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ABSTRACT 
 

 Myocardial fibrosis is the common pathophysiological complication associated 
with diastolic heart failure. It is characterized by excess extracellular matrix (ECM) 
protein deposition, which contributes to increased ventricular wall stiffness and impaired 
relaxation. Transforming growth factor-β (TGF-β) and connective tissue growth factor 
(CTGF) are well-known to be fibrotic mediators associated with myocardial fibrosis. 
These cytokines, among others, act on resident and infiltrating cells, such as monocytes 
and fibroblasts, after cardiac injury or stress and alter cell phenotype and, consequently, 
the myocardial environment in an effort to repair the injured site. In this thesis, the early 
molecular and cellular changes associated with hypertension-induced myocardial fibrosis 
are explored using a model of continuous Angiotensin II (Ang-II) infusion in mice. By 
using a TGF-β trap able to sequester and neutralize active TGF-β, we demonstrated that 
TGF-β activity plays a role in CTGF transcript upregulation via TGF-β/Smad dependent 
signaling prior to cell infiltration after Ang-II infusion. We suggest that this is likely due 
to latent TGF-β activation in resident cardiac cells, illustrating the close relationship 
between TGF-β and CTGF implicated in fibrosis. Additionally, monocytes/Mϕs are 
shown to be key orchestrators of inflammatory and subsequent fibrotic response after 
myocardial injury. We demonstrated a pro-inflammatory shift in monocyte/Mϕ 
phenotype in the myocardium and spleen, as defined by Ly6Chigh expression after 3 days 
of Ang-II infusion, which may be heavily influenced by early inflammatory and fibrotic 
mediators produced by myocardial resident and infiltrated cells. This study opens a path 
towards opportunities for future studies to bridge the knowledge gap between associated 
mechanisms and the development of myocardial fibrosis.   
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CHAPTER 1 – INTRODUCTION 

1.1 Cardiovascular Disease 

 Whenever I am asked: “What are you studying?”, my response would 

automatically be: “cardiovascular disease” (CVD), just to keep a long story short. CVD is 

considered to be one of the world’s leading causes of death and accounts for 

approximately 17 million deaths a year worldwide1. In fact, CVD is such a general term 

that it encompasses numerous disorders, such as atherosclerosis, arrhythmias, heart valve 

disease, strokes, and heart failure2. Thus, if I were to narrow it down a little, one of the 

areas of CVD that I am exploring is heart failure. In this section, the focus of the thesis 

will be on heart failure. 

 

1.1.1 Heart Failure 

 In general terms, heart failure is defined as the structural or functional impairment 

of the heart to efficiently pump blood in or out of the ventricle to and from peripheral 

tissues and organs3. Heart failure is becoming an increasingly common disease that 

occurs in approximately 1 in 5 Canadians over the age of 40 years4. Despite many 

surgical and therapeutic advances, the prevalence of heart failure and its associated 

hospitalization and mortality rates still remains elevated, particularly in the elderly patient 

population4,5. In this world of increasing rates of obesity, diabetes and hypertension, the 

incidence of heart failure continues to be a global disease burden6-8.  

 Heart failure is commonly classified into categories based on left ventricular (LV) 

dysfunction: (1) Heart failure with reduced ejection fraction (HFrEF), otherwise known 

as systolic heart failure, and (2) heart failure with preserved ejection fraction (HFpEF), 



otherwise known as diastolic heart failure4,9. LV dysfunction is considered the final 

pathway of a number of cardiac disorders, such as ischemic heart disease, 

cardiomyopathy, hypertension, and myocarditis, which ultimately induces both structural 

and functional changes to the heart10. Systolic function refers to the ability of the LV to 

generate pressure in order to eject blood to the periphery9, whereas diastolic function 

refers to the LV’s ability to relax and fill with blood9,11. Thus, HFrEF tends to be the 

result of the loss of myocardial tissue that negatively affects the systolic function of the 

heart and is more common in younger patients with a history of myocardial infarction4. In 

contrast, HFpEF is presented more commonly in elderly patients and tends to be a result 

of multiple conditions, such as hypertension, LV hypertrophy, obesity, diabetes, and 

aging among others4,12. With the aging population and the rise in cardiovascular risk 

factors, the prevalence of HFpEF has increased and is now comparable to HFrEF, 

affecting approximately 50% of patients with heart failure11,12. Due to the multiple 

confounding comorbidities associated with HFpEF, early diagnosis of this condition has 

become difficult4,12,13. To further narrow it down, in this thesis, the focus will be directed 

towards hypertension induced heart failure, which is thought to contribute to HFpEF.   

 

1.1.2 Mechanics of Diastolic Heart Failure 

 As mentioned in the previous section, diastolic heart failure is the inability of the 

LV to efficiently fill with blood largely due to stiffness of the ventricle, otherwise known 

as HFpEF13. This became apparent when observations were evident in patients presenting 

with symptoms of heart failure, but were diagnosed with normal EF14. As a result, this 

limits the ability of the ventricular wall to eject the appropriate volume of blood to the 



peripheral tissues and organs, due to the decreased volume filling the ventricular chamber 

and ultimately resulting in heart failure. 

 Diastolic heart failure is characterized as the impaired relaxation and increased 

stiffness and is often associated with LV remodeling due to hypertension15. In the 

traditional pathophysiological model, pressure overload is thought to lead towards 

concentric LV hypertrophy, myocardial fibrosis, and finally diastolic dysfunction15. 

Pressure overload is an example of a cardiac stress that can induce ventricular remodeling 

largely due to long-term hypertension16. In response, the myocardium undergoes 

compensatory changes in order to adapt to the increased vascular resistance and pressure 

and results in hypertrophy16. Cardiac hypertrophy is characterized by increased 

cardiomyocyte size as a result of enhanced protein synthesis and the parallel addition of 

sarcomeres16,17. Often accompanying hypertrophic changes in the myocardium is the 

accumulation of collagen in the extracellular matrix (ECM), termed myocardial 

fibrosis8,15,16. In turn, the increase in collagen deposition in the ECM results in increased 

ventricular wall stiffness and ultimately impairs the proper function of the myocardium.  

 Alternatively, the emerging pathophysiological model introduces the concept of 

pro-inflammatory cardiovascular and noncardiovascular conditions, such as obesity, 

diabetes and metabolic syndromes in addition to hypertension. This results in the 

accumulation of endothelial inflammation and dysfunction and thus results in cardiac 

inflammation and ultimately progression towards fibrosis15. Taken together, cardiac 

dysfunction from various stresses converges on the progression towards myocardial 

fibrosis, which is the final pathophysiological condition that leads towards diastolic heart 

failure. 



 

1.1.3 Role of Myocardial Fibrosis in Heart Failure 

 Myocardial fibrosis is the common pathophysiological complication of many 

cardiovascular conditions, such as hypertension, and is believed to partake in the final 

pathway towards diastolic heart failure15,18. It is characterized by the excess production 

and deposition of ECM proteins, thus resulting in increased scar tissue formation, largely 

due to increased fibrillar collagen deposition18,19. As mentioned previously, this 

accumulation of ECM proteins renders the myocardium dysfunctional due to increased 

wall stiffness and impaired relaxation20,21. Despite numerous advances in medicine, there 

remains limited therapies that address the burden of diastolic heart failure. Additionally, 

the fundamental underlying mechanisms leading towards myocardial fibrosis and 

ultimately heart failure remains incomplete, thus highlighting the importance in bridging 

this knowledge gap.  

 Under normal steady state conditions, the myocardial ECM is essentially a 

meshwork of proteins that forms a scaffold of fibers that keeps the structure of the 

myocardium, consisting of cardiomyocytes, cardiac fibroblasts, resident leukocytes, and 

the vasculature, intact22. While in the past the myocardial ECM was viewed as only an 

inert scaffold providing structure to myocardial cells, the myocardial ECM is now 

recognized as a dynamic entity that is constitutively being remodeled through a tightly 

regulated process22,23. Cardiac fibroblasts are the primary source of ECM protein turnover 

in the myocardium, of which type I collagen constitutes approximately 80% of the total 

myocardial collagen content whereas type III collagen is present at about 11% of the total 

myocardial collagen24-26. In addition to these collagens, the other main fibrous proteins in 



the ECM include elastins, fibronectins, and laminins, of which all interact with one-

another in a cohesive manner23,27. Beyond these structural proteins, matricellular proteins, 

glycosaminoglycans (GAGs), and proteoglycans are also found in the cardiac ECM that 

play structural and/or nonstructural roles and are tightly regulated under normal 

homeostatic conditions22.  

 Under mechanical stress, or other forms of cardiac injury, cardiac inflammation 

and the subsequent cardiac remodeling response is associated with an imbalance of ECM 

regulation, whereby the tightly regulated balance of ECM protein deposition and 

degradation process is altered28. ECM proteins are susceptible to proteolytic degradation 

by proteolytic enzymes in the ECM, among which some are termed matrix 

metalloproteinases (MMPs)29. Under pathophysiological conditions, the proteolytic 

processing of the ECM can reveal the otherwise masked epitopes of ECM proteins and 

expand their functionality, thereby becoming involved in a feed-forward process of 

propagating cardiac remodeling22,29.  

 MMPs are regulated by their physiological inhibitors, termed tissue inhibitors of 

metalloproteinases (TIMPs)30. In the diseased heart, the balance between MMPs and 

TIMPs are altered and therefore affects the balance of ECM protein degradation and 

deposition that is otherwise tightly controlled under homeostatic conditions31. The 

changes in the expression of MMPs and TIMPs are induced by growth factors, such as 

fibroblast growth factor (FGF), platelet derived growth factor (PDGF), transforming 

growth factor-β (TGF-β) and cytokines such as IL-6, TNF-α, and IL-1β, among 

others30,32,33. More recently, it has been recognized that in the setting of hypertensive 

heart disease, the quality of fibrosis, as measured by the degree in collagen cross-linking, 



rather than total collagen amount, is associated with increased myocardial stiffness and 

thus may be more predictive for hypertensive heart failure34,35. Taken together, the stress 

induced in the myocardium leads to the imbalance of ECM protein degradation and 

deposition, resulting in feed-forward mechanisms whereby accumulation of mature 

collagen cross-linking stiffens the ventricular walls. Consequently, the otherwise 

contractile myocardium essential for proper function becomes incontractile due to the 

accumulation of ECM proteins and ultimately develops into diastolic heart failure28,35,36. 

 Long-believed to be a quiescent organ after birth, cardiomyocytes were thought to 

have negligible regenerative capacity and upon ischemic injury in the myocardium, 

cardiomyocyte loss is replaced by incontractile scar formation. However, recent advances 

in cardiac regeneration revealed that postnatal generation of cardiomyocytes occur at low 

rates, but this concept is still relatively unclear37,38. Nevertheless, as part of the normal 

healing process, the term “cardiac remodeling” was initially coined for the process that 

occurs after an acute ischemic injury, such as myocardial infarction (MI). Other forms of 

cardiac injury are now recognized, such as pressure overload, inflammation, 

cardiomyopathy, and volume overload, and they all share similar processes that 

collectively results in the development of myocardial fibrosis28. This accumulation of 

collagen can be categorized into: (1) “reparative” fibrosis, which largely occurs in 

ischemia-induced cardiac injury and involves the replacement of cardiomyocyte loss in 

order to maintain structural integrity, and (2) “reactive” fibrosis, which largely occurs in 

non-ischemic heart disease whereby interstitial and perivascular fibrosis develops without 

the requirement for cardiomyocyte loss and is often thought of as more of an insidious 

progression towards heart failure39,40.  



 Whereas much of the advances have been developed in ischemic models of heart 

disease, such as a MI, non-ischemic models of heart disease, such as that developed from 

hypertension, have not been explored to the same extent41-43. Nonetheless, the scientific 

advances in understanding molecular and cellular mechanisms in MI-induced models of 

heart disease has provided a very strong base support in understanding underlying 

mechanisms in non-ischemic heart disease. Thus, the focus of this thesis will explore the 

underlying mechanisms involved in Angiotensin-II (Ang-II)-induced hypertensive heart 

disease. This model of non-ischemic induced myocardial fibrosis involves the continuous 

infusion of Ang-II into rodents and provides a unique opportunity in studying underlying 

mechanisms without the presence of confounding factors as seen in MI models, such as 

tissue necrosis.  

 

1.1.4 Angiotensin-II and Myocardial Fibrosis 

 Ang-II is a vasoactive peptide and is the main effector molecule in the renin-

angiotensin aldosterone system (RAAS)44. Traditionally, RAAS is known to play an 

important role in the cardiovascular system by regulating blood pressure, sodium intake 

and potassium excretion in order to maintain body fluid homeostasis44,45. Briefly, renin is 

produced in the kidneys and cleaves its substrate angiotensinogen to generate angiotensin 

I46. Ang-II is produced by the angiotensin-converting enzyme (ACE) through mediating 

the cleavage of Angiotensin I and the biological effects of Ang-II are initiated by binding 

to either the G-protein coupled receptor angiotensin type I receptor (AT1R) or the 

angiotensin type II receptor (AT2R)44,47. Non ACE-mediated pathways can also cleave 

angiotensin I into its effector Ang-II, such as chymase, which is primarily produced by 



mast cells46,48. Beyond its role in the endocrine system, Ang-II has emerged as an 

important hormone in the function of virtually all organs in the body, such as in the 

kidney, heart, brain, and vasculature44. Whereas acute stimulation of Ang-II plays a 

homeostatic role in regulating body fluid volumes, long-term exposure of Ang-II is now 

recognized to play a more vital role in inflammation, immunology, and remodeling44,45,47.  

 Accumulating evidence has implicated the important role of Ang-II in the 

development of myocardial fibrosis44,45,49-52.  Beyond its hypertensive effects, Ang-II can 

promote inflammation and tissue injury by signaling via AT1R on a number of different 

myocardial cell types, such as immune cells, vascular smooth muscle cells (VSMCs), 

fibroblasts, and endothelial cells45. In the context of aging, Ang-II levels are found 

upregulated in the murine myocardium, while the long-term blockade of Ang-II via 

AT1R blockers or ACE inhibitors protected rats from age-related myocardial fibrosis and 

diastolic dysfunction53,54. Additionally, disruption of the AT1R gene resulted in less 

cardiac and vascular injury, likely through the attenuation of oxidative stress, and 

promoted the longevity of these mice55. In the context of inflammation, Ang-II increases 

vascular permeability and induces expression of vascular adhesion molecules, such as 

promoting expression of P- and L-selectins, vascular cell adhesion molecule-1 (VCAM-

1), intercellular adhesion molecules-1 (ICAM-1) and integrins45,56,57. Additionally, Ang-

II induces vascular dysfunction through direct and indirect effects of reactive oxygen 

species (ROS) production58,59. Finally, immune cells such as monocytes/macrophages 

(Mϕs), dendritic cells, and lymphocytes express AT1R, which contributes to the local 

activation of the immune system that contributes to inflammation45,60. Ang-II can also 

promote the production of cytokines and chemokines, such as monocyte chemoattractant 



protein-1 (MCP-1), IL-6, and TNF-α, all of which enhance the recruitment of 

inflammatory immune cells to the site of injury45,50,61-66.  

