as those in humans (33).
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CONCLUSIONS

Dabigatran attenuates pressure overload-induced cardiac fibrosis and improves myocardial
perfusion and function by inhibiting thrombin activity, and possibly through down-
regulation of PAR-1 expression, with little effect on cardiac hypertrophy. Our findings
suggest that dabigatran could have clinically important benefits in preventing pathological
myocardial fibrosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Direct thrombin inhibition had no effect on pressure-induced cardiac
hypertrophy.
. Direct thrombin inhibition reduces the development of cardiac fibrosis in the

setting of pressure overload.

. Reduction in cardiac fibrosis was associated with improvements in coronary
flow reserve.
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Figure 1. Dabigatran lacks effect on pressure overload-induced cardiac hypertrophy
Mice were randomized to receive dabigatran or placebo chow prior to sham or TAC surgery.

Five weeks after surgery organs were collected for analysis. (A) Heart weight/body weight
(HW/BW) ratio; (B) HW/tibia-length ratio; (C-E) Relative gene expression levels
(normalized to 18s RNA) of BNP, ANP, and P-MHC mRNA in tissue from LV apex. The
fold change is in comparison to values obtained in placebo + sham group, which was set as
1. Data are expressed as mean + SEM; placebo + sham n= 4; placebo + TAC, n=7,

dabigatran + sham, n=5; dabigatran + TAC, n=7.
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Figure 2. Dabigatran reduces cardiac fibrosis
(A) Thickness of left coronary arteries and (B) average area of vimentin staining after TAC.

(C) Picrosirius red-staining of collagen in transverse sections of LV five weeks after surgery
in mice pretreated with dabigatran etexilate or placebo chow. Images of perivascular fibrosis
were taken in LV free wall and interstitial fibrosis in papillary muscle. Scale bar: 20 um. (D)
Quantitative analysis of interstitial fibrosis (% of total myocardial area of the field), and (E)
perivascular fibrosis (area of Picrosirius red-positive staining surrounding the vessel/total
lumen area). Data are expressed as mean + SEM; placebo + sham n= 4; placebo + TAC, n=
8; dabigatran + sham, n=5; dabigatran + TAC, n=7. (F) Linear regression anlysis of
interstitial fibrosis as a function of HW:BW after TAC. Analysis of parallel lines indicates
that while the slopes are not significantly different (P = 0. 0.488), the line y intercepts are
significantly different (P = 0.008). Each point represents data from an individual animal.
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Figure 3. Dabigatran reduces expression of markers of fibrosis
Mice were randomized to receive dabigatran etexilate or placebo chow prior to sham or TAC

surgery. Sections after TAC surgery were stained for smooth muscle (SM) a-actin (A; red
staining). Relative expression of smooth muscle actin (B), collagen 111 (C), collagen I (D),
MMP-9 (E), X, PAR-1 (F) mRNA were measured in LV apex at five weeks after surgery.
Expression level of each gene was normalized to 18s ribosomal RNA levels. The fold
change is in comparison to values obtained in placebo + sham group, which was set as 1.
Data are expressed as mean £ SEM; placebo + sham n= 3; placebo + TAC, n=7; dabigatran
+ sham, n=6; dabigatran + TAC, n=7.
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Figure 4. Dabigatran improves coronary flow reserve and function and reduces thrombin-
stimulated collagen production

Mice were randomized to receive dabigatran etexilate or placebo chow prior to sham or TAC
surgery. Five weeks after surgery, quantitative analysis was performed of coronary flow
reserve (ratio of hyperemic to basal velocity) (A).). The flow velocities are representative of
four-to—five animals per group. Coronary flow reserve inversely correlated with myocardium
fibrosis after TAC by linear regression (BAnalysis of parallel lines indicates that while the
slopes of the lines are not significantly different (P = 0.502), the line y intercepts are
significantly different (P = 0.0016). Dabigatran also improved global left ventricular
function as evaluated by tissue Doppler Tei index (C). Data are expressed as mean + SEM,;
placebo + sham n= 6; placebo + TAC, n= 10; dabigatran + sham, n= 7; dabigatran + TAC,
n= 8. Fibroblasts were isolated from normal adult mice with regular chow and collagen
production measured as described in Methods (D). Data are mean = SEM from four
experiments performed in duplicate.
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