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ABSTRACT 

 

Coronary heart disease involves atherosclerosis in coronary arteries, plaque rupture, and 

thrombosis, triggering myocardial infarction (MI). In commonly used mouse atherosclerosis 

models, plaques develop in the aorta, but not coronary arteries, and plaque rupture and 

thrombosis are rare. Mice lacking expression of the high-density lipoprotein receptor, scavenger 

receptor type B class I (SR-B1), and apolipoprotein E genes (apoE) are severely 

hypercholesterolemic, develop atherosclerosis spontaneously in coronary arteries, and exhibit MI 

and early death. This study aimed to better understand the involvement of thrombin by assessing 

fibrin deposition in coronary artery atherosclerosis development and MI in these mice. This was 

achieved by treating female and male SR-B1ko/ko/apoEko/ko mice with a diet supplemented with 

direct thrombin inhibitor, Dabigatran Etexilate (DE, 6 mg/g food, from 4-6 weeks of age).  

Clotting parameters (thrombin- antithrombin complex ELISA; thrombin generation assays) were 

measured using platelet-poor plasma. Atherosclerosis in the aortic sinus and coronary arteries 

was evaluated in cross-sections stained for lipids with oil red O and fibrin deposition in coronary 

arteries was evaluated by immunostaining. Myocardial fibrosis was detected by trichrome 

staining. Plasma cardiac Troponin-I and inflammatory cytokines IL-6, MCP-1, and TNF-α were 

measured by ELISA. The results showed that DE treatment reduced systemic inflammation, 

atherosclerotic plaque development in the aortic sinus and coronary arteries, and fibrin 

deposition in the atherosclerotic coronary arteries. It also reduced cardiomyocyte damage, but no 

changes were seen in cardiac fibrosis. In conclusion, while direct thrombin inhibition in a 

spontaneous coronary artery atherosclerosis murine model protected against some aspects of the 

disease development (coronary artery atherosclerosis, inflammation, myocardial damage 
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markers) it did not protect against others (myocardial fibrosis). Therefore, these results highlight 

the complexity of the involvement of thrombin in coronary heart disease. 
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Chapter 1: Introduction 

In Canada, heart disease is the second leading cause of death with ischemic heart disease 

representing the most common form1,2. Ischemic heart disease is a collective term given to heart 

diseases that result in a reduced blood flow to the heart due to the narrowing of the arteries 

supplying the heart2 . This is also known as coronary heart disease. Coronary heart disease is a 

consequence of atherosclerotic plaque development in the coronary arteries3. Atherosclerosis is a 

chronic inflammatory disease characterized by the accumulation of lipids and the formation of 

plaques3. Over time, the development of plaques can narrow the arteries, or in advanced stages, 

rupture, and lead to the formation of blood clots3. In either case, the development of plaque poses 

a serious health risk as it can lead to blockage of blood flow which is essential for oxygen 

delivery. 

1.1 Atherosclerosis Development    

The development of atherosclerosis can be categorized into three stages, fatty streak, 

plaque progression, and plaque disruption4. In the early stage, the fatty streak is characterized by 

yellow discoloration due to a build-up of cholesterol on the inner surface of the artery wall, and 

crucial to this stage is the dysfunction of the endothelium4. This can be a result of reduced Nitric 

Oxide (NO) bioavailability or disruption of hemodynamic forces (i.e., low shear stress) in the 

endothelium4. NO is synthesized by endothelial cells and promotes endothelium-dependent 

vasodilation. It is considered an athero-protective molecule because it reduces platelet 

aggregation, tissue oxidation, and inflammation. However, NO production is reduced in 

hyperlipidemic conditions which leads to increases in oxidative stress and proinflammatory 

responses. Hemodynamic forces in the vessel wall (shear stress) also play a critical role in 

endothelial dysfunction. Areas along the vessel wall that bifurcates, or branches (low shear 
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stress) are more susceptible to the accumulation of Low-Density Lipoproteins (LDLs) and a 

favorable environment for plaque localization due to the disturbances in blood flow. Ultimately, 

these insults to the endothelium increase its permeability and allow for the transcytosis of LDLs 

to occur. When LDLs are transported from the lumen to the subendothelial space it undergoes 

chemical oxidation. These oxidized LDLs (ox-LDLs) are pro-inflammatory and broadly 

speaking, contain protein components that are structurally modified by aldehyde products to 

produce a net negative charge that is essential for the interaction and uptake by macrophages5. In 

addition, ox-LDLs can initiate inflammatory signaling, leading to the activation of adhesion 

molecules such as P -selectin, E-selectin, Intercellular Adhesion Molecule 1 (ICAM-1), and 

Vascular Adhesion Molecule 1 (VCAM-1)5. These adhesion molecules are essential for 

leukocyte recruitment. In the early stages of the recruitment, P-selectin and E-selectin participate 

in rolling adhesion, allowing leukocytes to transiently bind to the endothelial surface, while in 

the later stage, ICAM-1 and VCAM-1 participate in tightening and firming the adhesion to allow 

for the transmigration of leukocytes into the intima6. In the context of atherosclerosis, monocytes 

are important leukocytes that transmigrate into the intima and mature into phagocytic 

macrophages with the upregulation of scavenger receptors to remove ox-LDLs7. Once these 

macrophages ingest ox-LDLs they become foam cells and the accumulation of lipid-engorged 

foam cells in the artery wall is the hallmark of atherosclerosis and is thought to drive plaque 

growth3,4,7. During the plaque progression stage, there is a constant turnover of macrophages to 

promote the resolution of inflammatory responses. While newly recruited macrophages 

contribute to the accumulation of foam cells, older foam cells undergo cell death forming the 

necrotic core commonly associated with plaques which further the inflammatory response3,4. 

Furthermore, the progression of plaques is enhanced by the proliferation of Smooth Muscle Cells 
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(SMCs) stimulated by growth factors such as Platelet-Derived Growth Factor (PDGF) released 

from foam cells, activated platelets, and endothelial cells4,8. The migration of SMCs to the intima 

forms the fibrous cap of the plaque and acts as a protective layer to prevent plaques from 

rupturing and spilling their content into the bloodstream. In addition, surrounding the SMCs is 

the Extracellular Matrix (ECM). The ECM composes a mixture of collagen, elastin, 

glycoproteins, and proteoglycans that are vital for providing structural integrity to various 

organs, including the heart and the vascular network8. The ECM helps reinforce the stability of 

the fibrous cap of the plaque, however, in atherosclerosis, the regulation of ECM is altered8,9. 

ECM is regulated by Matrix Metalloproteinase (MMPs) and their tissue inhibitors. MMPs are 

produced by macrophages, and they are capable of digesting the ECM which weakens the 

fibrous cap and contributes to the instability of the plaque9. The final stage of atherosclerosis 

development is marked by the rupturing of unstable plaques4. This rupture leads to highly 

prothrombotic plaque material spilling into the lumen and triggering the activation of the 

coagulation pathway3,4,10 (Refer to figure 1).   
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Figure 1: Atherosclerosis Development4. There are three stages, lipid deposition, plaque progression, and plaque 

disruption that capture the progression of atherosclerosis development. Fatty streak marks the beginning of plaque 

development and begins with endothelium dysfunction due to chemical or physical irritations. This leads to an increase in 

the permeability of the endothelium allowing the entry of LDLs into the intima and undergo chemical modification to 

form highly inflammatory ox-LDLs. Furthermore, these irritations activate adhesion molecules on the endothelium 

triggering an inflammatory response. These inflammatory responses lead to the recruitment of leukocytes, particularly 

monocytes/macrophages. Plaque progression is marked by the continuous ingestion of ox-LDLs by macrophages as an 

attempt to reduce inflammation. These macrophages become foam cells. The accumulation of foam cells stimulates 

smooth muscle cell migration and proliferation and contribute to the growth of the plaque. Over time, degradation 

enzymes such as MMPs render the growing plaque unstable and lead to the final stage of plaque rupture and thrombus 

formation. 
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1.2 Coagulation Pathways   

The coagulation pathway is a cascade of events that leads to the reduction of blood loss at 

the site of injury by forming clots, a process known as hemostasis11,12. There are three pathways, 

the intrinsic, extrinsic, and common pathways, and each pathway consists of different clotting 

factors that aid in the final conversion of soluble fibrinogen into insoluble fibrin clot11,12. Most of 

the clotting factors are produced in the liver and circulate in the blood as inactive forms called 

zymogens, and upon activation, they become serine proteases which act as catalysts to cleave 

downstream zymogens11,12. The intrinsic pathway is activated when FXII comes in contact with 

negatively charged molecules or surfaces,  initiating a sequential activation of FXI and FIX, and 

resulting in the formation of FIXa-FVIIIa complex; whereas the extrinsic pathway is activated 

when there is injury or trauma to the endothelium resulting in the release of TF11–13. The TF then 

binds to FVIIa forming a TF-FVIIa complex12,13. Both the intrinsic FIXa-FVIIIa complex and the 

extrinsic TF-FVIIa complex then merge into the common pathway and activate FX, then 

thrombin12,13. The final stage of coagulation is marked by the conversion of fibrinogen to fibrin. 