 In response to tissue inflammation and vascular injury, Ang-II also plays an 

equally important role in the subsequent healing response. Considered as the primary 

effector and producers of ECM proteins, Ang-II can act on cardiac fibroblasts and their 

activated form, termed myofibroblasts33,39,64,67-71. Importantly, Ang-II stimulation can 

induce increased production of type I collagen either directly or indirectly via 

intermediate fibrogenic mediators, such as TGF-β and connective tissue growth factor 

(CTGF), which will be described in more detail in later sections68,72-76. Furthermore, there 

has been evidence suggesting the cooperative interaction between resident cardiac cells 

and infiltrating immune cells in the progression of myocardial fibrosis77-81. For example, 

in a model of Ang-II induced myocardial fibrosis, macrophages were found to be 

responsible for the induction of fibroblast production of IL-6, which promotes TGF-

β/Smad-dependent signaling via autocrine and/or paracrine interactions in vitro, and 

consequently stimulating myocardial fibrosis64.  

 Thus far, the effects of Ang-II have been described as signaling via the AT1R. 

The other Ang-II receptor, AT2R, is expressed in fetal tissue, but is rapidly reduced in 

adult tissues unless under pathological conditions44. With regards to the myocardium, 

AT2R is expressed on cardiomyocytes, cardiac fibroblasts, and vascular smooth muscle 

cells82,83. In contrast to AT1R, it is mostly believed that AT2R acts as a counterbalance to 

the effects of AT1R and is responsible for anti-proliferative and anti-inflammatory 

effects44,60. Xu et al. examined the effects of AT2R overexpression in the myocardium 

using transgenic mice expressing different levels of AT2R and found that overexpression 



in mice post-MI had a protective effect by reducing hypertrophy, interstitial fibrosis, and 

ventricular dysfunction84. Furthermore, Xu and colleagues84 suggested the beneficial role 

of AT2R in the myocardium is dependent on its expression in the myocardium. However, 

whether the role of AT2R in the myocardium is beneficial still remains controversial. 

 Despite separating the effects of Ang-II on the inflammatory response and 

subsequent tissue remodeling after an injurious stimulus, the initiation of inflammation 

and subsequent progression towards fibrosis appears to be more of an overlapping 

process. With the progression of inflammation, there appears to be a simultaneous 

development and progression of fibrosis49,64,80,85,86. It is this complex web of interactions 

comprised of immune and resident cells, inflammatory and fibrogenic mediators, and the 

time-dependent changes that has to be considered when understanding a multifactorial 

disease such as hypertensive-induced myocardial fibrosis. Thus, perhaps the most optimal 

therapeutic opportunity may be at a point where the pro-inflammatory setting is shifting 

towards a pro-fibrotic healing environment in order to prevent detrimental effects caused 

by excessive inflammation41.  

 

1.2 Cellular Players of Ang-II Induced Myocardial Fibrosis 

1.2.1 Resident Cardiac Cellular Composition 

 Accurate knowledge of the composition of myocardial cells under steady state 

conditions is critical towards understanding cellular changes that occur in pathological 

conditions. Under homeostatic conditions, cardiomyocytes account for approximately 

25% to 35% of the cells present in the myocardium77,87-89. Cardiomyocytes are arranged 

in close proximity to endothelial cells and the ratio of endothelial cells to cardiomyocytes 



is estimated to be 3:190,91. This contradicts the current understanding of the cardiac 

composition, of which the most abundant noncardiomyocyte cell type in the myocardium 

is believed to be the cardiac fibroblast77,92,93. The reported differences in literature could 

be attributed to the limited availability of fibroblast-specific markers for accurate 

identification, of which is expressed by other interstitial cell types, such as endothelial or 

inflammatory cells94-96. Pinto and colleagues88 conducted a study in which they revisited 

the cellular composition of the myocardium at steady state and identified endothelial cells 

as the most abundant non-cardiomyocyte cell type in the myocardium, whereas cardiac 

fibroblasts were present in smaller numbers than previously described.  

 Approximately 7% to 10% of non-cardiomyocytes are comprised of leukocytes, 

with the majority of leukocytes identified as Mϕs88. Through lineage tracing and fate 

mapping techniques, cardiac Mϕs are derived mainly from embryogenesis and express 

the fractalkine receptor chemokine CX3C motif receptor 1 (CX3CR1)97-99. Currently, the 

question of whether cardiac Mϕs self-renew or are progressively replaced from 

circulating monocytes throughout ageing is still unclear. Genetic fate mapping and 

parabiosis experiments identified that cardiac Mϕs at steady state self-renew100,101, 

whereas another study concluded that bone-marrow derived monocytes progressively 

replace cardiac Mϕs with age102. It is implicated that the cardiac resident Mϕ population 

is inherently reparative in maintaining homeostasis whereas monocyte-derived Mϕs are 

pro-inflammatory and largely express C-C chemokine receptor 2 (CCR2) and high 

expression of lymphocyte antigen 6C (Ly6C)98. Thus, the ever-changing myocardial 

environment may play a role in shaping Mϕ polarization and in turn may influence the 

ability of the myocardium to respond to injury98,103.  



 

1.2.2 Resident and Infiltrating Cells in Ang-II Exposed Myocardium 

 Much like the cells involved in ischemia-induced models of myocardial fibrosis, 

Ang-II infusion promotes the accumulation of cellular infiltrate into the myocardium as 

well as alters the homeostatic function of resident cardiac cells. Previous work from our 

laboratory has extensively used the Ang-II infusion model of hypertensive-induced 

myocardial fibrosis to study cellular and molecular changes. Our laboratory has 

demonstrated the significant recruitment of mononuclear cellular infiltrate into the 

myocardium, which were identified to be monocytes using flow cytometry and 

immunohistochemistry techniques80,104. Bone marrow derived cells express AT1R and 

Ang-II-AT1R signaling has been demonstrated to regulate the mobilization of monocyte 

progenitor cells upon Ang-II infusion105. Epelman et al. demonstrated that cardiac Mϕ 

expansion occurred as early as 2 days after Ang-II infusion and that these Mϕs were 

predominantly CCR2+ and expressed an inflammatory gene profile, playing a role in the 

inflammatory response immediately after Ang-II exposure100. The CCR2+ Mϕ subset is 

thought to be derived from circulatory monocytes and is involved in promoting 

inflammation during cardiac stress. In a study conducted by Haudek and colleagues62, 

CCR2 knockout mice exhibited reduced pro-inflammatory cytokine production and 

fibrosis during earlier time-points (1 week) after Ang-II infusion. Interestingly, in 

contrast to these findings, our laboratory demonstrated that earlier (3 day) migration of 

mononuclear cells in the Ang-II model does not appear to be dependent on CCR2, as 

CCR2 knockout mice did not differ from wild-type (WT) mice with regards to 



mononuclear cell infiltration106. These differences could be attributed to the different 

time-points assessed in the Ang-II infusion model106. 

 In addition to the inflammatory changes seen as early as 1 day after Ang-II 

infusion, our previous work identified molecular changes within the myocardium that 

occurred prior to cell infiltration. Notably, there was a significant increase in the 

fibrogenic mediator CTGF as early as 6 hours in the Ang-II exposed myocardium85. This 

suggests that activity of Ang-II stimulation occurred in resident cardiac cells. Although 

not extensively studied in vivo, cardiomyocytes, cardiac fibroblasts, and endothelial cells 

express AT1R and are potential targets of Ang-II during early Ang-II exposure107. Ang-II 

has been shown to induce endothelial dysfunction through the production of ROS, as well 

as induce inflammatory cytokine secretion and promote leukocyte chemotaxis and 

adhesion44,52,59.  Cardiac fibroblasts respond to Ang-II stimulation via AT1R and are 

induced to proliferate, differentiate into myofibroblasts, and increase ECM protein 

synthesis, such as type I collagen, directly or via the TGF-β/Smad dependent 

pathway68,83,108. In combination with the secreted factors in the myocardial environment 

from Ang-II exposure, Ang-II can exert effects on cardiomyocytes by inducing 

hypertrophic growth44. Thus, the multifactorial effects of Ang-II on a variety of 

myocardial cells work together in an autocrine and/or paracrine fashion to induce 

myocardial fibrosis upon cardiac stress. 

 

1.3 Molecular Players of Myocardial Fibrosis 

 As alluded to in previous sections, the interactions between myocardial cells 

under stress involves a plethora of molecular mediators, cytokines, and chemokines in a 



concerted effort to respond to cardiac stress. The focus of this section will be on the 

fibrogenic mediators that are upregulated in the early Ang-II exposed myocardium as 

evidenced in our previous works49,80,85.  

 

1.3.1 Role of TGF-β in Myocardial Fibrosis 

 TGF-β is a pleiotropic cytokine that has been well recognized as a key mediator 

of fibrogenesis and is found upregulated and activated in numerous models of fibrotic 

diseases, such as in the lung, liver, kidney, and the heart109-113. The importance of TGF-β 

in cardiac remodeling has been implicated in numerous animal studies. In an aging model 

of myocardial fibrosis, TGF-β deficient heterozygous mice (TGF-β+/-) exhibited reduced 

myocardial fibrosis and greater compliance compared to age-matched controls114. 

Additionally, transgenic mice overexpressing TGF-β demonstrated significant myocardial 

hypertrophy and fibrosis compared to nontransgenic controls115. 

 Similar to most tissues, TGF-β is expressed in the myocardium in significant 

amounts as an inactive form, termed latent TGF-β, and is essentially “stored” in the  

ECM of the myocardium116,117. Briefly, TGF-β is bound to the TGF-β latency associated 

peptide (LAP) that prevents TGF-β from interacting with its receptors. This complex is 

bound to the ECM via the latent TGF-β-binding protein (LTBP)110,116. In order for TGF-β 

to exert its effects, proteolytic cleavage from the LAP-LTBP complex is required for its 

bioactivity109,116,117. The exact inducers and mechanism for proteolytic cleavage are still 

unclear, as the complexity of TGF-β activation in vivo has slowed scientific 

advances116,118. Although still unclear in the myocardium, TGF-β activators that have 

been identified include proteases such as plasmin, MMP-2 and MMP-9, thrombospondin-



1 (TSP-1), mast cell chymase, and integrin αvβ6, which have been implicated in the 

wound healing response in vivo109,110,119.  

 Once activated, TGF-β has a high affinity for its receptor, the transmembrane 

serine-threonine kinase TGF-β type II receptors (TβRII), and binding of a small fraction 

of active TGF-β to its receptor can generate maximal cellular response116. Following 

binding to TβRII, the complex recruits and transphosphorylates the well-characterized 

TGF-β type I receptor (TβRI), also known as activin-like kinase 5 (ALK5)110. Once TβRI 

is activated, TGF-β signaling requires the Smad family protein phosphorylation, such as 

Smad2 and Smad3, which is propagated by activated TβRI. Phosphorylation of Smad2 

and Smad3, known as receptor Smads (R-Smads), results in the formation of a complex 

with the common Smad, Smad4, which then as a complex translocates into the nucleus to 

elicit downstream gene activation or repression, depending on the transcriptional 

complexes present (Figure 1.1)110.  

 Due to the difficulty in identifying active TGF-β in the myocardium, studies have 

only reported TGF-β upregulation at the transcript level. In the context of myocardial 

fibrosis, elevated transcript expression of TGF-β have been reported as early as 1 day 

after Ang-II exposure49,85. TGF-β has also been demonstrated to reinforce the 

hypertrophic effects of Ang-II in cardiomyocytes in vitro76. In animal models, 

cardiomyocyte-specific conditional knockouts of TβRII or TβRI were protected against 

early-onset mortality from MI due to wall rupture as well as induced expression of 

cardioprotective cytokines, implicating a role for cardiomyocyte-specific TGF-β in 

adverse remodeling120. TGF-β applied to cardiac fibroblasts in vitro induces 

differentiation towards myofibroblasts, enhances ECM protein synthesis, and induces 



synthesis of ECM preserving enzymes, such as protease inhibitors110,121,122. Additionally, 

the TGF-β-mediated induction of endothelial-to-mesenchymal transdifferentiation (EMT) 

has been shown to contribute to the progression of myocardial fibrosis123. Finally, TGF-β 

has been demonstrated to have profound modulating effects on immune cells, such as 

monocytes/Mϕs, which may play a role in propagation of the fibrotic response in the 

myocardium124,125. Recently, Mewhort et al. demonstrated that the interaction between 

human peripheral blood monocytes and cardiac myofibroblasts induces the TGF-β-

mediated myofibroblast production of ECM proteins and involvement in ECM 

remodeling126. 

 The involvement of TGF-β in the pathogenesis of myocardial fibrosis suggests 

targeting TGF-β to be a therapeutic opportunity. However, due to the pleiotropic, 

multifunctional, and context-dependent activities of TGF-β, directly targeting TGF-β 

and/or its receptors have led to unfortunate outcomes117. A number of animal studies 

involving the blockade of TGF-β have demonstrated opposing results, highlighting the 

complexity of the role of TGF-β in myocardial fibrosis81,127,128. Ikeuchi et al. 

demonstrated the importance of time-specific events in the process of myocardial injury 

and healing by blocking TGF-β using TβRII secreted from TβRII plasmid-infected 

cells129. Ikeuchi and colleagues demonstrated that early post-MI inhibition of TGF-β 

resulted in exacerbated inflammatory responses, whereas later inhibition of TGF-β post-

MI attenuated hypertrophy and interstitial fibrosis129. Frantz et al. inhibited TGF-β using 

a pan TGF-β neutralizing antibody post-MI, but that resulted in worsening left ventricular 

dilatation and contractile dysfunction, thus emphasizing the protective effects of TGF-β 

in the healing response after MI130. A more recent study conducted by Engebretsen and 



colleagues used an orally active inhibitor of ALK5, SM16, in animals subjected to 

pressure-overload induced myocardial fibrosis via aortic banding131. Administration of 

SM16 attenuated fibrosis development in the left ventricle, but resulted in increased left 

ventricular dilatation likely due to prolonged inflammation, again highlighting the 

context-dependent actions of TGF-β in vivo131. 

 With the discouraging results of targeting TGF-β in the treatment of myocardial 

fibrosis, there has been a shift towards targeting downstream mediators of TGF-β in an 

attempt to identify biomarkers and targets for development of anti-fibrotic therapies, such 

as Smad proteins and associated fibrogenic mediators, including CTGF81,132,133. In 

particular, TGF-β signaling has been demonstrated to directly upregulate CTGF 

production via Smad signaling, which was also shown to correlate with fibrosis 

progression85,122,134,135.  

  



Figure 1.1. Simplified overview of TGF-β activation and signaling. Latent TGF-β is 

composed of the latency-associated peptide (LAP) and bound to the extracellular matrix 

by the latent TGF-β binding protein (LTBP). Upon activation, latent TGF-β is 

proteolytically cleaved into active TGF-β, whereby it binds to its receptor TGF-β type II 

receptor and subsequently recruits and transphosphorylates TGF-β type I receptor. Once 

phosphorylated, a sequence of intracellular signaling occurs, one of which involves the 



Smad family protein phosphorylation. One such pathway is the phosphorylation of 

Smad2 (serine 465/467) and Smad3 (serine 423/425), which then results in formation of a 

complex along with Smad4, allowing for translocation into the nucleus and downstream 

gene activation or repression dependent on respective transcriptional complexes bound to 

the promoter region.  

 

  



1.3.2 Role of CTGF in Myocardial Fibrosis 

 Although initially named as a growth factor, CTGF does not function as do 

traditional growth factors by binding through receptors and eliciting downstream 

signaling, as a receptor for CTGF is unknown. In fact, CTGF is part of the connective-

tissue-growth-factor, cysteine-rich-protein-61, nephroblastoma-over-expressed (CCN) 

family of proteins and is considered a matricellular protein that plays an important role as 

an adaptor protein in the ECM136. Usually not expressed under steady-state conditions, 

induction of CTGF expression is upregulated in fibrotic conditions, such as myocardial 

fibrosis133. It has been suggested that CTGF alone mediates moderate fibrotic responses, 

but can also act synergistically with TGF-β to sustain the fibrotic response137,138. Despite 

its association with fibrotic conditions, the exact role of CTGF in myocardial fibrosis is 

still relatively unknown and whether it is essential for the progression of fibrosis remains 

elusive139-144.  

 

1.3.3 Biosynthesis and Regulation of Collagen in Myocardial Fibrosis 

 The hallmark of myocardial fibrosis is the increased deposition of ECM proteins, 

and in particular, increased collagen deposition namely fibrillar type I and III 

collagens22,39. The main producers of collagen in the myocardium are cardiac fibroblasts 

and myofibroblasts and collagen production is likely induced by either direct Ang-II 

stimulation via AT1R or indirectly via the TGF-β/Smad-dependent 

pathway68,73,107,109,110,134,145. Observations in humans and animal models of hypertension-

induced heart failure have shown dysregulation of collagen turnover, favouring increases 

in type I and III collagen, which lead to the development of fibrosis19,33,146. Additionally, 



collagen metabolites have been found in circulation and shown to correlate with 

increased myocardial fibrosis and diastolic dysfunction in patients21. 

 Collagen is the most abundant fibrous protein found in the interstitial ECM and is 

organized in striated fibrils to provide structural integrity and the basis for cell adhesion, 

migration, and regulation of tissues and organs23. To date, there has been 28 types of 

collagen identified and the majority of collagens are arranged in triple-stranded α-

helices23,147. Briefly, synthesis of type I collagen involves a number of post-translational 

modifications, notably proline and lysine hydroxylation, lysine glycosylation, and N- and 

C-terminal propeptide cleavage23,148,149. Type I collagen is composed of two major 

subunits, α1(I) and α2(I), of which contains two α1(I) and one α2(I) subunits. The main 

biosynthesis steps include the hydroxylation in the lumen of the endoplasmic reticulum. 

Prolyl-4-hydroxylase plays a central role in the formation of the triple helix structure by 

hydroxylation of proline and lysine residues149. Following additional modifications such 

as glycosylation of lysine, the triple helical molecule formed by two α1(I) and one α2(I) 

chains becomes the procollagen molecule and is packaged and secreted into the 

extracellular space. The N- and C-terminal propeptides are cleaved to release collagen 

molecules to the extracellular space148,149. These collagen molecules then spontaneously 

self-assemble into collagen fibrils followed by formation of covalent cross-links initiated 

by lysyl oxidase149. In addition to the lysyl oxidase catalyzed cross-linking of collagen, 

nonenzymatic reactions can occur between glucose and collagen, which forms advanced 

glycated end products that has also been shown to contribute to slow turnover of ECM 

seen in cardiac dysfunction21. Taken together, the importance of collagen deposition in 

myocardial fibrosis has turned to quality of collagen as opposed to quantity of collagen 



and the role of lysyl oxidase and collagen cross-linking has been implicated in animal 

models of ageing and MI-induced cardiac dysfunction35,150-152.  

 

1.4 Rationale, Hypothesis, and Objectives 

1.4.1 Rationale 

 While the role of TGF-β in the pathogenesis of myocardial fibrosis has been 

extensively studied in ischemic animal models, its role in the progression of non-

ischemic models of myocardial fibrosis has not been explored in-depth107,120,130,153,154. In 

particular, previous work from our laboratory has demonstrated significant mononuclear 

cell accumulation in the Ang-II exposed myocardium as early 1 day that was associated 

with subsequent fibrosis seen 3 days after Ang-II exposure49,80,85,106. These observations 

were supported by a study conducted by Duerrschmid et al. in which production of 

inflammatory cytokines, chemokines, and accumulation of bone marrow derived 

monocytes were observed as early as 1 day after Ang-II infusion, which was later 

switched to a pro-fibrotic environment after 7 days and characterized by increased pro-

fibrotic mediators and bone marrow derived cells66. Furthermore, Ang-II has been shown 

to mobilize splenic monocyte deployment to the myocardium as early as 1 day after 

exposure and contribute to the pro-inflammatory monocyte/Mϕ pool in the myocardium61 

Notably, our previous work identified significant upregulation of pro-fibrotic CTGF in 

the Ang-II exposed myocardium at 6 hours, prior to significant production of TGF-β and 

cell infiltration85.  

 Additionally, in collaboration with the Montreal National Research Council, we 

were able to obtain a soluble TGF-β trap, which was designed as human TβRII with the 



ability to sequester active TGF-β in the ECM155. Although used in tumour models, 

Zwaagstra et al. demonstrated reduced growth of established 4T1 tumours in mice after 

administration of the TGF-β trap when compared to the pan TGF-β neutralizing antibody, 

demonstrating the ability of the TGF-β trap for neutralizing TGF-β155.  

 

1.4.2 Objectives 

 The objectives of this study were to: (1) Determine the mechanistic link between 

TGF-β and CTGF in the early (6 hours) Ang-II exposed myocardium by using the TGF-β 

trap as a molecular tool, (2) Determine the fundamental role of CTGF in vitro in 

NIH/3T3 fibroblasts alone and in combination with TGF-β, and (3) Identify and 

characterize monocyte/Mϕ composition and subsets in the myocardium, circulation, and 

spleen 3 days after Ang-II exposure. 

 

1.4.3 Hypothesis 

 We hypothesize that the TGF-β trap will efficiently reduce levels of CTGF in 

vitro on NIH/3T3 fibroblasts and in the Ang-II exposed myocardium at 6 hours indicating 

the close relationship between TGF-β activity and induction of CTGF. Additionally, we 

hypothesize that Ang-II exposure leads to the accumulation of pro-inflammatory 

monocytes/Mϕs in the myocardium at 3 days, as well as influences the pro-inflammatory 

phenotypic shift in splenic and blood-derived monocytes at this time-point.   

  



CHAPTER 2 – MATERIALS AND METHODS 

2.1 Animals 

 All animal experiments were approved by Dalhousie University Committee on 

Laboratory Animals in accordance with the Canadian Council on Animal Care 

guidelines. Male WT C57BL/6J mice (6 to 8 weeks old) were purchased from Jackson 

Laboratory (Bar Harbor, ME) and housed within the Carleton Animal Care Facility at 

Dalhousie University. Mice were provided with food and water ad libitum for 1 week 

prior to experimentation.  

 

2.2 Saline/Ang-II Infusion and TGF-β Trap Injections 

 Mice were randomly assigned saline (vehicle) or Ang-II (2.8 mg/kg/d; Sigma 

Aldrich, Oakville, ON, Canada) through the use of subcutaneously implanted Alzet 

osmotic minipumps (Alzet Corp., Palo Alto, CA) as previously described49,80,85. 

Additionally, some mice were also randomly assigned to receive phosphate-buffered 

saline (PBS, vehicle) or TGF-β trap (T22d35; 10mg/kg), which was acquired through a 

material transfer agreement with the National Research Council (NRC) in Montreal155. 

All mice were anesthetized using isoflurane (Baxter Healthcare Corp., New Providence, 

NJ) in oxygen. Intraperitoneal injections of the TGF-β trap was given to mice prior to a 

mid-scapular skin incision (approximately 1 to 2 cm) made to implant the osmotic 

minipump containing Ang-II subcutaneously. The TGF-β trap dosage and delivery 

method was based on previous work by Zwaagstra et al. that demonstrated reduced 

tumour growth in mice with established 4T1 tumours155. All mice were recovered for 6 



hours, 24 hours, or 3 days while being provided with food and water ad libitum and 

observed for pain and morbidity.  

 

2.3 Hemodynamic Measurements 

 Mean arterial blood pressure was measured using a non-invasive tail cuff system 

(Kent Scientific, Torrington, CT, USA). Mice were trained for blood pressure 

measurements seven days prior to experimentation in order for acclimatization to prevent 

artificial blood pressure elevation as previously described49,156. Blood pressures were 

measured immediately prior to osmotic pump implantation for baseline measurements 

and at 24 hours after Ang-II exposure for a minimum of five consecutive measurements 

per mice.  

 

2.4 Tissue Harvest and Cell Isolation 

 Mice were anesthetized with isoflurane in oxygen and sacrificed for tissue harvest 

as previously described49,80,85,106. Isolated hearts from mice that received saline or Ang-II 

for 6 or 24 hours were flushed with saline, weighed, and divided along the vertical axis 

into three sections. The base was processed for histological analyses and the remaining 

two sections were immediately snap frozen for molecular analyses. Isolated hearts from 

mice that received saline or Ang-II for 3 days were flushed with saline, weighed, and the 

whole heart was immediately processed for cell isolation and flow cytometry. Cardiac 

hypertrophy was assessed by dividing heart weight at the time of harvest by the final 

body weight. Blood was collected via cardiac puncture from mice under anesthesia and 

placed in heparin containing blood collection tubes. Spleens were harvested from 3-day 



saline and Ang-II mice and placed in Corning 35 mm culture dishes (Corning, Corning 

NY, USA) containing complete Dulbecco’s Modified Eagle Medium (DMEM-C; 

DMEM; 10% heat-inactivated fetal bovine serum, FBS; 2 mmol/L L-glutamine, L-glut; 

100 U/mL penicillin; 100 mg/mL streptomycin; Life Technologies Corp., Burlington, 

ON, Canada).  

 

2.4.1 Cell Isolation - Heart 

 Mononuclear cells were isolated from the heart under sterile conditions from mice 

infused with Ang-II or saline for 3 days as previously described with slight 

modifications49,80. In brief, hearts were minced with razors followed by mechanical and 

enzymatic digestion using collagenase solution (1 mg/mL; Collagenase II, Worthington 

Biochemical Corp., Lakewood, NJ, USA) in serum-free DMEM containing 2mmol/L L-

glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C with agitation for 

30 min at 250 RPM. Cell isolates were pressed through a 70 μm filter and washed twice 

in DMEM-C for 10 min at 400 rcf and 4°C. Following washes, cell isolates were purified 

over a Ficoll-Paque gradient (GE Healthcare UK, LTd., Buckinghamshire, UK) and 

centrifuged for 30 min at 400 rcf with no deceleration and minimal acceleration. 

Mononuclear cells at the interface were collected, resuspended in fluorescence-activated 

cell sorting (FACS) buffer (Dulbecco’s phosphate buffered saline, DPBS; 1% bovine 

serum albumin, BSA; 0.1% sodium azide, NaN3), and used for subsequent 

characterization, as described below in Flow Cytometry. 

 

 



2.4.2 Peripheral Blood Mononuclear Cells (PBMCs) 

 Isolated blood was diluted in half with FACS buffer and then layered over a 

Ficoll-Paque gradient and centrifuged for 30 min at 400 rcf with no deceleration and 

minimal acceleration. The mononuclear cell layer was isolated from the interface, washed 

twice with FACS buffer for 10 min at 400 rcf and 4°C, and then used for subsequent 

characterization, as described below in Flow Cytometry.  

 

2.4.3 Cell Isolation – Spleen 

 Harvested spleens were minced using razor blades in Corning 35mm culture 

dishes in DMEM-C. Minced tissue was pressed through a 70μm filter until virtually all 

tissue passed through. Cell isolates were washed with DMEM-C for 10 min at 400 rcf 

and 4°C, and then layered over a Ficoll-Paque gradient and centrifuged for 30 min at 400 

rcf, no deceleration, and minimal acceleration for mononuclear cell purification. 

Mononuclear cells were isolated from the interface, resuspended in FACS buffer, and 

used for subsequent characterization as described below in Flow Cytometry. 

 

2.5 Flow Cytometry 

 Isolated mononuclear cells from heart, blood, and spleen were washed twice in 

FACS buffer by centrifuging for 10 min at 400 rcf and 4°C, and then counted using 

Trypan Blue exclusion (Invitrogen, Carlsbad, CA, USA). All cells were incubated with 

FCR block (Biolegend, San Diego, CA, USA) as per manufacturer’s protocol for 15 min 

at 4°C. Following FCR block, all cells were incubated with the following primary 

antibodies: fluorescein isothiocyanate (FITC)-conjugated anti-CCR2 (R&D systems, 



Minneapolis, MN, USA), phycoerythrin (PE)-conjugated anti-Ly6C (Biolegend, San 

Diego, CA), peridinin chlorophyll protein cyanine 5.5 (PerCP-Cy5.5)-conjugated anti-

CX3CR1 (Biolegend), and allophycocyanin (APC)-conjugated anti-CD11b (eBioscience, 

San Diego, CA, USA). Following antibody incubation for 30 min at 4°C, all cells were 

washed twice with FACS buffer for 5 min at 400 rcf and 4°C, and then fixed with 1% 

formalin/FACS buffer. Single label controls and isotype controls were used for 

compensation and negative controls, respectively. See Table 2.1 for details on antibody 

concentrations and supplier information. Data from all samples were acquired using BD 

FACSCalibur (BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo 

(FlowJo, LLC, Ashland, OR, USA).  

 Monocytes/MΦ were gated on all cells using forward scatter (FSC) and side 

scatter (SSC). For cell gating on the heart, the monocytes/MΦ FSC/SSC gate was applied 

to a CCR2 x CX3CR1 dot plot. The CCR2+CX3CR1+ events were gated and applied to a 

CD11b x Ly6C dot plot for characterization of Ly6C mean fluorescent index (MFI) based 

on CD11bhigh expression. For cell gating on blood and spleen cells, the monocytes/MΦ 

FSC/SSC gate was applied to a CD11b x SSC dot plot. The CD11blow and CD11bhigh 

events were gated and applied to a Ly6C x CCR2 dot plot for characterization of the 

different subpopulations of CD11b+ events. Prior to characterization of the cells, 

monocytes/MΦ populations were back-gated to the FSC x SSC dot plots in order to 

enrich the populations for further characterization.  

 

 

 



2.6 Tissue Processing and Histological Analyses 

 Ventricular heart sections were processed for histological analyses by fixing with 

10% neutral buffered formalin (NBF) for 24 hours and then paraffin-embedded. Heart 

cross-section blocks were serially sectioned into 5μm sections using a microtome and 

placed on microscope slides for further staining, as detailed below.  