Fibrinogen is a glycoprotein complex synthesized in the liver12,14. Once thrombin converts 

fibrinogen to fibrin, fibrin polymerization processes such as elongation, lateral aggregation, and 

cross-linking can occur to form the final product of an insoluble fibrin clot15. While the 

waterfall/cascade model of the coagulation pathway is useful in understanding how each clotting 

factor relates to one another and the steps required for fibrin clot formation12, it is not a 

comprehensive view of the coagulation process at a physiological level in the vasculature16. The 

cell-based model of the coagulation pathway considers the importance of cells’ role in the 

formation of a fibrin clot16. Specifically, there are three phases, initiation, amplification, and 

propagation involved in the formation of a fibrin clot. The initiation phase is when TF-bearing 
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cells such as macrophages expose TF providing a surface in which circulating clotting factors 

can assemble upon16. The amplification phase occurs when small amounts of thrombin generated 

from the extrinsic pathway activate clotting factors in the intrinsic pathway leading to a burst of 

thrombin generation which leads to the propagation phase where a stabilized fibrin clot is formed 

(Refer to Figure 2).  
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Figure 2: Coagulation Pathways12,16. This figure illustrates key players in the coagulation and fibrinolytic pathways. The 

coagulation pathway is subdivided into three pathways, intrinsic, extrinsic, and common pathways. The intrinsic pathway is 

activated when it is in contact with negatively charged molecules or surfaces, whereas the extrinsic pathway is activated when 

there is physical injury/trauma to the blood vessel. Both the intrinsic and extrinsic pathway merge into the common pathway 

leading to the final product of fibrin clot formation. The fibrinolytic pathway is activated upon the formation of fibrin clots and 

is responsible for the degradation of them. Furthermore, cells are important in facilitating the activation of the coagulation 

pathway. According to the cell-based model of coagulation16, the Initiation involves cells releasing Tissue Factor to generate 

limited amounts of thrombin (green dotted line). The Amplification stage occurs when the intrinsic pathway is activated 

creating a positive feedback loop for greater amounts of thrombin generation (red dotted line). Finally, the Propagation stage 

involves fibrin clot formation upon continuous stimulation of both intrinsic and extrinsic pathways (yellow dotted line). 

Created in BioRender.com. 
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1.3 Coagulation Pathways and Atherosclerosis Development   

Unlike the inflammatory pathway, our understanding of the roles of the coagulation 

pathway in the development of atherosclerosis is limited. Atherothrombosis occurs when the 

plaque ruptures leading to the formation of a superimposed thrombus, however, thrombus 

formation can also take place within a growing plaque17. This is usually a result of angiogenesis-

related neo-vessel formation within the plaque and these vessels are said to be leaky and prone to 

rupture, exposing blood to the highly thrombogenic plaque content leading to microthrombi 

formation18. In atherothrombosis, exposure of TF on ruptured endothelium, as well as 

monocytes/ macrophages in plaque lesions, serve as an initiator of the extrinsic pathway19–21. In 

addition, the formation of the TF-FVIIa complex can also stimulate the activation of the intrinsic 

pathway through activating FIX, thereby amplifying the production of thrombin and 

subsequently fibrin clot formation19–21. Many cells are involved in atherosclerosis development 

that is also TF-bearing cells such as smooth muscle cells, macrophages, platelets, and endothelial 

cells22. These cells are capable of activating the coagulation pathway through exposing TF upon 

stimulation which allows circulating clotting factors to assemble on and form a fibrin clot16,22. 

While TF is crucial in the activation of the coagulation pathway in atherosclerosis development, 

other coagulation proteins such as thrombin have also been implicated in affecting the 

thrombogenicity of plaque development. Therefore, the interplay between the coagulation 

pathway and inflammatory pathway suggests an important role in determining the course of 

atherosclerosis development.   

1.4 Thrombin  

Thrombin is a functionally diverse protein that affects both the coagulation and 

inflammatory pathways thus playing a particularly important role in the development of 
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atherosclerosis21,23. In the coagulation pathway, thrombin exhibits both procoagulant and 

anticoagulant properties23. The procoagulant property is attributed to thrombin’s ability to 

activate platelets leading to increased platelet aggregation and adhesion, as well as its ability to 

activate other clotting factors and being responsible for converting fibrinogen to fibrin23. In 

contrast, when thrombin binds to thrombomodulin on endothelial cells, it leads to the conversion 

of protein C to activated protein C (APC). APC inhibits thrombin generation by inactivating FVa 

and FVIIIa resulting in anti-coagulant responses. In the inflammatory pathway, thrombin’s 

proinflammatory effects are mediated by G-protein-coupled receptors (GPCR), and protease-

activated receptors (PARs)23. There are four members of the PAR family (PAR1-4), and 

thrombin activates PAR-1, PAR-3, and PAR-424,25. It is important to note that there are 

differences in the expression of PAR on cells between humans and mice. For example, human 

platelets express PAR-1 and PAR-4, whereas mouse platelets express PAR-3 and PAR-425. 

Nevertheless, PAR-1 is a potent substrate for thrombin and is located on most cells essential in 

atherosclerosis development such as endothelial cells, platelets, macrophages, and vascular 

smooth muscle cells23–25. When activated it leads to growth, differentiation, and proliferation of 

cells23. Consequently, thrombin promotes both atherogenic and thrombogenic development in 

plaques in atherosclerosis. The functionally diverse nature of thrombin makes it a desirable target 

for intervention. There are two categories of thrombin inhibitors, direct and indirect26. 

Structurally, thrombin has three domains in which thrombin-inhibiting drugs can bind, the 

catalytic site, and two exosites. Exosite I is the binding site for fibrinogen while exosite II is the 

binding site for heparin27.   

Indirect thrombin inhibitors such as unfractionated heparin and Low-Molecular-Weight 

Heparin (LMWH) require the presence of a cofactor, antithrombin27. Antithrombin binds to the 
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active site on thrombin while heparin binds to antithrombin and Exosite II on thrombin, 

simultaneously, resulting in the formation of a ternary complex of heparin-thrombin- 

antithrombin27. However, heparin can also bind simultaneously to fibrin and thrombin, 

occupying both the exosites and creating a fibrin-heparin-thrombin complex while leaving the 

active site exposed27. In this case, heparin enhances thrombin’s affinity for fibrin leading to an 

increase in thrombin-bound fibrin concentration and ultimately fibrin clot formation27.  

On the other hand, direct thrombin inhibitors (DTIs) not only do not require the assistance 

of a cofactor and bind directly to the active site and exosite I of thrombin but also bind to free 

and clot-bound thrombin26,27. One such DTI of interest is Dabigatran, sold as a prodrug, 

Dabigatran Etexilate (DE)28. Dabigatran’s inhibition of thrombin is rapid, competitive (Ki= 4.5 

nM), and reversible with high selectivity compared to other thrombin inhibitors29. DE is 

classified as Direct Oral Anticoagulant (DOAC). Many DOACs are gaining considerable 

attention because they have shown superiority or noninferiority to the current standard of care 

anticoagulants such as Warfarin, a Vitamin K Antagonist (VKA), and LMWH28. In addition, 

DOACs have many advantages compared to VKA such as fewer monitoring requirements, less 

frequent follow‐ups, more immediate drug onset and offset, and fewer drug and food 

interactions28. DE is a prodrug which is administered orally and converted to the active form, 

Dabigatran, in the liver30. It has an absolute bioavailability of 6.5% and is measured to be 2-fold 

less potent in mice compared to human29. The serum half-life is 12 to 17 hours and 80% of the 

given dose is excreted by the kidneys 31. The FDA-approved indications for DE prescribing 

include stroke prevention for non-valvular atrial fibrillation, treatment and prevention of 

recurrent deep vein thrombosis and pulmonary embolism, and prevention of thromboembolism 

after total hip replacement28.  
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In animal studies, apoEko/ko (SKO) mice treated with DE showed reduced aortic sinus 

atherosclerosis, macrophage infiltration and accumulation, and thrombin-mediated platelet 

aggregation32–35. In addition, DE treatment also improved endothelial function32–34 and has been 

shown to change plaque composition associated with markers of plaque stabilization by 

thickening the fibrous cap through smooth muscle cell proliferation and collagen and elastin 

deposition35. In human studies, there have been many clinical trials undertaken to examine the 

long-term efficacy and safety of DE in relation to other DOACs36, existing standard of care (i.e., 

warfarin)31,37,38, different indications (i.e., coronary artery disease)39,40, and combined therapies 

(i.e., dual anti-platelet therapy plus antithrombotic therapy)38–40. Perhaps, the most problematic 

aspect of DE is its association with an increased risk of myocardial infarction compared to 

Warfarin 31,37,41. Furthermore, the results of combined therapy of DE in addition to dual platelet 

therapy for the treatment of atrial fibrillation comorbid with coronary artery disease have been 

conflicting. This is mainly because compound cardiovascular diseases usually require triple 

antithrombotic therapy, however, with the addition of an antithrombotic therapy there is an 

increased risk of bleeding, while the risk of thrombosis remains unclear28,39,40. Therefore, the 

verdict on DE’s efficacy and safety is still out for debate and there are still many aspects and 

conditions that need to be considered and especially in the case of coronary artery disease. 