 

2.6.1 Hematoxylin-and-Eosin Staining and Analyses 

 Paraffin-embedded heart sections were stained with hematoxylin and eosin 

(H&E) for analysis of basic myocardial histology and cellular infiltration. In brief, slides 

were deparaffinized by subjecting to degrading alcohol gradient consisting of 2x xylene, 

2x 100% ethanol, 2x 95% ethanol, and 70% ethanol before submerging into H2O. Slides 

were then differentiated in Harris’s hematoxylin solution, washed in running tap H2O to 

remove excess staining, differentiated in 1% acid alcohol, subjected to Scott’s solution 

for bluing, and then counterstained with 0.5% eosin with 0.5% CaCl2 solution. Slides 

were dehydrated and mounted with xylene-based mounting medium. Images of 

ventricular cross-sections were taken with a 5x objective by light microscopy using Zeiss 

Axiovision 4.6 digital image analysis program (Carl Zeiss, Toronto, ON, Canada) on 

slides, visualized with AxioCam HRc camera (Carl Zeiss) and analyzed using Adobe 

Photoshop CS6 by compiling images into whole heart cross-sections. Cellular infiltration 

was semi-quantified using an established standardized method to assess the compiled 

whole myocardial cross-sections as previously described49,85. In brief, 500x500 pixel grid 

was overlaid on whole heart cross-sections and a blinded observer counted grids 

containing cellular infiltrate as well as the total number of grids encompassing the heart. 



The percent of affected grids containing cellular infiltrate was calculated over the total 

number of grids encompassing the heart to obtain the area of foci affected.  

 

2.6.2 Sirius Red/Fast Green Staining and Analyses 

 Paraffin-embedded heart sections were stained with Sirius Red and counterstained 

with Fast Green (SR/FG) to assess for collagen deposition. Briefly, slides were 

deparaffinized in a series of degrading alcohol gradients and fixed in Bouin’s solution 

(Sigma) for 1 hour. Following, slides were washed in running water until Bouin’s cleared 

and then placed in 0.1% Fast Green/ddH2O for non-collagenous proteins. Slides were 

then washed in 0.1% acetic acid before staining with 0.1% Sirius red solution for 30 min 

and then dehydrated and mounted with xylene-based mounting medium. Collagen was 

semi-quantified using a modified method on Adobe Photoshop CS6 originally described 

by Underwood et al. and established in our previous work49,85,106,157. In brief, red pixels 

were positively selected and summed for a total number of red pixels representing 

collagen. Nonbackground (green) pixels and red pixels were summed for the total 

number of heart pixels. Collagen content was measured by calculating the percentage of 

red pixels by total heart pixels. Consistency was ensured by using the same red colour 

palette, green colour palette, and by processing all tissues simultaneously.  

 

2.6.3 Immunohistochemistry 

 Immunohistochemistry was performed on paraffin-embedded heart cross-sections 

for CD11b (Abcam, Cambridge, MA, USA), α-smooth muscle actin (α-SMA; Sigma 

Aldrich) and Ki-67 (eBioscience) (see Table 2.1 for antibody concentrations and details). 



Heart cross-sections were deparaffinized and subjected to degrading alcohol gradient as 

described above and then treated for antigen retrieval using a pressure cooker before 

staining. Briefly, sections were quenched for endogenous peroxidases using 3% hydrogen 

peroxide (H2O2), non-specific staining was blocked using 10% normal goat serum 

(NGS), and primary antibodies were incubated overnight at 4°C. Following primary 

antibody incubation, a specific biotin-conjugated secondary antibody was incubated for 1 

hour at room temperature (see Table 2.1 for antibody concentrations and details). The 

antibody complexes were then conjugated to avidin-biotin complex (Vectastain ABC kit; 

Vector Laboratories Inc., Burlington, ON, Canada) and developed using 3,3’-

diaminobenzidine as the chromagen (DAB; Dako-Cytomation, Mississauga, ON, 

Canada). Images were taken by performing light microscopy using Zeiss Axiovision 4.6 

digital image analysis program (Carl Zeiss) on slides, visualized with AxioCam HRc 

camera (Carl Zeiss), and analyzed using Adobe Photoshop CS6. Quantification of 

positive α-SMA-stained slides were counted by a blinded observer in five fields of view 

at 20x magnification and the average number of positive cells was calculated per sample. 

Quantification of Ki-67-stained heart sections are described below under Proliferation 

Assay. 

 

2.7 In vitro Monoculture System 

2.7.1 Monoculture of NIH/3T3 fibroblasts 

 NIH/3T3 (ATCC, Manassas, VA, USA) fibroblasts were cultured as previously 

described80. In brief, NIH/3T3 fibroblasts were maintained in DMEM-C until washed 

with DPBS and lifted using 0.25% trypsin-ethylenediaminetetraacetic acid (trypsin-



EDTA; Invitrogen, Carlsbad, CA, USA). Cells were counted using Trypan blue 

exclusion, re-plated at 1.0 x 105 cells per well on 0.1% gelatin-coated Corning six-well 

tissue culture plates in DMEM-C with or without 0.1% gelatin-coated coverslips. Cells 

were incubated in a humidified chamber at 37°C and 5% CO2.  

 

2.7.2 NIH/3T3 Fibroblast Exogenous Treatments 

 Upon 60 – 70% confluency, NIH/3T3 fibroblasts were starved in DMEM 

containing 1% FBS (1% FBS/DMEM) overnight before being treated with (i) sterile-

filtered full-length recombinant human CTGF produced in HEK293 cells (125 ng/mL85; 

CS363B, Cell Sciences, Canton, MA), (ii) sterile-filtered full-length recombinant active 

human TGF-β1 produced in HEK293 cells (10 ng/mL137,158; ab50036, Abcam), (iii) 

CTGF in combination with TGF-β1, (iv) TGF-β1 plus TGF-β trap (400nM), (v) TGF-β1 

plus pan TGF-β neutralizing antibody (1D11; 15 μg/mL; MAB1835, R&D Systems), (vi) 

TGF-β trap only, or (vii) 1% FBS/DMEM as media control groups for 6 hours and/or 24 

hours.  

  

2.7.3 Immunofluorescence on Fixed In vitro Cultured Cells  

 Immunofluorescence staining was performed on 4% paraformaldehyde-fixed 

fibroblast monocultures for α-SMA. In brief, fixed cells were washed with 1x phosphate-

buffered saline (PBS) and then blocked against non-specific antibody binding with 10% 

normal goat serum (NGS). Primary antibodies against α-SMA (Sigma-Aldrich) were 

incubated overnight at 4°C, followed by secondary antibody incubation using 

AlexaFluor488-conjugated (Invitrogen) and AlexaFluor555-conjugated (Invitrogen) 



secondary antibodies for 1 hour and nuclei counterstain using Hoechst stain (Sigma-

Aldrich). Refer to Table 2.1 for antibody concentrations and details.  

 Six-well plates containing coverslips were mounted onto slides, visualized using 

Zeiss Axioplan II MOT (Carl Zeiss) and captured with an AxioCam HRC Colour 

Camera. The remaining wells were read for fluorescence by using an Infinite M200 Pro 

plate reader (Tecan, Mannedorf, Germany). α-SMA expression, measured in fluorescence 

intensity, was standardized to Hoechst fluorescence intensity and then calculated relative 

to untreated groups (1% FBS/DMEM).  

 

2.8 Proliferation Assay 

 Relative proliferation was assessed via immunohistochemical staining of Ki-67 as 

a proliferation marker on heart cross-sections as described in Immunohistochemistry. 

Slides of heart cross-sections were visualized and the images captured upon which nuclei 

positive for Ki-67 were counted relative to the total number of nuclei in five random 

fields of view at 20x magnification. Data was expressed relative to saline control.   

 

2.9 Gel Electrophoresis and Western Blotting 

 Samples were isolated from snap frozen heart samples and used for Western blot 

experiments as previously described85,152. Isolated heart samples were homogenized in 

radioimmunoprecipitation assay (RIPA) buffer (150 mmol/L NaCl, 50 mmol/L Tris-HCl 

base, 0.1% SDS, 0.1% Triton X-100, and 0.5% deoxycholic acid) with Pierce Protease 

and Protease Inhibitor Mini Tablets added (ThermoFisher Scientific, Rockford, IL, USA). 

Protein concentration was determined using a BCA protein assay kit as per 



manufacturer’s instructions (ThermoFisher Scientific). Samples were then denatured 

using Laemmli sample buffer with 2-mercaptoethanol (BioRad Laboratories, Hercules, 

CA, USA) and boiled at 95°C for 5 minutes. Samples were then separated on a 12% 

SDS-PAGE gel and transferred to an Immobilon polyvinylidene difluoride membrane 

(PVDF; Millipore Corp., Bedford, MA, USA).  

 PVDF membranes were incubated with either 5% skim milk or 5% BSA in Tris-

buffered saline with 0.1% Tween-20 (TBST; Sigma Aldrich) for 1 hour to block non-

specific binding. Primary antibodies against phosphoSmad2 (pSmad2; Cell Signaling, 

Beverly, MA, USA), Smad2/3 (Cell Signaling), or actin (loading control; Sigma-Aldrich) 

overnight at 4°C. Following primary antibody incubation, membranes were incubated 

with secondary antibody horseradish peroxidase-linked goat anti-rabbit IgG (Vector 

Laboratories) and developed using Amersham ECL enhanced chemiluminescence kit 

(GE Healthcare UK, Ltd.). Images were captured using the ChemiDocTM Touch Imaging 

System (Bio-Rad Laboratories) and analyzed using Image LabTM software (Bio-Rad 

Laboratories). See Table 2.1 for antibody concentrations and details. 

  



Table 2.1 Antibody Concentrations, Host, and Source Information.  

List of antibodies used for immunohistochemistry (IHC), immunofluorescence (IF), 

western blot (WB), and flow cytometry (FC) and their respective concentrations, host 

species, and source are provided.  

 

Primary 
Antibodies 

Concentration (μg/mL) 
/Dilution Host 

Source 

IHC/IF WB FC Supplier Cat. No. 
α-SMA 1:1000   Mouse Sigma A5228 
Actin  1:8000  Rabbit Sigma A2066 

CCR2-FITC   (15μL) Rat IgG2B R&D FAB5538F 

CD11b 1:3000   Rabbit Abcam Ab133357 
CD11b-APC   2.5 Rat IgG2B Biolegend 101212 

CX3CR1-
PerCP-Cy5.5 

  2 Mouse 
IgG2A 

Biolegend 149009 

Ki-67 1:100 
(IHC) 

1:250 (IF) 

  Rat eBioscience 14-5689-
82 

Ly6C-PE   1 Rat IgG2C Biolegend 128008 
pSmad2  1:1000  Rabbit Cell 

Signaling  
3101S 

Smad2/3  1:1000  Rabbit Cell 
Signaling  

3102S 

      

Secondary 
Antibodies 

Concentration (μg/mL) 
/Dilution Host Source 

IHC/IF WB FC Supplier Cat. No. 
Alexa-

Fluor488 
anti-mouse 

1:500   Goat Invitrogen A11001 

Biotin-anti-
mouse 

1:500   Goat Vector 
Laboratories 

BA-9200 

Biotin-anti-
rabbit 

1:500   Goat Vector 
Laboratories 

BA-1000 

Biotin-anti-
rat 

1:500   Goat Vector 
Laboratories 

BA-9400 

Alexa-
Fluor555 

anti-mouse 

1:500   Goat Invitrogen A21434 



Secondary 
Antibodies 

Concentration (μg/mL) 
/Dilution Host Source 

IHC/IF WB FC Supplier Cat. No. 
Peroxidase 
anti-rabbit 

 1:5000  Goat Vector 
Laboratories 

PI-1000 

       

Isotype 
Antibodies 

Concentration (μg/mL) 
/Dilution Host Source 

IHC/IF WB FC Supplier Cat. No. 
FITC-IgG2b   (15μL) Rat  eBioscience 11-4031-

82 
PE-IgG2c   1 Rat Biolegend 400707 

PerCP-
Cy5.5-IgG2a 

  2 Rat Biolegend 400532 

APC-IgG2b   2.5 Rat Biolegend 400612 
  



2.10 Relative Real-Time Quantitative Polymerase Chain Reaction (qPCR) 

2.10.1 RNA Extraction and cDNA Synthesis 

 TRIzol (Life Technologies) was used for total RNA extraction from snap-frozen 

heart sections and NIH/3T3 cells according to manufacturer’s instructions. For snap-

frozen heart sections, tissues were placed in TRIzol and homogenized using a rotor stator 

homogenizer. NIH/3T3 cells were resuspended in TRIzol after treatment and briefly 

homogenized. RNA was eluted in RNase/DNase free water (Invitrogen) and purity (by 

assessing A260/280) and concentration of samples were determined by using the 

NanoDrop 2000c UV-Vis Spectrophotometer (ThermoFisher Scientific). RNA samples 

were also run on a 1% agarose gel with ethidium bromide (EtBr) to assess for RNA 

integrity. Samples with an A260/280 ratio between 1.8 to 2.0 and which displayed two 

sharp bands (28S and 18S rRNA bands) were classified as pure and intact, and was used 

for downstream complementary DNA (cDNA) synthesis.  

 First strand cDNA synthesis was performed from extracted RNA using iScriptTM 

Advanced cDNA Synthesis Kit (Bio-Rad Laboratories) as per manufacturer’s 

instructions. The reaction took place in a total volume of 20μL consisting of 1μg of 

extracted RNA, 4μL 5x iScript Advanced Reaction Mix (Bio-Rad Laboratories), 1μL 

iScript Advanced Reverse Transcriptase (Bio-Rad Laboratories), and RNase/DNase free 

water (Invitrogen). The reaction cycle protocol consisted of incubation at 46°C for 20 

minutes and 95°C for 1 minute, after which the generated cDNA was used for 

downstream qPCR reactions and analyses.  

 

 



2.10.2 qPCR Reaction and Analyses 

 Real-time qPCR was performed using iQ SYBR Green Supermix (Bio-Rad 

Laboratories) as per manufacturer’s instructions, detected using the Rotor-GeneTM 6000 

(Corbett Life Science, San Francisco, CA, USA), and analyzed using the Rotor-Gene Q 

Series software (QIAGEN Sciences, Germantown, MD, USA). Efficiency curves and no-

template controls were accompanied with each run and melt curves were run after cycling 

for target specificity. Relative expression levels were normalized to reference gene 18S 

ribosomal gene, and in some cases, also normalized to GAPDH, as well as relative to 

controls using the Pfaffl method159. Primer sequences designed against mRNA sequences 

are listed in Table 2.2.  

 

2.11 Statistical Analyses 

 All data are represented as means ± standard error of mean (SEM). All direct 

comparisons between two groups were evaluated using the student two-tailed t-test for 

changes in relative expression compared to controls. One-way analysis of variance 

(ANOVA) was performed using the Bonferroni post-test for multiple comparisons to 

compare experimental groups with the control group and to compare multiple 

experimental groups. qPCR results were evaluated based on the relative changes 

compared to the theoretical mean value of 1.000 All statistical comparisons were 

computed using GraphPad PRISM software version 6 (GraphPad Software, Inc., La Jolla, 

CA, USA), and significance was determined if p < 0.05.    



Table 2.2 Genes of Interest and Primer Sequences. 

List of genes used in qPCR and their respective forward and reverse primers are 

provided. Primers were designed against mRNA sequences using PrimerBlast.  

Gene of 
Interest 

Forward Primer Reverse Primer 

18S Ribosomal 
RNA 
(18S) 

TCAACTTTCGATGGTAGTCGCCGT TCCTTGGATGTGGTAGCCGTTTCT 

Collagen Type 
I-alpha-I 
(Col-IaI) 

CAACAGTCGCTTCACCTACAGC GTGGAGGGAGTTTACACGAAGC 

Connective 
Tissue Growth 

Factor 
(CTGF) 

TCAACCTCAGACACTGGTTTCG TAGAGCAGGTCTGTCTGCAAGC 

Glyceraldehyde 
3-Phosphate 

Dehydrogenase 
(GAPDH) 

CCTTCCGTGTTCCTACCCC GCCCAAGATGCCCTTCAGT 

Transforming 
Growth Factor-

Beta 
(TGF-B) 

GCCTGAGTGGCTGTCTTTTG CTGTATTCCGTCTCCTTGGTTC 

 

  



CHAPTER 3 - RESULTS 

3.1 Characterization of the Ang-II Model 

 Mice with Ang-II infusion are used as models for myocardial hypertrophy and 

fibrosis secondary to hypertension160. Our previous work using the murine model of Ang-

II infusion demonstrated early physiological changes characterized by a rise in mean 

arterial blood pressure, subsequent series of cellular changes, and ultimately the 

development of fibrosis and hypertrophy156,161,162. In order to better understand the early 

effects of Ang-II infusion, we focused our attention to the first 24 hours. To confirm the 

hypertensive effects of Ang-II infusion, mean arterial blood pressure was taken for each 

animal immediately prior to surgery, labeled as baseline, as well as immediately prior to 

sacrifice. Ang-II infusion resulted in a significant increase in mean arterial blood pressure 

after 24 hours compared to their WT counterparts (Figure 3.1A; 133.9 ± 6.5 mmHg vs. 

109.3 ± 7.3 mmHg respectively, p < 0.05).  

 In addition to hypertensive effects, previous works have demonstrated that long-

term Ang-II infusion can lead to significant cardiomyocyte hypertrophy139. Additionally, 

our previous work measured the heart weight of animals after saline or Ang-II infusion 

and normalized it to body weight after infusion as an indication of hypertrophy. By using 

this method, the ratio of heart weight to body weight (HW/BW) was found to be 

significantly higher in Ang-II animals 7 days after infusion, suggestive of 

hypertrophy49,156. In the first 24 hours of Ang-II exposure, these animals did not exhibit 

any changes in hypertrophy score at 6 hours or 24 hours (Figure 3.1B).  

 

 



3.2 Early mononuclear cell infiltration precedes significant collagen deposition  

 Previous studies by our group have demonstrated that the Ang-II infusion model 

of myocardial fibrosis results in significant collagen deposition in mice myocardium 3 

days after Ang-II exposure49,80,106. Earlier cellular and molecular changes that occur 

within the first 24 hours of Ang-II infusion that are associated with later development of 

fibrosis have yet to be fully characterized in this model. Thus, we first assessed the gross 

histological changes in the myocardium within the first 24 hours of Ang-II exposure. 

Collagen deposition was semi-quantitatively assessed using myocardial cross-sections 

stained with SR/FG and calculated using an established method of assessing the number 

of red collagen pixels divided by the total number of myocardial pixels (red and green) 

per section49,80,85. Although there appears to be a trend towards increased collagen 

deposition of Ang-II exposed hearts at 24 hours, these findings were not significant when 

compared to saline control (Figure 3.2A-C; 6.8% ± 1.1 vs 5.2% ± 0.3). In support of 

these findings, type I collagen transcript levels trended towards increased expression but 

did not reach significance in Ang-II hearts relative to saline at 24 hours (Figure 3.2D). 

  Prior to the development of fibrosis, our previous work has shown significant 

mononuclear cell accumulation in the myocardium peaking at 3 days after Ang-II 

exposure49,106. In the present series of experiments, myocardial cross-sections were 

stained with H&E and assessed based on the percentage of grids containing cellular 

infiltrate over the total number of grids containing the myocardium. After 24 hours of 

Ang-II exposure, there was a significant increase in mononuclear cell infiltration 

compared to saline control (Figure 3.3A-C; 18.3% ± 1.4 vs 0.9% ± 0.1, respectively, p < 

0.0001). There was little to no polymorphonuclear cells, suggesting little role for 



granulocytes in this model (Figure 3.3D). Using immunohistochemical staining for 

CD11b, our findings were confirmed by demonstrating that a significant number of 

infiltrating cells were positive for CD11b expression (Figure 3.3E-F).  

 Together, these results suggest that monocytes/macrophages have populated 

multifocal areas of the heart prior to significant collagen deposition. Thus, the early 

inflammatory responses in the heart are suggested to be temporally linked to later tissue 

remodeling and fibrosis in our model of hypertensive-induced myocardial fibrosis. 

Additionally, there appears to be no significant cellular infiltration 6 hours after Ang-II 

infusion (Figure 3.4A-B). As such, we further examined molecular signaling within the 

first 24 hours after Ang-II exposure.  

 

3.3 Profibrotic factors in the early Ang-II exposed myocardial environment 

 TGF-β and its downstream mediator, CTGF, have been implicated as 

predominant pro-fibrotic mediators in many fibrotic conditions107,133,163-165. Our model of 

Ang-II infusion has shown involvement of TGF-β and CTGF in the early fibrotic 

response to Ang-II49,85,106. Importantly, CTGF transcript levels were significantly 

elevated as early as 6 hours after Ang-II infusion (Figure 3.5A; 19.3-fold ± 5.4 vs saline 

control, p < 0.05) and remained upregulated after 24 hours (Figure 3.5A; 17.0-fold ± 3.1 

vs saline control, p < 0.05), similar to our previous findings85. Although not to the same 

extent as CTGF levels, TGF-β transcript levels were also elevated at 6 hours (Figure 

3.5B; 2.5-fold ± 0.2 vs saline control, p < 0.01) and 24 hours (Figure 3.5B; 3.2-fold ± 0.4 

vs saline control, p < 0.001). These results demonstrate that the induction of CTGF and 

TGF-β transcript production occurred prior to significant mononuclear cell infiltration, 



suggestive of resident cardiac cells – such as cardiac fibroblasts, endothelial cells, or 

resident cardiac Mϕs – as possible sources of these early pro-fibrotic factors.  

 CTGF can be directly induced by TGF-β activation via the TGF-β/Smad pathway 

or through direct activity of Ang-II via its receptor, AT1R75,166-168. In order to address 

whether TGF-β activity is upregulated after 6 hours of Ang-II exposure, Western blot 

experiments were conducted probing for Smad proteins, as TGF-β signaling directly 

induces downstream phosphorylation of Smad proteins, specifically phosphorylation of 

Smad2 (Serines 465/467) and Smad3 (Serines 423/425)109,169,170. As expected, Ang-II 

hearts demonstrated a significant upregulation of phosphorylated Smad2 (pSmad2) levels 

relative to actin (Figure 3.6A; 5.7-fold ± 1.2, p < 0.05) compared to saline control, 

whereas total Smad2/3 protein levels were not affected (Figure 3.6A). Thus, the ratio 

between pSmad2 levels relative to total Smad2/3 levels is elevated upon Ang-II exposure, 

suggestive of increased TGF-β activity (Figure 3.6B, 5.7-fold ± 1.3, p < 0.05). Similarly, 

24 hours of Ang-II infusion resulted in a trend towards increased pSmad2 levels relative 

to actin (Figure 3.6C, 3.1-fold ± 0.9, p = 0.0686), while total Smad2/3 levels remain 

unchanged (Figure 3.6C). This resulted in a trending increase in pSmad2 levels relative to 

total Smad2/3 levels (Figure 3.6D, 4.1 ± 1.3, p = 0.0722), indicative of TGF-β activity in 

the myocardium following Ang-II exposure. 

 Thus far, our results have demonstrated only the association of upregulated 

pSmad2 levels, indicative of TGF-β activity, with substantial upregulation of CTGF 

transcript levels at both 6 hours and 24 hours after Ang-II exposure. Therefore, this 

prompted us to take one step further towards examining the mechanistic link between 

TGF-β and CTGF in the myocardium within the first 24 hours.  



 

3.4 Mechanistic Link Between Early CTGF Upregulation and TGF-β Activity In        

The Ang-II Exposed Myocardium  

3.4.1 Effect of TGF-β Trap on Gene Expression of Pro-fibrotic Factors in vitro 

 In order to examine the role of TGF-β and pro-fibrotic gene expression, we have 

used a soluble TGF-β trap, designed as TGF-β type II receptors by the National Research 

Council, that is able to sequester active TGF-β and thus neutralize TGF-β activity155. 

Using a NIH/3T3 fibroblast monoculture, we performed initial experiments (n=3 

independent experiments) whereby exogenous TGF-β, TGF-β with TGF-β trap, or TGF-β 

with pan TGF-β neutralizing antibody (1D11) was incubated with fibroblasts. Exogenous 

TGF-β resulted in a significant elevation of CTGF mRNA levels in NIH/3T3 fibroblasts 

after 6 hours (Figure 3.7A; 7.7-fold ± 0.7 vs media control, p<0.001). This increase was 

significantly reduced by 66% when TGF-β was incubated with NIH/3T3 along with 

1D11 (Figure 3.7A; 2.6-fold ± 1.0 vs media control, p<0.01). Although not to the same 

extent as 1D11, incubation with the TGF-β trap demonstrated a trending reduction in 

CTGF transcript levels compared to TGF-β stimulated NIH/3T3 fibroblasts (Figure 3.7A; 

4.8-fold ± 0.7 vs media control). 

 Interestingly, exogenous TGF-β stimulation of NIH/3T3 fibroblasts induced 

production of TGF-β, as indicated by an elevation of TGF-β transcript levels 6 hours after 

treatment (Figure 3.7B; 4.1-fold ± 1.1 vs media control, p<0.05). Similar to changes in 

CTGF transcript levels, the TGF-β trap and the 1D11 antibody resulted in a trending 

reduction in TGF-β transcript levels after 6 hours of treatment (Figure 3.7B; 3.1-fold ± 

0.8 and 1.8-fold ± 0.3, respectively). Additionally, exogenous TGF-β stimulation of 



NIH/3T3 fibroblasts induced type I collagen production, as indicated by an elevation of 

collagen-I transcript levels 6 hours after treatment (Figure 3.7C; 1.6-fold ± 0.1 vs media 

control, p<0.05). Treatment with TGF-β trap or 1D11 antibody significantly reduced the 

TGF-β-induced increase of collagen-I transcript levels of NIH/3T3 fibroblasts (Figure 

3.7C; 0.9-fold ± 0.2 and 0.7-fold ± 0.1, respectively).  

 

3.4.2 Effect of TGF-β Trap on Early Pro-Fibrotic Gene Expression in vivo 

  As shown earlier, CTGF expression was substantially upregulated after Ang-II 

infusion, particularly at 6 hours in vivo. If CTGF expression is directly influenced by 

TGF-β activity, then the observed early elevation of CTGF at 6 hours is hypothesized to 

be abolished upon administering the TGF-β trap. The TGF-β trap (10 mg/kg) was 

administered intraperitoneally either with or without Ang-II infusion. Our results indicate 

that the TGF-β trap significantly reduced CTGF mRNA levels by 64.2% in Ang-II 

animals at 6 hours compared to PBS control (Figure 3.8A, left; 19.3-fold ± 5.4 vs 6.9-fold 

± 1.6, respectively, p<0.05). However, the effect of the TGF-β trap was no longer 

maintained at 24 hours (Figure 3.8B, left). These results suggest that early CTGF 

expression in the myocardium is partially dependent on TGF-β activity, possibly through 

latent TGF-β activation in the myocardium rather than TGF-β independent effects of 

Ang-II exposure. Interestingly, there appears to be a trend towards elevation in TGF-β 

expression after TGF-β trap administration at 6 hours, although it failed to reach 

significance and did not affect levels at 24 hours (Figure 3.8A-B, right).  

 Administering the TGF-β trap appears to have a significant effect in vivo, as 

demonstrated by a reduction of CTGF transcript levels at 6 hours. In order to confirm that 



the reduction of CTGF transcript levels after TGF-β trap administration to Ang-II animals 

is a result of the TGF-β/Smad-dependent pathway, we performed Western blotting 

experiments to identify levels of pSmad2. Administration of the TGF-β trap reduced 

myocardial pSmad2 levels relative to total Smad2/3 protein in animals exposed to Ang-II 

compared to PBS controls (Figure 3.9A-B; 5.7-fold ± 1.5 vs 2.1-fold ± 0.5, respectively, 

p<0.05). At 24 hours, the levels of pSmad2 relative to total Smad2/3 proteins were not 

significantly different (Figure 3.9C-D).  

 Together, these results confirm that elevated TGF-β signaling occurs after Ang-II 

exposure, likely via latent TGF-β activation in the myocardium, particularly after 6 hours. 

Thus, elevated TGF-β activity induced the substantial early upregulation of CTGF levels 

prior to significant increase in TGF-β protein expression through activation of the 

canonical Smad-dependent pathway.  

 

3.5 Effect of TGF-β Trap on Early Gross Histological and Cellular Changes in the 

Ang-II Exposed Myocardium 

 As we were able to provide evidence for molecular changes in the Ang-II exposed 

myocardium at 6 hours with the administration of the TGF-β trap, we then examined 

myocardial sections of Ang-II hearts that also received the TGF-β trap for cellular 

infiltration and collagen deposition using H&E and SR/FG staining. Histological analyses 

of H&E stained cross-sections demonstrated no significant differences in cellular 

infiltration in Ang-II hearts that also received the TGF-β trap versus PBS controls (Figure 

3.10A-C). This would support that early mononuclear cell infiltration is not dependent on 

the early action of preformed or active TGF-β. As we did not observe any significant 



differences in collagen deposition after Ang-II exposure at 24 hours, the TGF-β trap did 

not affect differences in collagen deposition as observed in the SR/FG stained myocardial 

sections (Figure 3.10D-F). Type I collagen transcript levels were also not significantly 

altered after administration of the TGF-β trap after 24 hours of Ang-II exposure (Figure 

3.10F).  