1.5 Mouse Models in Atherosclerosis  

In general, animal models in atherosclerosis are based on accelerated plaque formation as a 

result of either a cholesterol-rich/western-type diet, genetic manipulation involved in cholesterol 

metabolism, or the introduction of additional risk factors for atherosclerosis such as diabetes42,43. 

While various animal species have been utilized in studying atherosclerosis, mice have been the 

preferred species because of their well-studied genetic profile42. However, mice are resistant to 
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developing atherosclerosis, thus to utilize them in research genetic manipulation of their lipid 

metabolism is required42. The most common genetic manipulations in an atherosclerotic mouse 

model are the knockout of apolipoprotein E (apoE) and Low-Density Lipoprotein Receptor 

(LDLR) genes. apoE is a glycoprotein that functions as a ligand for receptors that clear 

chylomicrons and Very-Low Density Lipoprotein (VLDL), and by knocking out the apoE genes 

(apoEko/ko), plasma total cholesterol level increases42. Similarly, since mice have higher levels of 

High-Density Lipoprotein (HDL) and lower levels of LDLs, by knocking out LDLR 

(LDLRko/ko), researchers have significantly increased the plasma LDL cholesterol levels42.  

The development of atherosclerosis can be accelerated when combining genetic 

manipulations with high-fat and high-cholesterol diets42,43. However, these mice usually develop 

atherosclerosis in the aortic sinus and not in the coronary arteries, in addition, spontaneous 

plaque rupture and/or thrombotic complications rarely occur at this site, thus LDLR and apoE 

knockout mice models are not very useful in understanding coronary atherothrombosis and 

myocardial infarction42.   

However, coronary artery atherosclerosis and myocardial infarction were observed in mice 

in which both the Scavenger Receptor Class B Type I (SR-B1) and apoE genes were knocked 

out44. SR-B1 is an important receptor for HDL and reduces circulating lipids by facilitating the 

selective delivery of cholesterol from HDL to steroidogenic tissues and the liver for excretion 

into bile and feces43. A previous study by Braun et al. (2002) found that on a standard laboratory 

diet, SR-B1ko/ko/apoEko/ko (dKO) mice showed signs of coronary artery disease, including 

occlusive coronary atherosclerosis, spontaneous myocardial infarction, and cardiac hypertrophy 

and dysfunction44. Consequently, these mice had a significantly reduced lifespan with a reported 

average premature death at 6 weeks of age44. Intriguingly, that study reported the detection of 



M.Sc. Thesis- L. LEE; McMaster University- Medical Science 

13 

 

fibrin deposition in atherosclerotic coronary arteries of dKO mice, suggesting the involvement of 

the coagulation pathway in coronary artery disease. However, the extent of fibrin deposition 

among atherosclerotic coronary arteries and the importance of fibrin deposition for coronary 

artery disease and myocardial infarction development were not tested.44. Furthermore, the role of 

the coagulation pathway in the development of atherosclerosis was further demonstrated by 

platelet activation detected in other similar coronary artery atherosclerosis studies utilizing the 

dKO mouse model44,45 (Refer to Figure 3). Therefore, the unique nature of the coronary artery 

disease development in the dKO mice and the potential involvement of fibrin deposition in 

atherosclerotic coronary arteries in coronary artery disease development suggest that this mouse 

model may be a useful preclinical model for probing the impacts of direct thrombin inhibition on 

coronary artery disease, coronary atherothrombosis, and myocardial fibrosis. 

  

Figure 3: Mouse Models in Atherosclerosis42,43. This figure illustrates key mouse models in studying atherosclerosis. 

Most commonly, studies utilize apoEko/ko or LDLRko/ko to study atherosclerosis development. These mouse models develop 

accelerated atherosclerosis in the aortic sinus while on western-type diet, though apoEko/ko can develop atherosclerosis 

spontaneously, it would require an extended period. By additionally knocking out the gene SR-B1 these mice develop 

coronary artery atherosclerosis in addition to aortic sinus atherosclerosis. The major difference is that SR-B1ko/ko/apoEko/ko 

develops atherosclerosis spontaneously on standard laboratory diet while SR-B1ko/ko/LDLRko/ko mice develops it on a Paigen 

diet. Created in BioRender.com. 
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Chapter 2: Hypothesis and Objectives 

  

2.1 Hypothesis 

 

The inhibition of thrombin by dabigatran will reduce fibrin deposition and plaque development 

in the coronary arteries of SR-B1ko/ko apoE ko/ko mice. 

 

2.2 Objectives 

 

1. To characterize the time course development of atherosclerosis and fibrin deposition in the 

aortic sinus and coronary arteries in SR-B1ko/ko apoE ko/ko mice. 

2. To investigate the effects of direct thrombin inhibition on coronary artery atherosclerosis, 

fibrin deposition, and myocardial infarction in SR-B1ko/ko apoE ko/ko mice.   
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Chapter 3: Methods and Materials 

 

3.1 Mice  

All procedures involving mice were approved by the Animal Research Ethics Board of 

McMaster University and followed the guidelines of the Canadian Council on Animal Care. 

Mice were bred and housed in the David Braley Research Institute animal facility in ventilated 

cages with automatic watering and had free access to either standard normal laboratory diet in 

pellets (Catalog # Teklad – 2918-032222M) or powder (Catalog # Teklad – 2918M.CS) 

containing 18% protein, 5% fat, and 5% fiber (Teklad Global, Envigo, Mississauga, ON, 

Canada). dKO mice were produced by mating SR-B1wt/ko apoEko/ko (mixed C57BL/6J and 129Sv 

genetic background) mice derived from founders originally provided by Monty Krieger, 

Massachusetts Institute of Technology, Cambridge, USA.  Genotyping was carried out by PCR 

on DNA isolated from tail biopsies collected at weaning (3 weeks of age). 

 

3.2 Dabigatran Etexilate (DE) Treatment 

0.6g of DE (Toronto Research Chemicals, Toronto, ON, Canada, catalog # D100140) was 

mixed with 100g of standard normal laboratory diet in powder (Takled Global, Envigo, 

Mississauga, ON, Canada, catalog # Teklad – 2918M.CS). Food was mixed with autoclaved 

water and placed in food cups for feeding. Treatment began when dKO mice were 4 weeks old 

and continued for two weeks. Each cage housed two mice, and they were given two cups of food 

per day. 
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3.3 Euthanasia and Heart Collection 

Mice were anesthetized with isoflurane/O2. Hearts were perfused in situ with phosphate-

buffered saline containing 10 U of heparin/ml and stored in Shandon Cryomatrix (Fisher 

Scientific, Ottawa, ON, Canada) at -80°C. 

 

3.4 Plasma Blood Collection 

Blood was collected through the Inferior Vena Cava using a 3ml syringe with a 23G x 1″ 

gauge needle that was loaded with 10μl buffered citrate/ 1ml blood. To collect platelet-poor 

plasma, blood was centrifuged twice at 8000 rpm for 10 minutes and the supernatant was 

collected, aliquoted, and stored at -80⁰ C. 

 

3.5 Diluted Thrombin Time 

Platelet-poor plasma was first diluted to 1:8 with HEPES-buffered saline (20 mM HEPES 

and 150 mM NaCl). Then, in a clear round-bottom 96-well plate 50 μl of the diluted plasma was 

mixed with 100 μl of normal human plasma and incubated for 60s at 37⁰ C. Finally, 100 μl of 

substrate buffer  (2 nM human alpha thrombin (Enzyme Research Laboratories Inc., Indiana, 

United States, catalog # HT 10002a and 4 mM CaCl2 ) was added to the mixed plasmas and read 

at an absorbance of 405 nm for 90 minutes at 37⁰ C using Molecular Devices ThermoMax 

Microplate Reader. To establish the standard curve, plasma, and substrate buffer were mixed 

with varying dabigatran concentrations (0-500 ng/ml). This resulted in various clotting times and 

the corresponding dabigatran concentration was used to generate a standard curve. The 

concentration of dabigatran in the unknown plasma was determined by extrapolating the clotting 
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time along the standard curve. The R- squared value of the standard curve was 0.96 (Refer to 

Figure 7A).  

 

3.6 Enzyme-Linked Immunosorbent Assays (ELISAs) 

Thrombin-Antithrombin (TAT) ELISA kit was purchased from Affinity Biologicals Inc. 

(Ancaster ON, Canada, catalog # TAT-EIA). Stock capture antibody contained 0.5 ml of 

polyclonal affinity purified anti-thrombin antibody and was diluted with coating buffer (50 mM 

carbonate) to 1:200. Similarly, stock detecting antibody contained 0.5 ml of peroxidase-

conjugated affinity-purified polyclonal anti-Antithrombin III antibody and was diluted with 

conjugated diluent to 1:200. Platelet-poor plasma was diluted with Sample Diluent to 1:5. OPD 

(o-phenylenediamine dihydrochloride, 5mg) substrate tablets (Sigma- Aldrich, Oakville, ON, 

Canada, catalog # P6912-50TAB) were dissolved in citrate-phosphate buffer ( 0.1 M sodium 

phosphate and 0.02 M citric acid, pH 5.0) with 12 μl of 30% hydrogen peroxide and added to 

each plate at the end. At any given stage, the reaction volume was 100 μl. A high-binding ELISA 

96-well plate (Corning Inc. New York, United States) was used. Each plate was given 5 minutes 

for color development and the reaction was stopped by adding 50 μl of 2.5 M sulfuric acid. The 

plates were read using Molecular Devices ThermoMax Microplate Reader at an absorbance of 

490 nm.  

 

IL-6 (catalog # 431304), TNF-α (catalog # 430904), and MCP-1 (catalog # 432704) 

ELISA kits were purchased from BioLegend (California, United States). Stock capture 

antibodies IL-6 (mouse anti-rat monoclonal antibody), TNF-α (mouse anti-Armenian hamster 

monoclonal antibody), and MCP-1 (mouse anti-Armenian hamster monoclonal antibody) were 
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diluted with coating buffer to 1:200. Platelet-poor plasma was diluted to 1:4 with assay diluent. 

Stock detection antibodies IL-6 (rat anti-mouse biotinylated monoclonal antibody), TNF-α (goat 

anti-mouse biotinylated polyclonal antibody), and MCP-1 (Armenian hamster anti-mouse 

biotinylated monoclonal antibody) were diluted to 1:200 with assay diluent. Avidin-HRP was 

diluted to 1:1000 with assay diluent. High binding ELISA 96-well plates (Corning Inc. New 

York, United States). At any given stage, the reaction volume was 100 μl. Equal volumes of 

TMB (3,3',5,5'-Tetramethylbenzidine) substrates were added to each well and given 15 minutes 

for color development. The reaction was stopped by adding 50 μl of 1 M sulfuric acid. The plates 

were read using Molecular Devices ThermoMax Microplate Reader at an absorbance of 450 nm. 

 

Mouse Cardiac Troponin- I (cTnI) ELISA kit was purchased from Life Diagnostics Inc. 

(Pennsylvania, United States, catalog # CTNI-HSP). Platelet-poor plasma was diluted to 1:2 with 

plasma diluent. Each well was given 20 minutes for color development and the reaction was 

stopped by adding 50 μl of stop solution. The plates were read using Molecular Devices 

ThermoMax Microplate Reader at an endpoint absorbance of 450 nm. 

 

3.7 Thrombin Generation Assay (TGA) 

Platelet-poor plasma (40 μl) was mixed with 10 μl of Activated Partial Thromboplastin 

(Instrumentation Laboratories, Massachusetts, United States, catalog # 0008468710) and 50 μl of 

substrate buffer. The substrate buffer consisted of 260 nM of CaCl2, 20 nM of HEPES, and 20 

nM fluorogenic substrate (Z-Gly-Gly-Arg-AMC) (Bachem Americas, Inc. United States, catalog 

#4002155.0025). Each mixture was dispensed in an opaque round bottom 96-well plate and read 

at 37⁰ C for 90 minutes between 360 nm and 460 nm wavelengths using Molecular Devices 



M.Sc. Thesis- L. LEE; McMaster University- Medical Science 

19 

 

ThermoMax Microplate Reader. The raw values generated were transferred to 

TECHNOTHROMBIN® TGA Evaluation Software (Technoclone Herstellung von Diagnostika 

und Arzneimitteln GmbH, Austria) for analysis. 

 

3.8 Aortic Sinus Atherosclerosis 

Transverse cryosections (10 μm) were obtained using Shandon Cryotome Cryostat 

(Thermo Fisher Scientific, Ottawa, ON, Canada). They were stained for lipids with Oil red O 

(Thermo Fisher Scientific, Ottawa, ON, Canada, catalog # AAA1298914) and counterstained for 

nuclei with Hematoxylin (Sigma- Aldrich, Oakville, ON, Canada, catalog # MHS80-2.5L). The 

aortic sinus atherosclerotic plaque area within all three leaflets at different positions (0 μm, 100 

μm, 200 μm, 300 μm, or 400 μm, refer to figure 4)  was quantified using Axiovision software. 

The atherosclerotic plaque volume was calculated as the area under the curve of plaque area 

versus distance 0 μm to 400 μm. Bright-field microscopy with 5x magnification was used to 

capture all images (Zeiss Axiovert 200M Fluorescence Microscope). 

 

Figure 4: Aortic Sinus Section and Quantification Figures A-F show the appearance to the disappearance of all 

three aortic sinus valve leaflets, respectively. Each figure is 100 μm apart and each aortic sinus valve leaflet is labeled 

either A, B, or C and quantified for 5 sections (0 μm to 400 μm).  
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3.9 Coronary Artery Atherosclerosis 

Transverse cryosections (10 μm) were obtained using Shandon Cryotome Cryostat 

(Thermo Fisher Scientific, Ottawa, ON, Canada). They were stained for lipids with Oil red O 

(Thermo Fisher Scientific, Ottawa, ON, Canada, catalog # AAA1298914) and counterstained for 

nuclei with Hematoxylin (Sigma- Aldrich, Oakville, ON, Canada, catalog # MHS80-2.5L). The 

position where each aortic valve leaflet starts to appear was designated as 0 μm for the 

corresponding valve leaflet and measured in five sections (200 μm apart from the base towards 

the center of the heart). The coronary artery occlusion was averaged from those five sections. 

Coronary artery cross sections with atherosclerotic plaques were scored as “atherosclerotic” and 

those without plaques were scored as “non-atherosclerotic”. The quantification was completed in 

a blinded manner by Dr. George Kluck. Bright-field microscopy with 20x magnification was 

used to capture all images (Zeiss Axiovert 200M Fluorescence Microscope). 

 

3.10 Anti-Fibrin Staining  

The mouse Anti-Human Fibrin monoclonal antibody (mAb) (1:500), designated T2G1 

(Accurate Chemical & Scientific Corporation, New York, United States, catalog # NYBT2G1) 

was used. It reacts only with the Bβ15-42 peptide of the fibrin molecule after thrombin cleavage 

and the release of both fibrinopeptides (Refer to Figure 5). For staining, transverse cryosections 

(10 µm) were obtained using Shandon Cryotome Cryostat (Thermo Fisher Scientific, Ottawa, 

ON, Canada) and stained using the Mouse-On-Mouse (M.O.M) staining kit (Vector Laboratories 

Canada Inc., Burlington, ON, Canada, catalog #BMK-2202) and an additional blocking reagent, 

AffiniPure Fab Fragment Goat Anti-Mouse IgG (H+L) (1:11) (Jackson Immunoresearch 

Laboratory Inc., Pennsylvania, United States, catalog #115-007-003) A Rabbit Anti-Goat IgG 

(H+L) (1:357) secondary antibody modified with Alexa Fluor 594 dye (1:1000) (Thermo Fisher 
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Scientific, Ottawa, ON, Canada) was used for immunofluorescent detection. Finally, the slides 

were counterstained for nuclei with 300 μM DAPI (4′,6-diamidino-2-phenylindole, Invitrogen 

Canada Inc., Burlington ON, Canada, catalog # D-1306).  