 Previous work has demonstrated an increase in α-SMA expression, a cell-specific 

marker for indication of fibroblast transdifferentiation into myofibroblasts, 3 days after 

Ang-II exposure, which remained highly abundant in the myocardium after 7 days of 

Ang-II exposure49,80,156. We have noted, thus far, that significant molecular changes 

occurred as early as 6 hours after Ang-II exposure, which preceded significant immune 

mononuclear cell infiltration, suggestive of an initial activation of resident cells in the 

myocardium. One of the most abundant non-cardiomyocyte cell types is the cardiac 

fibroblast, second to endothelial cells88. It has been well established in the literature that 

TGF-β can activate cardiac fibroblasts and induce their phenotypic change into 

myofibroblasts110,171,172. Looking at results from immunohistochemical staining for α-

SMA, we did not observe any significant increases in α-SMA+ myofibroblasts compared 

to saline control within 24 hours of Ang-II exposure after quantification by cell counting 

(Figure 3.11A-C).  

 Despite any notable changes in fibroblast phenotype, we next assessed 

proliferation of mononuclear cells in the myocardium at 24 hours. Our previous work has 

demonstrated that Ang-II exposure led to a significant increase in proliferative 

mononuclear cells in the myocardium by 3 days85,106. Here, immunohistochemical 

labeling of Ki-67 was used as an indicator of cell proliferation. Ki-67+ cells were then 



counted over the total number of infiltrating cells in five fields of view at 40x 

magnification and the percentage of Ki-67+ cells was calculated over the total number of 

nuclei. In animals that were exposed to Ang-II for 24 hours, there was a significant 

increase in Ki-67 positive nuclei relative to saline controls (Figure 3.12A-C; 6.0-fold ± 

1.8, p<0.05). Upon administration of the TGF-β trap, the number of Ki-67+ cells in the 

Ang-II exposed myocardium remained elevated over saline control (Figure 3.12; 8.0-fold 

± 1.0, p≤0.01), with no significant differences between Ang-II animals that received PBS 

or the TGF-β trap. These results suggest that changes in early cellular proliferation in the 

myocardium is unlikely to be TGF-β dependent and are likely to be greatly dependent on 

direct Ang-II effects.  

 

3.6 Role of CTGF on Fibroblast Activation and Proliferation 

 In previous work, we identified that CTGF is one of the initial pro-fibrotic 

mediators substantially upregulated after Ang-II exposure in the myocardium85. We were 

able to replicate these findings and confirm that CTGF is upregulated as early as 6 hours 

after Ang-II infusion, as well as provided further evidence to suggest that this 

upregulation is partially induced by latent TGF-β activation in the myocardium. While 

the role of TGF-β has been well-described in literature, the role of CTGF has not been 

explored to the same extent. In fact, there has been conflicting reports on the importance 

of CTGF in fibrotic conditions, particularly in the development of myocardial 

fibrosis143,144,173,174. Thus, we sought to examine the fundamental role of CTGF on 

fibroblast activation, proliferation, and ability to produce pro-fibrotic factors important 

for fibrosis development. To explore this, we used an in vitro NIH/3T3 fibroblast 



monoculture system grown in culture and exposed to exogenous CTGF and/or TGF-β to 

better understand their respective roles on fibroblast activation and phenotype.  

 

3.6.1 Exogenous CTGF Does Not Appear to Affect Fibroblast Expression of Fibrotic 

Mediators in vitro 

 NIH/3T3 fibroblasts were grown in monoculture and exposed to exogenous 

CTGF and/or TGF-β for 6 hours and compared to fibroblasts incubated in media only 

supplemented with 1% FBS. Exogenous TGF-β treatment induced a significant 

upregulation of CTGF mRNA in NIH/3T3 fibroblasts (Figure 3.13A; 7.3-fold ± 0.5 vs 

media control, p≤0.01), as well as a trending increase towards TGF-β and type I collagen 

mRNA levels (Figure 3.13B-C). However, exogenous CTGF treatment alone or in 

combination with exogenous TGF-β treatment did not affect, or have a synergistic effect, 

on CTGF, TGF-β, or type I collagen mRNA levels (Figure 3.13A-C). These findings 

suggest that CTGF does not have an important role in propagating fibroblast production 

of fibrogenic mediators, at least independently or synergistically with TGF-β in vitro.  

 

3.6.2 Exogenous CTGF Does Not Appear to Alter Fibroblast Phenotype in vitro 

 Although exogenous CTGF did not alter fibroblast production of pro-fibrotic 

mediators, such as CTGF, TGF-β, or type I collagen, CTGF may also promote fibroblast 

differentiation into myofibroblasts. We next assessed phenotypic changes of NIH/3T3 

fibroblasts in vitro such as differentiation into α-SMA+ myofibroblasts, which are 

effector cells of fibrosis development. As expected, exogenous TGF-β treatment for 24 

hours induced an upregulation in α-SMA expression, indicative of increased fibroblast 



transdifferentiation into myofibroblasts, compared to media control (Figure 3.14A,C,E; 

1.9-fold ± 0.2 vs media control, p≤0.01). Alternatively, exogenous CTGF alone had no 

effect on α-SMA expression and did not produce a synergistic effect with exogenous 

TGF-β incubation, suggesting that CTGF does not play an important role in early 

fibroblast differentiation in this context (Figure 3.14A-B, D-E).  

 

3.7 Characterizing Early Monocytes/Mϕ Composition and Subsets in the Spleen, 

Blood, and Heart of Ang-II Exposed Mice 

 Thus far, this thesis has focused on the mechanistic link between TGF-β and 

CTGF in the early myocardial environment after Ang-II infusion, particularly prior to 

significant cellular infiltration. In addition, the importance of the role of CTGF was 

explored fundamentally in a monoculture system of NIH/3T3 fibroblasts and compared to 

the role of TGF-β. Previous work has also demonstrated the important contribution of 

monocyte/Mϕ interactions with resident cardiac cells in the progression of myocardial 

fibrosis in ischemic animal models as well as in nonischemic hypertensive 

models64,79,126,175. Importantly, monocyte/Mϕ infiltration is associated with significant 

collagen deposition within the myocardium as early as 3 days after Ang-II infusion80,106. 

The early changes of the myocardial environment may heavily influence the composition 

of the monocyte/Mϕ pool in the myocardium and may promote monocyte phenotype 

changes beyond the myocardium in potential sources such as the spleen and in 

circulation. Thus, we set out to examine the murine changes in monocyte/Mϕ 

composition and phenotype in the setting of Ang-II induced hypertension. 

 



3.7.1 Mϕ Influx Demonstrated a Pro-Inflammatory Shift in the Ang-II Heart 

 Animals were infused with saline or Ang-II and sacrificed after 3 days. Consistent 

with previous work, animals that received saline infusion were shown to have a 

population of CCR2+CX3CR1+ Mϕs in the myocardium (Figure 3.15A-B; 17.4% ± 1.1 of 

isolated mononuclear cells, 404.1 ± 25.9 cells/mg tissue). Ang-II infusion led to a 

significant increase in the number of CCR2+CX3CR1+ Mϕs in the myocardium compared 

to saline control (Figure 3.15A-B; 43.0% ± 3.1 of isolated mononuclear cells, p≤0.0001; 

905.4 ± 92 cells/mg tissue, p≤0.001). Upon further analyses, this population exhibited a 

pro-inflammatory shift in Ang-II hearts, as demonstrated by an increase in Ly6C MFI 

within CD11bhigh Mϕs (Figure 3.16A-B; 2063 ± 297 MFI vs. 644 ± 50 MFI, p≤0.001). 

Additionally, the proportion of CD11bhigh Mϕs was significantly upregulated upon Ang-II 

exposure (Figure 3.16C; 64.9% ± 8.7 vs. 23.8% ± 3.2, p≤0.01), whereas the proportion of 

CD11blow Mϕs was significantly reduced compared to saline controls (Figure 3.16D; 

27.5% ± 7.0 vs 57.7% ± 2.6, p≤0.01).  

 

3.7.2 CD11b+ monocytes were present in lower proportion in circulation with no 

differences in pro-inflammatory phenotype 

 Monocyte populations were assessed from circulation using flow cytometry after 

3 days of Ang-II infusion. Two subpopulations were observed in circulation – CD11blow 

monocytes and CD11bhigh monocytes (Figure 3.17A). Both CD11bhigh and CD11blow 

monocyte subpopulations (Figure 3.17A-B; 3.2% ± 0.7 and 6.4% ± 0.6 of isolated 

mononuclear cells, respectively, p≤0.01) were present in lower proportion in circulation 

after 3 days of Ang-II infusion compared to saline control (Figure 3.17A-B; 1.7% ± 0.4 



vs. 4.4% ± 0.5 of isolated mononuclear cells, and 3.2% ± 0.7 vs. 6.4% ± 0.6 of isolated 

mononuclear cells, respectively, p≤0.01). CD11bhigh monocytes were mainly pro-

inflammatory Ly6ChighCCR2+ monocytes, but did not differ in percentage after 3 days of 

Ang-II infusion (Figure 3.18A-B).  

 

3.7.3 Splenic CD11b+ monocytes were reduced after Ang-II exposure and consisted of a 

higher proportion of pro-inflammatory Ly6ChighCCR2+ monocytes 

 Mononuclear cells were isolated from the murine spleen after 3 days of Ang-II 

infusion. In total, there was a decrease in the number of mononuclear cells isolated from 

the Ang-II spleen compared to saline control (Figure 3.19A; 2.9x107 cells ± 6.1x106 vs 

7.9x107 cells ± 1.6x107, p<0.05). Upon flow cytometry analyses, two subpopulations of 

CD11b+ monocytes were present – CD11bhigh and CD11blow monocytes (Figure 3.19B). 

The proportion of splenic CD11bhigh and CD11blow monocytes were similar in Ang-II 

spleens compared to saline controls but absolute numbers were lower with both 

subpopulations (Figure 3.19B-C). Further analyses of the subpopulations of splenic 

CD11b+ monocytes revealed that CD11blow monocytes expressed mainly 

Ly6ClowCCR2low (Figure 3.20A) whereas CD11bhigh monocytes expressed mainly 

Ly6ChighCCR2+ (Figure 3.20B). Interestingly, Ang-II exposure led to an increase in the 

ratio of the number of Ly6ChighCCR2+ monocytes to the number of Ly6ClowCCR2low 

monocytes compared to saline control (Figure 3.20B-C; 0.4 ± 0.1 vs. 0.1 ± 0.02, p<0.05). 

These results suggest that the monocyte population in the spleen demonstrated a pro-

inflammatory shift after Ang-II exposure, which is likely contributing to the influx of 

pro-inflammatory monocytes into the myocardium.   



3.8 Figures 

Figure 3.1. Hemodynamic and physiological parameters of Ang-II exposed mice. (A) 

Ang-II exposure led to an increase in mean arterial blood pressure after 24 hours. (B) 

There was no significant change in hypertrophy score after 6 or 24 hours of Ang-II 

exposure, as measured by the ratio of heart weight normalized to body weight. Data are 

expressed as means ± SEM. n=5-8. *p<0.05, compared with baseline or saline group. 

Ang-II, Angiotensin II; BW, body weight. HW, heart weight.   



Figure 3.2. Collagen deposition in Ang-II myocardium after 24 hours. Collagen 

deposition was not apparent within 24 hours of Ang-II exposure. Representative images 

of myocardial cross-sections stained with Sirius Red and counterstained with Fast Green 

from an animal that received (A) saline or (B) Ang-II for 24 hours (collagen, red; 

cardiomyocytes, green). (C) SR/FG cross-sections were semi-quantified for collagen 

content by collecting number of red pixels over the total number of heart pixels (red and 

green) of each section. (D) Myocardial transcript levels of type I collagen expression 

after Ang-II infusion relative to saline control for 24 hours. Transcript levels are reported 



relative to the reference gene ribosomal 18S. Data are expressed as means ± SEM. n=5. 

Original magnification: x20. Ang-II, Angiotensin II.    



Figure 3.3. Mononuclear cellular infiltration in the myocardium was present at 24 

hours after Ang-II exposure. Ang-II exposure led to an increase in mononuclear cell 

infiltration, primarily CD11b+ monocytes, into the myocardium at 24 hours. 

Representative images of myocardial cross-sections stained with H&E from an animal 

that received (A) saline or (B, D) Ang-II. (C) H&E sections were semi-quantified for 

cellular infiltration in Ang-II animals relative to saline control. Immunohistochemistry 

was used to characterize mononuclear cell infiltrates as CD11b+ cells. Representative 

myocardial cross-sections from animals treated with (E) saline or (F) Ang-II. Data are 

expressed as means ± SEM. n=5. ****p<0.0001, compared with saline control. Original 

magnification: x20 (A-B, E-F); x40 (D). Ang-II, Angiotensin II; H&E, hematoxylin and 

eosin.   



Figure 3.4. Myocardium exposed to Ang-II for 6 hours did not display significant 

cellular infiltration. Representative images of myocardial cross-sections stained with 

H&E from an animal that received (A) saline or (B) Ang-II for 6 hours. Original 

magnification: x20. Ang-II, Angiotensin II; H&E, hematoxylin and eosin.   



Figure 3.5. Early upregulation of myocardial CTGF and TGF-β transcript levels 

appeared as early as 6 hours after Ang-II exposure. Myocardial transcript levels of 

(A) CTGF and (B) TGF-β after 6 or 24 hours of Ang-II infusion relative to saline control. 

Transcript levels are reported relative to the reference gene ribosomal 18S. Data are 

expressed as means ± SEM. n=5-6. *p<0.05, **p<0.01, ***p<0.001, compared with 

saline control. Ang-II, Angiotensin II; CTGF, connective tissue growth tissue; TGF-β, 

transforming growth factor-β.  



Figure 3.6. Levels of Smad2 phosphorylation was upregulated after Ang-II 

exposure, indicative of TGF-β activity.  (A) Representative Western blot images of 

three animals per group and semi-quantification using densitometry of pSmad2 and total 

Smad2/3 protein levels relative to actin at 6 hours. (B) Densitometry was used for semi-

quantification of pSmad2 levels relative to total Smad2/3 protein levels. (C) 

Representative Western blot images of three separate animals (n=3) per group and semi-



quantification using densitometry of pSmad2 and total Smad2/3 protein levels relative to 

actin at 24 hours. (D) Densitometry was used for semi-quantification of pSmad2 levels 

relative to total Smad2/3 protein levels. Data are expressed as means ± SEM. Samples 

were run on separate gels with control group present on all gels for normalization. n=5–6. 

*p<0.05, **p<0.01, compared to saline control. Ang-II, Angiotensin II; A.U., Arbitrary 

Units; PBS: phosphate-buffered saline; pSMAD2: phosphorylated Smad2; Ser: serine. 

  



 

Figure 3.7. Effect of TGF-β trap on exogenous TGF-β-induced upregulation of pro-

fibrotic CTGF, TGF-β and type I collagen transcript levels of NIH/3T3 in vitro. 

NIH/3T3 fibroblasts were incubated with exogenous TGF-β only, TGF-β trap only, TGF-

β plus TGF-β trap, or TGF-β plus 1D11 antibody for 6 hours. Transcript levels of (A) 

CTGF, (B) TGF-β, and (C) type I collagen was obtained using qPCR analyses. Transcript 

levels are reported relative to both reference gene ribosomal 18S and GAPDH. Data are 

represented as means ± SEM and expressed relative to media control. n=3 independent 



experiments in triplicates. Independent experiments are defined as three separate sets of 

experiments on different cell passages *p<0.05, **p≤0.01, ***p≤0.001. CTGF, 

connective tissue growth factor; TGF-β, transforming growth factor-β; 1D11, pan TGF-β 

neutralizing antibody. 