  

Figure 5: Fibrin Specific mAb-T2G1 This figure illustrates T2G1 mAb specificity towards fibrin and not 

fibrinogen. It reacts to the Bβ 15-42 sequence on fibrin which is only exposed after thrombin cleavage. Created in 

BioRender.com 



M.Sc. Thesis- L. LEE; McMaster University- Medical Science 

22 

 

3.11 Immunofluorescence Microscopy  

Immunofluorescence microscopy was carried out using a Leica DMi8 confocal microscope 

at 20x magnification. For Alex 594 fluorophore, the maximum excitation and emission 

wavelengths were 590 nm and 617 nm, respectively, For DAPI, the maximum excitation and 

emission wavelengths were 358 nm and 461 nm, respectively. Positive staining was defined by 

greater immunofluorescent intensity compared to negative controls. Immunofluorescence 

intensity was first established by locating a stained coronary artery and comparing it to a 

coronary artery that was not stained, and then the stained coronary artery was compared to 

Secondary Antibody-only control coronary artery. Total Anti-fibrin positive coronary arteries 

were identified per section and matched with the sections of the Oil Red O-stained adjacent 

slides to determine the degree of occlusion.  

 

3.12 Myocardial Fibrosis 

Transverse cryosections (10 μm) were obtained using Shandon Cryotome Cryostat 

(Thermo Fisher Scientific, Ottawa, ON, Canada) and stained for fibrosis with Masson’s 

Trichrome (Sigma- Aldrich, Oakville, ON, Canada, catalog # HT15-1KT, HT-10132-1L, 

HT1079-1SET), which stained healthy myocardium red and collagen fibers blue. The position 

where each aortic valve leaflet starts to appear was designated as 0 μm for the corresponding 

valve leaflet and five sections that were 200 μm apart (0 μm, 300 μm, 500 μm, 700 μm, 900 μm) 

from the base towards the apex of the heart were stained and analyzed. The percentage of 

fibrosis was calculated by adding the total area of fibrosis and the total area of myocardium in 

five sections and then dividing those two values to obtain the final percentage. Bright-field 
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microscopy with 1x magnification was used to capture all images (Zeiss Axiovert 200M 

Fluorescence Microscope) and Axiovision software was used to quantify the images. 

 

3.13 Statistical Analysis 

GraphPad Prism software was used for statistical analysis. For comparison of two groups, 

data were first subjected to a Shapiro-Wilk test for normality and an F test for equal variance. 

Those that passed were subjected to a Student’s t-test. Those that did not pass the normality test 

were analyzed by the Mann-Whitney Rank Sum test. For comparison of multiple groups, data 

were first subjected to the Shapiro-Wilk normality test. Data that passed the normality test were 

analyzed by One-Way ANOVA. Data that did not pass the normality test were analyzed by the 

Kruskal-Wallis multiple comparisons test with Dunn’s post hoc test. Data are presented as mean 

± standard deviation (SD). P values <0.05 were considered statistically significant. 
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Chapter 4: Results 

 

4.1 Time course of development of aortic sinus and coronary artery atherosclerosis and fibrin 

deposition in the coronary arteries of SR-B1ko/ko apoE ko/ko mice at 4, 5, and 6 weeks of age 

I first analyzed the time course of atherosclerosis development in dKO mice by examining 

oil-red O/hematoxylin-stained sections of the aortic sinus from mice at 4, 5, and 6 weeks of age. 

Figure 6A-C shows representative images of oil-red O/hematoxylin-stained sections of aortic 

sinuses at the level of the intact valve leaflets (aortic root) at 4 (n=7), 5 (n=3), and 6 (n=3) weeks 

of age, respectively. Figure 6D shows the quantification of the plaque area in the aortic sinus 

when the first valve leaflet appears (0 μm) to when all three valve leaflets disappear (400 μm). 

The plaque area was calculated by adding atherosclerotic plaque cross-sectional areas in all three 

leaflets at the same distance together and the plaque volume was determined by calculating the 

area under the curve of the plaque area along distance 0 μm to 400 μm. At each given distance, 

4-week-old mice had the least amount of plaque development in the aortic sinus while 6-week-

old mice had the most. Similarly, the average plaque volume increased from 4 to 6 weeks of age 

in the dKO mice with average atherosclerotic plaque volumes in 6-week-old mice (2.88x107 

μm3± 1.6x107μm3), being significantly greater than those in 4-week-old mice (1.03x106 μm3 ± 

6.9x105 μm3), P=0.0087. (Figure 6E). Figure 7A-C shows representative images of oil-red O/ 

hematoxylin-stained coronary artery atherosclerosis in dKO mice at 4 (n=6), 5 (n=6), and 6 

(n=19) weeks of age, respectively. At 4 weeks of age, there were very few atherosclerotic 

coronary artery cross sections observed (1.3±0.8), but it increased as the mice aged to 5 

(11.3±4.1, P=0.4569) and 6 (31.3±10, P<0.0001) weeks of age (Figure 7G). Furthermore, the 

number of atherosclerotic coronary artery cross-sections also significantly increased as the mice 
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aged from 5 to 6 weeks of age, P=0.0397. Similarly, there was very little fibrin deposition in the 

coronary arteries in the 4-week-old dKO mice, and fibrin deposition in atherosclerotic coronary 

arteries progressively increased in the 5- and 6-week-old dKO mice (Figures 7D-F). The average 

number of atherosclerotic coronary artery cross sections with fibrin deposition in the 

atherosclerotic plaques in dKO mice at 4 (n=8), 5 (n=3), and 6 (n=15) weeks of age were 

0.3±0.3, 5±1.9, and 13±4, respectively (4- versus. 5- week-old: P=0.8573, 4- versus. 6- week-

old: P<0.0001, 5- versus. 6- week-old: P=0.1845, Figure 7H).  Interestingly, fibrin was detected 

in approximately half of atherosclerotic coronary artery cross sections and the increase in the 

numbers of fibrin-positive atherosclerotic coronary artery cross-sections mirrored the increase in 

numbers of atherosclerotic coronary artery cross-sections.  

 

4.2 Treatment of dKO mice with Dabigatran Etexilate (DE) 

Having seen very little atherosclerotic plaque development in the aortic sinus and coronary 

arteries and very little fibrin deposition in atherosclerotic coronary arteries in dKO at 4 weeks of 

age, and that atherosclerosis in both the aortic sinus and coronary arteries and fibrin deposition in 

atherosclerotic coronary arteries increased in the dKO mice between 4 and 6 weeks of age, I 

initiated treatment with DE in mice at 4 weeks of age, for a total of 2 weeks.  DE was 

administered in the diet (6mg/g powdered food) and mice were consumed this medicated diet or 

a control diet lacking DE, ad lib.  

 

A diluted thrombin time assay was performed using platelet-poor plasma collected from 

the experimental mice fed the DE and control diets and was compared to assays performed with 

different concentrations of dabigatran to generate a standard curve of diluted thrombin time 
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versus dabigatran concentration. Dabigatran concentrations ranged from 12.2 to 202.4 ng/ml, and 

the average was 73±53 ng/ml in plasma from dKO mice fed the diet containing DE (n=16), while 

dKO mice fed the control diet (n=13) had no detectable dabigatran, as expected (Figure 8). Mice 

fed the diet containing DE did not exhibit any differences in body weights compared to mice fed 

the control diet (Figure 9).  The average body weights were 18.1±3.3 g and 16.5±2.2 g for males 

(P=0.2266) and 14.3±1.8 g and 15.2±1.9 g for females (P=0.3187) DE-treated and control mice, 

respectively (n=6-15). Concentrations of TAT complexes in platelet-poor plasma samples from 

DE-treated and control dKO mice were determined by ELISA (Figure 10). The average TAT 

complex concentration in plasma from control dKO mice was 17.8±8.5 ng/ml (n=11). There was 

a significant decrease in the average plasma level of TAT complexes in DE-treated mice 

(4.1±5.1 ng/ml, n=16), P< 0.0001. This suggests the competitive binding of DE on the active site 

of thrombin occupying antithrombin’s binding site resulting in a reduction of the TAT 

complexes formed. To further evaluate the effects of DE feeding on thrombin activation, 

thrombin generation assays were performed to determine circulating prothrombin potential upon 

stimulation in plasma samples from the control and DE-fed dKO mice. The thrombograph in 

Figure 11A demonstrates the average thrombin levels per minute for the entire duration of the 

assay (91 minutes). It showed an overall reduced capacity for circulating prothrombin to become 

stimulated in the plasma prepared from the DE-treated mice (green line) compared to the control 

mice (black line). Particularly, there was a significant increase in the lag time (91±0 minutes) in 

DE-treated mice (n=16), p<0.0001, as well as a significant reduction in peak thrombin levels 

(8.2±7.7 nM), p=0.0012, and endogenous thrombin potential (338.1±106.3 nM*mins), p<0.0001, 

compared to the control mice (n=12, 7±1.28 minutes; 41.89±31.2 nM; 1204.27±932.9 nM*mins) 

(Figures 11B-D).  
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4.3 DE treatment significantly reduced aortic sinus and coronary artery atherosclerosis in 

dKO mice 

DE treatment has previously been reported to reduce atherosclerosis development in the 

aortic sinus of SKO mice32,33,46,47. Therefore, I first analyzed atherosclerotic plaque sizes in oil-

red O/ hematoxylin-stained sections of the aortic sinuses of DE-treated and control dKO mice 

(Figures 12A-B). DE-treated dKO mice (n=8, green line) exhibited apparent reductions 

compared to control mice (n=9, black line) in plaque cross-sectional areas of atherosclerotic 

plaques along the entire 400 μm stretch of the aortic sinus analyzed (Figure 12C). 

Atherosclerotic plaque volumes calculated as the area under the curve of plaque area versus 

distance were significantly lower in DE-treated mice (n=8, 1.1x107±6.7x106 μm3) compared to 

control mice (n=14, 2.2x107±1.04x107 μm3; Figure 12D), P=0.0103.  

 

Figure 13A shows a representative image of an Oil red O/hematoxylin-stained coronary 

artery cross-section that is free of atherosclerotic plaque and Figures 13B-D show a series of 

coronary arteries that are filled with atherosclerotic plaques. Analysis of counting all 

atherosclerotic coronary artery cross sections starting from the base of the heart to when the first 

aortic sinus leaflet appears (a total of five sections that were 200 μm apart) revealed that there 

was a significant reduction in the numbers of coronary artery cross sections containing 

atherosclerotic plaques in the DE treated compared to control dKO mice (Figure 13E). DE-

treated mice (n=9) exhibited an average of 10±6 atherosclerotic coronary artery cross-sections 

whereas control dKO mice (n=19) exhibited 27±12 atherosclerotic coronary artery cross-sections 

(P<0.0001).  
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To examine the effects of DE treatment on fibrin deposition in atherosclerotic coronary 

arteries in dKO mice, adjacent cross-sections of hearts were stained with either oil red 

O/hematoxylin and subjected to bright-field microscopy (Figures 14A and C) to identify lipid-

rich atherosclerotic plaques in coronary artery cross sections, or the T2G1 mAb specific for the 

Bβ15-42 peptide exposed in fibrin after thrombin cleavage of fibrinogen, and subjected to 

confocal fluorescence microscopy (Figures 14B and D). Quantification of the numbers of 

atherosclerotic coronary artery cross sections that were positive for the anti-fibrin antibody 

staining across five sections (200 μm apart) starting from the base of the heart until the 

appearance of the first aortic sinus valve leaflet, demonstrated that DE treatment of dKO mice 

(n=8) significantly reduced the number of atherosclerotic coronary artery cross sections with 

fibrin deposition (6±4) compared to control dKO mice (n=11, 14±5), P=0.0059.    

 

4.4 Effects of DE treatment on inflammatory cytokines and, markers of myocardial damage in 

dKO mice 

Plasma levels of IL-6 were substantially, and MCP-1 was moderately elevated, whereas 

levels of TNF-α were unchanged in 6-week-old dKO mice compared to SKO mice (Figures 15A-

C). DE treatment of the dKO mice resulted in a significant reduction in plasma IL-6 levels 

(Figure 15A; means ± standard deviations: 440±260 versus 2260±2300 pg/ml, respectively. 

P=0.0157) but did not affect plasma levels of either MCP-1 or TNF-α (Figure 15B and C). 

Plasma levels of high sensitivity cTnI were measured as a marker of cardiomyocyte damage 

(Figure 16A). Plasma levels of high sensitivity cTnI were substantially elevated (n= 11, 

48.6±33.7 ng/ml) compared to similarly aged SKO mice (n= 6, 8.8±0.3 ng/ml), P=0.0027. DE 

treatment of the dKO mice was accompanied by a substantial reduction in plasma cTnI levels 



M.Sc. Thesis- L. LEE; McMaster University- Medical Science 

29 

 

(n=11, 12.6±7.8 ng/ml; P=0.0001) compared to control dKO mice. Examination of heart weights 

normalized to tibia lengths (Figure 16B) showed that control dKO mice (n=26) exhibited 

significantly increased heart weight to tibia length ratio (0.08±0.01) compared to similarly aged 

SKO mice (n=47, 0.06±0.01; P<0.0001). DE treatment of the dKO mice did not affect heart 

weight to tibia length values measured (n= 24, 0.08±0.02; P >0.9999). Figure 16C-D shows 

representative images of trichrome-stained cross-sections of hearts from control and DE-treated 

dKO mice, respectively. Healthy myocardium appears red, and collagen-rich areas appear blue. 

Analysis of the extent of blue staining across a series of five heart sections that were 200 μm 

apart from the base of the heart to the appearance of the first aortic sinus valve leaflet in each 

mouse revealed no significant differences in the amount of collagen deposition in the 

myocardium between DE treated (n=8) and control (n=6) dKO mice (13.8±8.3% versus 

19.2±14.8% of myocardial area positive for collagen, P=0.8518; Figure 16E).  
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D E 

Figure 6: Time Course Development of Atherosclerosis in the Aortic Sinus of dKO mice Representative 

images of aortic sinus atherosclerosis between dKO mice at 4 (Figure A), 5 (Figure B), and 6 (Figure C) weeks of age on 

normal pallet diet. Figure D shows quantification of the plaque area in the aortic sinus from distances 0μm to 400μm 

between dKO mice at 4 (brown line), 5 (grey line), and 6 (blue line) weeks of age. Two-way ANOVA test (a: 4- versus 

5-week-old, b: 4- versus 6-week-old, c: 5- versus 6-week-old), **P < 0.01, ***P < 0.001, ****P < 0.0001. Figure E 

shows the average plaque volume in the aortic sinus between dKO mice at 4,5, and 6 weeks of age was 1.03x106 μm3, 

5.48x106 μm3, and 2.88x107 μm3, respectively. Blue points represent Males; Red points represent Females. Kruskal-

Wallis test. 
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Figure 7: Time Course Development of Atherosclerosis and Fibrin Deposition in the Coronary Arteries 

of dKO mice Representative images of coronary artery atherosclerosis and fibrin deposition between dKO mice at 4 

(Figure A&D), 5 (Figure B&E), and 6 (Figure C&F) weeks of age. Each age group represents the same coronary artery 

stained for both lipids and anti-fibrin. The average number of coronary artery cross sections with atherosclerotic plaques 

between dKO mice at 4, 5, and 6 weeks of age was 1, 11, and 31, respectively, and was only significantly different 

between the 4- and 6- week-old dKO mice, P<0.0001. (Figure G). The average number of atherosclerotic coronary artery 

cross sections with fibrin deposition between dKO mice at 4,5, and 6 weeks of age was 0, 5, and 13, respectively, and 

was only significantly different between the 4- and 6- week-old dKO mice, P<0.0001. (Figure H). Blue points represent 

Males; Red points represent Females. Kruskal-Wallis test. 
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Figure 8: Plasma Dabigatran Concentration The standard curve was created by measuring varying (0-500 ng/ml) 

Dabigatran concentration and its corresponding clotting time. The R-squared value of the curve was 0.96. (Figure A). In 

DE-treated mice, Dabigatran concentration ranged from 12.2- 202.4 ng/ml, and the average was 73.0 ng/ml, while there 

were no detectable amounts of Dabigatran in the control dKO mice, P=0.0021. (Figure B).  Blue dots represent males and 

red dots represent females. Mann-Whitney test.   

A B 
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Figure 9: Body Weight of DE treated and Control dKO mice between Males and Females The average male 

body weight of DE treated dKO mice was 18.1g and the control dKO mice was 16.5g, P=0.2266. The average female body 

weight of DE-treated dKO mice was 14.3g and the control dKO mice was 15.2g, P=0.3187. Mann-Whitney test.   