 

  



Figure 3.8. TGF-β trap reduced levels of Ang-II-induced early upregulation of 

CTGF transcript at 6 hours. Myocardial CTGF and TGF-β transcript levels after (A) 6 

hours or (B) 24 hours of Ang-II infusion in animals injected with TGF-β trap or PBS 

relative to saline control. Transcript levels are reported relative to reference gene 

ribosomal 18S. Data are expressed as means ± SEM. n=5-6. *p<0.05, compared to PBS 

group. CTGF, connective tissue growth factor; PBS, phosphate-buffered saline; Trap, 

TGF-β trap; TGF-β, transforming growth factor-β. 



Figure 3.9. TGF-β trap administration partially reduced Ang-II-induced elevation 

of Smad2 phosphorylation at 6 hours. (A) Representative Western blot images and 

semi-quantification using densitometry of pSmad2 and total Smad2/3 protein levels 

relative to actin at 6 hours. Each lane represents a separate animal per group. (B) 



Densitometry was used for semi-quantification of pSmad2 levels relative to total 

Smad2/3 protein levels. (C) Representative Western blot images and semi-quantification 

using densitometry of pSmad2 and total Smad2/3 protein levels relative to actin at 24 

hours. Each lane represents a separate animal per group. (D) Densitometry was used for 

semi-quantification of pSmad2 levels relative to total Smad2/3 protein levels. Data are 

expressed as means ± SEM. Samples were run on separate gels with control group 

present on all gels for normalization. n=5–6. *p<0.05, compared to saline control. Ang-II, 

Angiotensin II; PBS, phosphate-buffered saline; pSMAD2, phosphorylated Smad2; Ser, 

serine; Trap, TGF-β trap. 

  



Figure 3.10. Administration of the TGF-β trap did not affect degree of Ang-II-

induced cellular infiltration observed at 24 hours. Representative images of Ang-II 

exposed myocardial cross-sections stained with H&E that also received (A) PBS or (B) 

TGF-β trap for 24 hours. (C) H&E cross-sections were semi-quantified for cellular 

infiltration using an established grid-scoring method. Representative images of Ang-II 

exposed myocardial cross-sections stained with SR/FG that also received (D) PBS or (E) 

TGF-β for 24 hours (collagen, red; cardiomyocytes, green). (F) SR/FG cross-sections 

were semi-quantified for collagen content by collecting the number of red pixels over the 

total pixels (red and green) (left). Myocardial type I collagen transcript levels in Ang-II 

animals that also received either PBS or TGF-β trap and reported relative to reference 

gene ribosomal 18S and relative to saline control (right). Data are expressed as means ± 

SEM. n=5. Original magnification: x20. Ang-II, Angiotensin-II; PBS, phosphate-buffered 

saline; Trap, TGF-β trap.   



Figure 3.11. Transdifferentiation into α-SMA+ myofibroblasts was not evident after 

24 hours of Ang-II infusion. Immunohistochemistry was used to identify α-SMA-

positive (brown) cells in myocardial cross-sections of (A) saline or (B) Ang-II mice. (C)

Cells were counted at 20x magnification in five random fields of view per sample. Data 

are expressed as means ± SEM. n=5. Original magnification: x20. α-SMA, alpha-smooth 

muscle actin; Ang-II, Angiotensin-II; PBS, phosphate-buffered saline; Trap, TGF-β trap.  



Figure 3.12. Ang-II infusion led to significant increase in Ki-67+ mononuclear cells 

in the myocardium after 24 hours, indicative of increased cell proliferation, with no 

effect after TGF-β trap administration compared to Ang-II hearts. 

Immunohistochemistry was used to identify Ki-67 positive (brown) cells in myocardial 

cross-sections of (A) saline or Ang-II animals that received either (B) PBS or (D) TGF-β 

trap. (C) Proliferation was assessed by counting the number of Ki-67+ nuclei relative to 

the total number of nuclei in five random fields of view per sample at 40x magnification. 

Data are expressed as means ± SEM. n=5. Original magnification: x20. Ang-II, 

Angiotensin-II; PBS, phosphate-buffered saline; Trap, TGF-β trap.  



 

Figure 3.13. Exogenous CTGF treatment does not appear to have an effect on 

NIH/3T3 fibroblast production of pro-fibrotic CTGF, TGF-β, or type I collagen 

transcript independently or synergistically with exogenous TGF-β incubation in 

vitro. NIH/3T3 fibroblasts were incubated with exogenous CTGF only, TGF-β only, or 

CTGF plus TGF-β for 6 hours. Transcript levels of (A) CTGF, (B) TGF-β, and (C) 

collagen type I was obtained using qPCR analyses. Transcript levels are reported relative 

to both reference genes ribosomal 18S and GAPDH. Data are represented as means ± 

SEM and expressed relative to media control. n=3 independent experiments in triplicates. 



*p<0.05, **p≤0.01. CTGF: connective tissue growth factor; GAPDH: glyceraldehyde 3-

phosphate dehydrogenase; TGF-β: transforming growth factor-β. 

  



Figure 3.14. Exogenous CTGF treatment of NIH/3T3 fibroblasts does not appear to 

affect differentiation into α-SMA+ myofibroblasts independently or synergistically 

with exogenous TGF-β stimulation in vitro. NIH/3T3 fibroblasts were incubated with 

exogenous CTGF only, TGF-β only, or CTGF plus TGF-β for 24 hours. Representative 



fields of view stained for α-SMA, Hoechst, and phase-contrast are shown for fibroblasts 

in (A) media control (1%FBS/DMEM), (B) exogenous CTGF, (C) exogenous TGF-β, 

and (D) exogenous CTGF plus TGF-β. (E) Graphical representation of α-SMA 

expression, as calculated by measuring α-SMA fluorescence intensity relative to Hoechst 

fluorescence intensity and represented relative to media controls. Data are represented as 

means ± SEM. n=3 independent experiments in triplicates. *p<0.05, **p≤0.01, compared 

to media control. α-SMA: alpha-smooth muscle actin; AU: arbitrary units; CTGF: 

connective tissue growth factor; TGF-β: transforming growth factor-β. 

  



 

Figure 3.15. Ang-II infusion led to significant influx of CCR2+CX3CR1+ 

monocytes/Mϕs in the myocardium at 3 days. (A) Representative images of flow 

cytometry contour plots of Mϕs in the myocardium as defined by CX3CR1+ and CCR2+ 

expression in saline control (left) and Ang-II (right) animals (boxed). (B) Quantification 

of CX3CR1+CCR2+ populations in saline and Ang-II hearts as represented by the 

percentage of isolated mononuclear cells (left) and absolute numbers normalized per 

milligram of heart tissue (right). Data are expressed as means ± SEM. n=4-5. 

***p<0.001, ****p<0.0001. Ang-II, Angiotensin-II; CCR2, C-C Chemokine Receptor 2; 

CX3CR1, CX3C Chemokine Receptor 1; mg, milligram; Pop’n, population. 



Figure 3.16. CCR2+CX3CR1+ monocytes/Mϕs demonstrated a pro-inflammatory 

shift towards CD11bhighLy6Chigh phenotype after 3 days of Ang-II infusion. (A) 

Representative images of flow cytometry contour plots of CX3CR1+CCR2+ Mϕs in the 

myocardium as defined by CD11bhigh populations in saline control (left) and Ang-II 

(right) animals (boxed). (B) Quantification of CX3CR1+CCR2+ populations that 

expressed CD11bhigh in saline and Ang-II hearts as represented by the percentage of 

CX3CR1+CCR2+ cells. (C) Quantification of CX3CR1+CCR2+ populations that expressed 

CD11blow in saline and Ang-II hearts as represented by percentage of CX3CR1+CCR2+ 

cells. (D) Quantification of Ly6C expression of the CD11bhigh CX3CR1+CCR2+ Mϕ 

population in saline and Ang-II hearts as represented by Ly6C MFI. Data are expressed 

as means ± SEM. n=4-5. **p<0.01. Ang-II, Angiotensin-II; CCR2, C-C Chemokine 

Receptor 2; CX3CR1, CX3C Chemokine Receptor 1; Ly6C, lymphocyte antigen 6C; 

MFI, mean fluorescence intensity. 



 

Figure 3.17. Blood CD11b+ monocytes displayed CD11blow and CD11bhigh 

subpopulations in lower proportions after Ang-II infusion. (A) Representative images 

of flow cytometry dot plots of monocytes in circulation as defined by CD11blowSSClow or 

CD11bhighSSClow expression in saline control (left) and Ang-II (right) animals (boxed). 

(B) Quantification of CD11blow (left) and CD11bhigh (high) populations in saline and 

Ang-II hearts as represented by the percentage of isolated mononuclear cells. Data are 

expressed as means ± SEM. n=4-5. **p<0.01. Ang-II, Angiotensin-II; Pop’n, population; 

SSC, side scatter. 



 

Figure 3.18. Circulatory CD11bhigh monocytes were mainly pro-inflammatory 

Ly6ChighCCR2+ and present in similar proportions after Ang-II exposure. (A) 

Representative images of flow cytometry dot plots of CD11bhighSSClow monocytes in 

circulation as defined by Ly6ChighCCR2+ expression in saline control (left) and Ang-II 

(right) animals (boxed). (B) Representative images of flow cytometry dot plots of 

CD11blowSSClow monocytes in circulation as defined by Ly6ChighCCR2+ expression in 

saline control (left) and Ang-II (right) animals. Ang-II, Angiotensin-II; CCR2, C-C 

Chemokine receptor 2; Ly6C, lymphocyte antigen 6C.



Figure 3.19. Splenic CD11b+ monocytes displayed CD11bhigh and CD11blow 

phenotypes and were present in lower numbers after Ang-II infusion. (A) Graphical 

representation of the total number of isolated mononuclear cells from the spleen of saline 

and Ang-II animals. (B) Representative images of flow cytometry dot plots of the 

monocyte population in the spleen as defined by CD11bhighSSClow and CD11blowSSClow 

expression in saline control (left) and Ang-II (right) animals (boxed). (C) Graphical 

representation of CD11bhighSSClow population (left) and CD11blowSSClow population 

(right) expressed as absolute number of cells normalized per spleen. Data are expressed 

as means ± SEM. n=4-5. *p 0.05. Ang-II, Angiotensin-II; No., number; SSC, side 

scatter. 



Figure 3.20. Ang-II infusion led to significant shift towards pro-inflammatory 

Ly6ChighCCR2+ splenic CD11bhigh monocytes. (A) Representative images of flow 

cytometry dot plots of the CD11blowSSClow monocyte population in the spleen as defined 

by Ly6ClowCCR2low expression in saline control (left) and Ang-II (right) animals. (B) 

Representative images of flow cytometry dot plots of the CD11bhighSSClow monocyte 

population in the spleen as defined by Ly6ChighCCR2+ expression in saline control (left) 

and Ang-II (right) animals. (C) Graphical representation of CD11bhighLy6ChighCCR2+ 

monocyte population relative to the CD11blowLy6ClowCCR2low monocyte population as 

expressed by the ratio of absolute number of cells per spleen in saline and Ang-II mice. 

Data are expressed as means ± SEM. n=4-5. *p 0.05. Ang-II, Angiotensin-II; CCR2, C-

C Chemokine receptor 2; Ly6C, lymphocyte antigen 6C; No., number; SSC, side scatter. 



CHAPTER 4 – DISCUSSION 

4.1 Summary of Findings in the Context of the Literature 

 In many models of injury, a temporal relationship exists between early 

inflammatory responses and subsequent healing and remodeling phases. This highlights 

the necessity of understanding the important cellular players involved and their 

interactions within the environment to prevent removal of what is thought to be harmful, 

but in actuality may be crucial for healthy healing. Previous works by our group have 

demonstrated the important time-dependent course of an early inflammatory response 

that occurs immediately after Ang-II exposure, which precedes the increase in collagen 

deposition seen at 3 days – a hallmark of myocardial fibrosis49,80,85. This bi-phasic 

response has been well-established in many ischemic models of myocardial injury, such 

as a MI41,176,177 . In contrast, the bi-phasic response in models of non-ischemic heart 

disease, such as hypertension, has not been as clearly defined. The Ang-II infusion model 

offers the unique opportunity to study the relationship between early molecular and 

cellular changes within the myocardium without confounding effects, such as tissue 

necrosis that are seen in models of ischemia.   

 In this thesis, the attention was turned towards the first 24 hours of Ang-II 

infusion in order to further understand the early cellular and molecular changes within the 

myocardium preceding cellular accumulation. Additionally, the bi-phasic response after 

an injury can also be attributed to the bi-phasic monocyte response demonstrated in 

models of MI whereby an initial inflammatory repertoire of Ly6Chigh monocytes 

dominate the myocardium during the inflammatory phase followed by the recruitment of 

the latter reparative repertoire of Ly6Clow monocytes into the healing myocardium41,177. 



Thus, the latter piece of this thesis focused on changes after 3 days of Ang-II infusion, of 

which our previous works have characterized as the time-point in which cellular 

infiltration and significant collagen deposition seem to overlap49,80,106.  

 

4.1.1 Early Cellular and Molecular Changes in the Ang-II-Exposed Myocardium  

 One of the more intriguing observations noted in one of our previous works by 

Rosin et al. was the substantial upregulation of CTGF transcript immediately after Ang-II 

infusion in vivo (6 hours)85. This was not just a three- to four-fold change, but a 

substantial twenty-fold upregulation compared to saline controls. Thus, the first part of 

this thesis replicated this experiment in which we were able to identify a similar 

substantial upregulation of CTGF transcript levels after 6 hours of Ang-II exposure, as 

well as significant upregulation of TGF-β transcript levels. These molecular changes 

occurred prior to inflammatory changes in the myocardium after Ang-II exposure, 

indicated by accumulation of cellular infiltrate seen at 24 hours. Thus, it can be that 

resident cells within the myocardium are activated after Ang-II exposure either directly 

via AT1R, or indirectly via other signaling pathways, such as the TGF-β signaling 

pathway73,74,121,122,168,178,179.  

 Our results have demonstrated that Ang-II infusion led to an increase in 

myocardial pSmad2 levels, particularly at the carboxy-termini serines 465 and 467, 

relative to total Smad2/3 protein levels. This is suggestive of an increase in TGF-β 

signaling after 6 hours of Ang-II infusion. TGF-β is a pleiotropic cytokine that has been 

well understood to play a central role in various fibrotic conditions109,110,119,180,181. As 

mentioned earlier, TGF-β is abundantly “stored” in the ECM in its inactive latent form 



and requires proteolytic cleavage for bioactivity109,116. Once cleaved, active TGF-β binds 

to TβRII, heterodimerizes with TβRI, and in a cascade of signaling events involving 

Smad family protein phosphorylation, elicits downstream gene transcription, such as 

CTGF163,182-185. In the context of hypertensive-induced myocardial fibrosis, TGF-β 

transcript was previously shown to be upregulated 1 day after Ang-II infusion49,85,106, 

while we have demonstrated TGF-β transcript to be upregulated as early as 6 hours after 

Ang-II infusion.  