Figure 10: Thrombin- Antithrombin (TAT) Complex The average concentration of TAT complexes in DE-treated 

dKO mice was 4.1 ng/ml and 17.8 ng/ml in the control dKO mice, P <0.0001. Blue dots represent males and red dots 

represent females. Mann-Whitney test.  
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Figure 11: Thrombin Generation Assay Figure A shows a thrombograph displaying the average endogenous thrombin 

activity for 91 minutes between DE-treated dKO mice (n=17 green line) and control dKO mice (n=16, black line). The 

average time it took for endogenous thrombin to reach peak levels in DE-treated dKO mice was 91 minutes and 7 minutes 

for control dKO mice, P<0.0001 (Figure B). The average peak thrombin levels in DE-treated dKO mice were 8.2 nM and 

41.9 nM for control dKO mice, P=0.0012 (Figure C). The Endogenous Thrombin Potential (ETP) in DE-treated dKO mice 

was 338.1 nM*mins and 1204.3 nM*mins for control dKO mice, P<0.0001 (Figure D). Blue dots represent males and red 

dots represent females. Mann-Whitney test.  

  

A 

B C D 
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Figure 12: Aortic Sinus Atherosclerosis Representative images of the aortic sinus of DE-treated dKO mice (Figure 

B) and control dKO mice (Figure A). Figure C shows the average plaque area in the aortic sinus at distances 0μm to 

400μm between DE-treated dKO mice (green line) and control dKO mice (black line). The average plaque volume in the 

aortic sinus for DE-treated dKO mice was 1.1x107 μm3 and 2.2x107 μm3 for the control dKO mice, P=0.0103 (Figure D). 

Blue dots represent males and red dots represent females. Two-way ANOVA test. Mann-Whitney test.  

A 

C D 
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Figure 13: Coronary Artery Atherosclerosis Representative images of Oil Red O-stained coronary artery cross sections 

that did not have atherosclerotic plaques, termed Non-Atherosclerotic CAs (Figure A), and coronary artery cross sections that 

have atherosclerotic plaques, termed atherosclerotic CAs (Figures B-D). The average number of CAs with atherosclerotic 

plaques in DE-treated dKO mice was 10 and 27 for the control dKO mice, p<0.0001 (Figure E). Blue dots represent males and 

red dots represent females. Mann-Whitney test.  
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Figure 14: Anti-Fibrin Staining in Atherosclerotic Coronary Arteries Figures A-F show representative images of 

the same cross-section CA stained with Oil Red O, Anti-fibrin, and DAPI. Red fluorescence indicates fibrin deposition. 

Figures A and B are CA cross-sections from control dKO mice. Figures C and D are CA cross-sections from DE-treated dKO 

mice. Figure F is an immunofluorescent staining control CA cross-section that was stained without Primary antibody and 

Figure E is the corresponding CA cross-section stained with Oil Red O. The average number atherosclerotic CA cross-

sections with fibrin deposition in dKO mice receiving DE treatment was 8 and 11 for control dKO mice, p=0.0059 (Figure 

G). Blue dots represent males and red dots represent females. Mann-Whitney test.  
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Figure 15: Inflammatory Cytokines The average concentration of IL-6 in SKO mice (196.8 pg/ml) was 

significantly lower compared to both control dKO mice (2257.5 pg/ml), P=0.0003, and DE-treated dKO mice 

(439.9 pg/ml), P=0.0006. The average concentration of IL-6 was also significantly lower in DE-treated dKO mice 

compared to control dKO mice, P=0.0157 (Figure A). The average concentration of MCP-1 was significantly lower 

in SKO mice (9.1 pg/ml) compared to both control dKO mice (30.5 pg/ml), P=0.0026, and DE-treated dKO mice 

(23.6 pg/ml), P=0.0356. However, no significant differences were found between DE-treated dKO mice and control 

dKO mice, P=0.7146 (Figure B). The average concentration of TNF-α was significantly lower in the SKO mice 

(73.1 pg/ml) compared to the DE-treated dKO mice (89.2 pg/ml), P=0.0333. However, no significant differences 

were found between SKO mice and control dKO mice (82.4 pg/ml), P=0.4343, as well as, between DE-treated dKO 

mice and control dKO mice, P>0.9999 (Figure C). Blue points represent Males; Red points represent Females.  

Mann- Whitney test. Kruskal-Wallis test. 
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Figure 16: Myocardial Fibrosis The average concentration of troponin-I was significantly lower in SKO mice (8.8 

ng/ml) compared to control dKO mice (48.6 ng/ml), P=0.0027, but not compared to DE-treated dKO mice (12.6 ng/ml), 

P>0.9999. However, DE treatment significantly lowered troponin-I levels compared to the dKO control mice, P=0.0012 

(Figure A). The average heart weight to tibia length ratio was significantly lower for SKO mice (0.06) compared to both 

control dKO mice (0.08) and DE-treated dKO mice (0.08), p<0.0001. However, there were no significant differences in the 

heart weight to tibia length ratio between control dKO and DE-treated dKO mice, p>0.9999 (Figure B). Figures C and D 

show representative images of Trichrome stained myocardium of control dKO mice and DE-treated dKO mice at the same 

distance, respectively. There were no significant differences in the average percentage of fibrosis levels between control dKO 

mice (19.2%) and DE-treated dKO mice (13.8%), p=0.7546 (Figure E). Blue dots represent males and red dots represent 

females. Kruskal-Wallis test. Mann-Whitney test.  
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Chapter 5: Discussion 

Previous study has demonstrated that the dKO mice were hypercholesteremic, develop 

extensive cardiac deficits, and experience multiple myocardial infarctions leading to premature 

deaths44. Furthermore, fibrin was reported to be detected in a cross-section of a coronary artery 

in a dKO mouse, however, neither the time course nor the extent of fibrin deposition in 

atherosclerotic coronary arteries of these mice was characterized. Therefore, the first objective of 

the study was to establish the onset of coronary artery disease development in the dKO mice. 

The results showed that dKO mice fed with a standard laboratory diet at 4 weeks of age had 

minimal coronary artery and aortic sinus atherosclerosis. However, both coronary artery and 

aortic sinus atherosclerosis developed rapidly over the next two weeks such that substantial 

atherosclerosis was present in both the aortic sinus and coronary arteries in mice by 6 weeks of 

age. By 6 weeks of age, these mice also exhibited systemic inflammation as evidenced by 

elevated circulating IL-6 and MCP-1 levels and had extensive cardiac fibrosis and 

cardiomyocyte damage. Furthermore, there was also greater fibrin detection in the coronary 

arteries of these mice. Taken together, this indicates that dKO mice at 4 weeks of age were in the 

early stage of atherosclerosis development in which the disease had just begun to develop but by 

6 weeks of age, the disease was severely developed with systemic inflammation, coagulation 

activation, and plasma markers of cardiac damage.  

The next objective was to better understand the involvement of the coagulation pathway in 

atherosclerosis development by testing the effects of altering fibrin deposition in the coronary 

arteries. This was achieved by targeting the serine protease, thrombin, with a direct thrombin 

inhibitor DE. Thrombin was chosen as the target because it is a functionally diverse protein 

involved in both inflammation and coagulation, which are all processes important to the 
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development of atherosclerosis23. It plays a crucial role in the coagulation pathway because it is 

not only required for the conversion of fibrinogen to fibrin but is also necessary for the 

stabilization of a fibrin clot since it is capable of amplifying its production by activating many 

other clotting factors along the intrinsic pathway. On the other hand, the proinflammatory effects 

of thrombin are mediated by PAR -1 signalling23,48. When activated, the extracellular N-terminus 

is cleaved predominately by thrombin but not exclusively, other serine proteases such as FXa, 

plasmin, Kallikriens, APC, and MMP-1 are also capable of such cleavage, exposing a new N-

terminus that act as a tethered ligand by binding intramolecularly to the receptor to trigger 

transmembrane signalling48.  

To study the effects of direct thrombin inhibition in spontaneous coronary artery 

atherosclerosis development, dKO mice were treated with DE at 4 weeks of age for a period of 

two weeks. The treatment of DE significantly reduced the capacity of thrombin generation and 

TAT complex formation, as well as plaque development in the aortic sinus and coronary arteries 

at 6 weeks of age. There was significantly less plaque detected in the aortic sinus of DE-treated 

mice, and the number of coronary artery cross-sections with atherosclerotic plaques were 

significantly less in dKO mice that received DE treatment compared to the control. Furthermore, 

DE treatment led to an overall reduction in the number of atherosclerotic coronary artery cross-

sections that were positive for fibrin. These findings were consistent with previous literature on 

the beneficial effects of DE treatment and atherosclerotic plaque development in the aortic 

sinus32–34,47. However, the current study was the first to show that DE treatment reduced 

atherosclerosis and fibrin deposition in the coronary arteries.  

Based on previous studies, one can speculate that this beneficial effect of reduced plaque 

development may have been a result of DE’s ability to improve endothelial function and reduce 
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monocyte/macrophage infiltration, which in turn decreases LDL entry opportunity and foam cell 

formation33,46,49. Another novel finding from this study was the reduced fibrin deposition found 

in atherosclerotic coronary artery cross-sections. This was an expected finding because 

dabigatran is capable of binding to both free- and clot-bound thrombin reducing thrombin’s 

catalytic capacity at converting fibrinogen to fibrin. However, in the current study, the inhibition 

of thrombin’s catalytic site only reduced but did not prevent fibrin deposition in the coronary 

arteries. This could have been a result relating to the dosage of DE given to these mice, more 

specifically, the dosage was simply too low to fully inhibit thrombin thus allowing thrombin to 

continue its catalytic activity of cleaving fibrinogen and leading to fibrin deposition. 

Alternatively, the observation of fibrin deposition in the coronary arteries despite thrombin 

inhibition may suggest another mechanism regulating the interaction between thrombin and 

fibrin(ogen) other than through the thrombin’s catalytic site. Previous studies have shown that 

the conversion of fibrinogen to fibrin relies on both the catalytic site and exosite I on thrombin 

and that both thrombin’s exosite I and II are capable of interacting with fibrin at different binding 

affinities 50,51. Therefore, while dabigatran inhibits the catalytic site of thrombin, fibrinogen may 

still be capable of interacting with thrombin via thrombin’s exosites I and II leading to fibrin 

deposition. However, this possibility remains to be explored.  

The pro-inflammatory effects of thrombin were assessed by measuring levels of IL-6, 

MCP-1, and TNF-α. Prior to DE treatment, IL-6 and MCP-1 levels were increased in dKO mice 

compared to SKO mice, while no changes were found in TNF-α levels. After DE treatment, there 

was a reduction in IL-6 levels and a trend towards a reduction in MCP-1 levels in DE-treated 

mice compared to control dKO mice. Although significance was not reached in MCP-1 levels, 

previous studies have shown that direct thrombin inhibition reduced MCP-1 levels in plasma and 
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was accompanied by reduced monocyte/macrophage infiltration at the site of plaque lesion46,52. 

In contrast, no significant differences were found in TNF-α levels between DE-treated and 

control dKO mice. These findings suggest that direct thrombin inhibition reduces selective 

proinflammatory cytokine production and that this is most likely a result of inhibiting thrombin-

mediated PAR-1 signaling pathways. 

The body weight and heart-to-tibia length ratio of DE-treated mice did not differ 

significantly from control dKO mice. Furthermore, DE treatment did not reduce the extent of 

fibrosis present in the hearts of these mice, even though there was a significant reduction of 

troponin-I levels suggesting less cardiomyocyte damage. This discrepancy between cardiac 

fibrosis and cardiomegaly with reduced cardiomyocyte damage can potentially be explained by 

the role of thrombin mediated PAR-1 signaling. A recent study by Dolleman and colleagues 

(2022) found that while thrombin’s active site is fully inhibited by dabigatran, PAR-1 may still 

interact via thrombin’s exosite I and potentially enhanced the expression of the receptor on 

endothelial surface53. A similar finding by Achilles and colleagues (2017) demonstrated that 

there was an increase in platelet reactivity in patients receiving dabigatran treatment due to 

enhanced expression of PAR-1 density on platelets54. Therefore, the ability of thrombin to 

continue to activate PAR-1 signaling even in the presence of dabigatran was demonstrated in 

endothelial cells and platelets. Thrombin can activate PAR-1 signaling in cardiac fibroblasts to 

increase their proliferation, migration, and differentiation into collagen-producing cells, 

contributing to cardiac fibrosis55. However, whether this depends on thrombin binding to PAR-1 

via thrombin’s exosite I and thus may still occur in the presence of dabigatran remains to be 

explored.   
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In the current study decreased levels of troponin-I were also detected which suggests 

reduced cardiomyocyte damage. This can potentially be explained by distinct PAR-1 signaling 

pathways found between cardiac fibroblasts and cardiomyocytes56. Sabri and colleagues (2002) 

showed that in cardiac fibroblasts, thrombin mediated PAR-1 activation led to strong 

extracellular signal-regulated kinase (ERK) and Akt signalling with prominent epidermal growth 

factor receptor (EGFR) transactivation, whereas in cardiomyocyte, thrombin mediated PAR-1 

activation led to ERK, and modestly Akt signalling that required little to no EGFR 

transactivation 56, suggesting that there are multiple signalling pathways regulating the effects of 

PAR-1 in different cell types, and whether there are also differential effects of thrombin binding 

versus thrombin-mediated proteolytic activation on signaling by PAR-1 or other PARs in 

different cell types remains to be explored. However, if there are differences then dabigatran may 

exert different effects on thrombin-mediated PAR activation in different cell types.  

In summary, this study established the time course development of atherosclerosis in dKO 

mice, and importantly, the time course and extent of fibrin deposition in atherosclerotic coronary 

arteries. At 4 weeks of age, there were no signs of aortic sinus and coronary artery 

atherosclerosis. In addition, no signs of cardiac fibrosis and very minimal activation of the 

inflammatory and coagulation pathways. However, by 6 weeks of age, these mice develop 

extensive aortic sinus and coronary artery atherosclerosis and experience widespread cardiac 

fibrosis and inflammation. Furthermore, there was greater fibrin deposition detected in the 

coronary arteries of these mice. The study also explored the effects of direct thrombin inhibition 

in atherosclerosis development. Overall, in a spontaneous coronary artery disease mouse model 

the direct inhibition of thrombin reduced systemic inflammation, atherosclerotic plaque 

development in the aortic sinus and coronary arteries, and fibrin deposition in the atherosclerotic 
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coronary arteries. It also reduced cardiomyocyte damage, but no changes were seen in cardiac 

fibrosis.  

Conclusion 

Taken together, the current study was the first to demonstrate the time course and extent of 

fibrin deposition in the coronary arteries of SR-B1ko/ko apoEko/ko mice. It was also the first study 

to show the effects of direct thrombin inhibition by DE in a spontaneous coronary artery 

atherosclerosis murine model. The study found that DE treatment reduced aortic sinus and 

coronary artery atherosclerosis, as well as reduced fibrin deposition in the coronary arteries. It 

also showed that DE treatment reduced inflammatory cytokines selectively. While improvements 

were seen in atherosclerosis development and fibrin deposition, direct thrombin inhibition did 

not improve cardiac fibrosis experienced in these mice. This suggests an alternative mechanism 

regulating the proinflammatory responses exerted by thrombin, and one such mechanism relates 

to the role of thrombin mediated PAR-1 signalling. In atherosclerosis, the improvement seen by 

DE treatment seemed to be masked by the unfavourable interaction between thrombin’s exosite I 

and PAR-1. While previous study has demonstrated in endothelial cells that when the active site 

of thrombin is catalytically inhibited by dabigatran, the exosites remain functional, which 

provides an opportunity for thrombin to continue to elicit proinflammatory signaling via PAR-1, 

though this remains to be tested experimentally in other cell types such as cardiac fibroblasts. 

Furthermore, previous study has shown distinctive thrombin mediated PAR-1 signalling 

pathways between cardiac fibroblasts and cardiomyocytes which may be a potential explanation 

for the opposite results seen in cardiac fibrosis and cardiomyocyte damage in the current study. 

In conclusion, this thesis demonstrated that the SR-B1ko/ko apoEko/ko spontaneous coronary 

artery atherosclerosis mouse model has the potential in being utilized to study human coronary 
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artery disease as it not only exhibited many cardinal features of human coronary artery disease 

but also responded similarly to clinical treatment (i.e., Dabigatran). While direct thrombin 

inhibition yielded beneficial effects on reducing plaque development, it also yielded some 

unexpected effects on cardiac remodeling. Previous studies have alluded to the potential role of 

thrombin mediated PAR-1 signalling as the alternative mechanism regulating thrombin’s effect. 

Therefore, it may be worthwhile for future studies to explore the effects of direct inhibition or 

complete deletion of thrombin versus PAR-1 on coronary artery atherosclerosis to better 

understand the mechanistic role of thrombin and whether direct PAR-1 inhibition is a better 

approach in treating inflammatory diseases such as atherosclerosis.  
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