 CTGF, a matricellular protein of the CCN family, has also been suggested as a 

key mediator of fibrosis development and its expression is generally believed to be 

directly downstream of TGF-β activity163,167,185. Given that our results have shown an 

early substantial elevation of CTGF transcript levels that occurred simultaneously as the 

2.5-fold increase in TGF-β transcript levels, it is unlikely that this early induction of 

CTGF is the result of newly synthesized TGF-β given this short time course. Our findings 

in combination with previous work therefore suggest that this early induction of CTGF 

expression may be a result of latent TGF-β activation and signaling already present in the 

myocardial ECM116,117,153. Essentially, as Annes et al. considered, the latent TGF-β 

complex can be viewed as an extracellular sensor to signals by which the TGF-β peptide 

acts as a detector, the LTBP acts as the localizer, and the active TGF-β acting as the 

effector116.  

  

 

 



4.1.2 Mechanistic Link Between Early CTGF Upregulation and TGF-β Activation in the 

Ang-II Infused Myocardium 

 Given that Ang-II infusion led to a substantial increase in CTGF transcript levels 

at 6 hours and was associated with increased pSmad2 levels, this led to the hypothesis 

that this was a result of the activation of preformed latent TGF-β in the myocardium. 

These observations are associations that could have been occurring coincidentally, and 

thus we sought to address this hypothesis by blocking active TGF-β from downstream 

signaling. Zwaagstra et al. designed soluble single-chain bivalent TGF-β type II receptor 

traps with the capability of sequestering active TGF-β in the ECM155. In their studies, 

they assessed the efficacy of their TGF-β trap in tumour models. They demonstrated that 

administration of the TGF-β trap into established 4T1 mammary tumours in vivo resulted 

in significantly reduced tumour growth compared to the pan anti-TGF-β neutralizing 

antibody (1D11) likely due to TGF-β neutralization in the tumour environment155.  

 In our in vitro NIH/3T3 fibroblast monoculture system, we were also able to show 

a trending reduction of exogenous TGF-β-induced upregulation of CTGF and TGF-β 

transcript levels using the TGF-β trap, as well as a reduction in the TGF-β induced 

upregulation of collagen type I transcript levels. Although not to the extent as the 1D11 

antibody, these results demonstrate that upregulation of pro-fibrotic CTGF, TGF-β, and 

type I collagen in fibroblasts is induced by TGF-β activity. These results are expected as 

it is well known TGF-β activity and signaling is upstream of CTGF and collagen type I 

synthesis as well as plays a role in TGF-β autoinduction117,165,167,186-190. Thus, in our in 

vivo model of myocardial fibrosis, we were able to alter the effects of TGF-β by 

demonstrating a significant reduction in CTGF transcript levels after 6 hours of Ang-II 



exposure with the addition of the TGF-β trap compared to PBS controls. Supporting these 

results, we demonstrated that pSmad2 levels were also reduced relative to total Smad2/3 

levels after 6 hours of Ang-II exposure, suggestive of the participation of the TGF-

β/Smad-dependent pathway in the early induction of CTGF expression. 

  Although the precise mechanism to which latent TGF-β is activated is unclear, 

signals that perturb the ECM under stress, such as proteases, matricellular proteins, 

integrins, oxidative stress, and/or mechanical stress, can induce proteolytic cleavage of 

latent TGF-β43,116,117,165,191,192. In this hypertensive model of myocardial fibrosis, it is 

possible that Ang-II-AT1R signaling acts on resident cardiac cells and induces 

production of ROS58,60. In a recent study, Pinto et al. revisited the cellular composition of 

the mouse and human heart88. By using genetic tracing experiments and refined flow 

cytometry techniques, Pinto and colleagues identified endothelial cells as the most 

abundant non-cardiomyocyte cell population (>60%), whilst the composition of cardiac 

fibroblasts were lower than previously thought (<20%)88. 

 Endothelial cells and cardiomyocytes have been proposed to be potential sources 

of CTGF production as a result of TGF-β activation in addition to cardiac fibroblasts, as 

demonstrated previously by our laboratory85. Rosin et al. demonstrated an upregulation 

of CTGF mRNA levels in the microvascular endothelial cell line b.End3 and in isolated 

cardiomyocytes of neonates, which was abolished with the addition of a pan-TGF-β 

neutralizing antibody85. Our findings in this study confirmed that the early molecular 

changes in CTGF and TGF-β transcript levels are seen prior to cell infiltration in the 

myocardium. In addition, our findings here demonstrate that TGF-β is in part responsible 

for the induction of CTGF prior to significant cell infiltration. Endothelial cells express 



both TβRII and TβRI and can transmit the TGF-β signal to the nucleus through 

phosphorylation of Smad2/3169,193. Additionally, the adult murine heart also contains 

latent TGF-β localized to cardiomyocytes and in vitro TGF-β stimulation of 

cardiomyocytes resulted in increased CTGF production153,194. Thus, it is likely possible 

that the initial activation of latent TGF-β and signaling initially acts on resident cardiac 

cells to produce the initial surge of CTGF transcript induction.  

 Ang-II signaling via AT1R is well-received to upregulate TGF-β production in 

cardiac tissue, such as in cardiomyocytes and cardiac fibroblasts68,73,107,195. Thus, the 

upregulation of TGF-β transcript levels in Ang-II hearts at 6 hours is likely a result of 

Ang-II signaling via AT1R as our results demonstrated that TGF-β transcript levels were 

not affected in Ang-II animals that received the TGF-β trap. The administration of the 

TGF-β trap appears to trend towards an increase in TGF-β transcript levels in Ang-II 

hearts. Our in vivo results were in contrast with our in vitro fibroblast monocultures, in 

which we were able to demonstrate a trending reduction of exogenous TGF-β 

autoinduction with the addition of the TGF-β trap or 1D11 antibody. One explanation 

could be the involvement of other autocrine and/or paracrine interactions in the 

myocardial environment, where the interactions between the ECM and other resident cell 

types present in the myocardium may be influenced20,22. In this dynamic myocardial 

environment, one may hypothesize that TGF-β neutralization in a pathological setting 

may promote a compensatory upregulation of TGF-β to counteract the inflammatory 

effects after Ang-II infusion.  

 In contrast to our findings seen at 6 hours after Ang-II exposure, the 

administration of the TGF-β trap did not affect CTGF transcript levels after 24 hours of 



Ang-II infusion. A possible explanation may be that CTGF in the ECM is inducing an 

autoregulatory mechanism by which CTGF is regulating its own production85,133,196. 

Alternatively, Ang-II can elicit direct effects on resident cardiac cells via AT1R through a 

number of signaling pathways. Iwanciw et al. demonstrated that Ang-II-AT1R signaling 

induced CTGF mRNA and protein production in a human fibroblast cell line through the 

mitogen-activated protein kinase (MAPK)-signaling pathway168. RhoA/Rho kinase, p38 

MAPK/Jun amino-terminal kinase (JNK) signaling, and calcineurin-dependent pathways 

have also been shown to induce CTGF production directly upon Ang-II stimulation74,75. 

Additionally, He et al. demonstrated that CTGF expression in cardiomyocytes can be 

regulated by Ang-II activation of the protein kinase C (PKC) pathway in an isoform-

selective manner197. Therefore, rather than through direct TGF-β signaling, other 

mechanisms during the inflammatory myocardial environment may be activated that 

results in redundant signaling pathways. 

  

4.1.3 Gross and Cellular Histological Changes in the Ang-II-Exposed Myocardium at 24 

Hours 

 Fibroblast differentiation into myofibroblasts, the effector cells of the fibrotic 

response in various fibrotic conditions, has also been well accepted as a downstream 

effect of TGF-β activation either directly or synergistically with CTGF33,39,198-200. 

Traditionally, myofibroblasts were believed to be solely differentiated from resident 

fibroblasts, but emerging evidence has shown that fibroblasts can originate from other 

cellular sources, such as bone marrow derived progenitor cells or endothelial cells that 

underwent EMT62,123,201. While we did not identify the source of fibroblasts and/or 



myofibroblasts in this thesis, fibroblast differentiation into myofibroblasts was not 

evident after 24 hours of Ang-II exposure, suggesting that myofibroblasts are not key in 

the early inflammatory stages of myocardial fibrosis.  

 In fact, cardiac fibroblasts have garnered increasing interest in respect to their 

participation as inflammatory cells in the pathogenesis of cardiac injury and subsequent 

fibrosis development83,202. By acting as sentinel cells, cardiac fibroblasts have the 

capacity to respond to stimuli under sterile inflammation, such as damage associated 

molecular patterns (DAMPs) or mechanical stress, and produce a repertoire of 

chemokines and cytokines involved in the inflammatory response83,92,203,204. However, 

these studies have addressed cardiac fibroblasts with inflammatory potential in vitro but 

their contribution in the inflammatory phase in vivo remains uncertain as one cannot 

disregard the pro-inflammatory role of other myocardial cells present as well as the 

difficulty in identifying cardiac fibroblasts due to limited specific markers available95,202. 

 In the context of this study, Duerrschmid et al. demonstrated that Ang-II infusion 

resulted in the immediate upregulation of pro-inflammatory cytokines, such as TNF-α, 

IL-6, IL-1β, and MCP-166. This inflammatory environment could potentially influence 

cardiac fibroblasts to support the inflammatory response and delaying the differentiation 

into myofibroblasts during the initial inflammatory phase. Additionally, Duerrschmid et 

al. demonstrated that Ang-II infusion led to delayed upregulation of anti-inflammatory 

and pro-fibrotic factors such as IL-4, IL-13, and TGF-β, which was seen at 7 days66. In 

previous work by our laboratory, upregulation of TGF-β transcript levels was seen to 

further increase from 6 hours to a peak at 3 days of Ang-II infusion85. Furthermore, 

CTGF protein expression was upregulated after 3 days of Ang-II infusion85. Thus, this 



later increase in anti-inflammatory and pro-fibrotic factors in the myocardial environment 

could influence the fibroblast differentiation into α-SMA+ myofibroblasts for tissue 

remodeling beyond 3 days of Ang-II infusion25,39,205.  

 Although there was no evidence of α-SMA+ myofibroblasts at 24 hours after Ang-

II exposure, we have demonstrated an increase in proliferative cells at this time-point. 

Previous work in our laboratory using chimeric mice constitutively expressing GFP have 

shown a large population of accumulated infiltrating cells in the myocardium after 3 days 

of Ang-II exposure, largely comprised of bone marrow derived progenitor cells85. In the 

present study, we have also identified a large portion of mononuclear cells undergoing 

proliferation as early as 24 hours after Ang-II exposure that contributes to the increase in 

cell accumulation, but does not differentiate between resident or infiltrating cells or 

suggest the identity of the proliferative cells. Administering the TGF-β trap did not affect 

cell proliferation, likely suggesting that these effects are a result of direct Ang-II 

activation mitigating mitogenic properties on bone marrow derived progenitor cells or 

resident fibroblasts. Whether Ang-II is directly inducing fibroblast proliferation via the 

MAPK signaling cascade or indirectly by stimulating growth factors associated with 

fibroblast proliferation such as platelet-derived growth factor (PDGF), has yet to be fully 

elucidated as applications in vivo have been deemed as challenging due to the complexity 

of intervening and compensatory mechanisms25,67,108.  

 Cardiac fibroblasts are important in the context of cardiac remodeling. They are 

the source and target of multiple stimuli and participate in the crosstalk with other 

immune cells and cardiomyocytes to coordinate chemical, mechanical, and electrical 

signals77,206,207. Cardiac fibroblasts can respond to IL-6, where they undergo a feed-



forward mechanism that leads to increased fibroblast proliferation171,208. Resident cardiac 

fibroblast proliferation has been suggested to be one of the main sources of 

myofibroblasts in the process of cardiac remodeling205,209. However, due to the difficulty 

in accurately identifying cardiac fibroblasts, the origin of myofibroblasts in the 

myocardium remains controversial205. Bone marrow derived progenitor cells have also 

been suggested to contribute to the fibroblast population in the myocardium after 

injury62,171,210,211. Haudek et al. identified spindle-shaped bone marrow derived 

CD34+/CD45+ precursor cells that expressed collagen type I and cardiac fibroblast 

marker discoidin domain-container receptor 2 (DDR2) in the Ang-II exposed hearts62.  

 To further expand on the multifunctional properties of TGF-β, this pleiotropic 

cytokine plays a chemotactic/migratory role on monocytes to sites of injury in a 

concentration-dependent manner124,212-214. The chemotactic properties of TGF-β also 

appears to be context dependent, as migration of cardiac fibroblasts were not affected 

directly in the presence of TGF-β1 in vitro122,206,215. In our study, TGF-β trap 

administration did not affect cell accumulation at 24 hours despite the reduction in CTGF 

production observed at 6 hours, suggesting that TGF-β signaling is unlikely responsible 

for the migration of mononuclear cells in the context of Ang-II exposure. Thus, it is 

likely that in the Ang-II infusion model, other signaling mechanisms, such as the CCL2-

CCR2 axis62,66, redundancy in chemokine signaling, possibility of the CX3CR1-

dependent recruitment80, and/or Ang-II-induced increase in vascular permeability45,56, 

contribute to the accumulation of mononuclear cellular infiltrate in the myocardium.  

 

 



4.1.4 Role of CTGF on Fibroblast Activity and Phenotype in vitro 

 CTGF has been implicated as an important fibrogenic mediator of various fibrotic 

conditions, such as in the lung, skin, liver, heart, and systemic tissue fibrosis166,216,217. 

Despite its association in many fibrotic conditions, the exact role of CTGF has not been 

fully elucidated as CTGF has no known receptor133. In fact, CTGF behaves like 

matricellular proteins by serving as adaptor proteins in the ECM and modulating cell 

signaling, such as its cooperation with TGF-β in promoting fibrosis133,136,218. In the 

myocardium, CTGF is not normally expressed unless induced under pathological 

conditions, thus implicating an important role in myocardial fibrosis143,185,219. A number 

of studies attempted to unravel the extent of which CTGF participates in mediating 

fibrosis in the myocardium. However, in vitro and in vivo studies have generated 

contradicting results in the context of cardiac remodeling140,141,144,174. 

 Our in vitro NIH/3T3 fibroblast monoculture experiments aimed to understand the 

fundamental role of CTGF on fibroblasts. Upon exogenous CTGF treatment, there was 

no effect on pro-fibrotic gene expression as well as no discernible effect on fibroblast 

differentiation into α-SMA+ myofibroblasts. Additionally, exogenous CTGF did not 

provide an additive effect on TGF-β-induced fibroblast changes. This is in contrast with 

previous studies that have demonstrated the importance of CTGF in the progression of 

excessive fibrosis that leads towards diastolic heart failure75,137,166,174,194,219. Despite this, 

recent evidence has also demonstrated the negligible role of CTGF in progression of 

myocardial fibrosis. Accornero et al. generated transgenic mice with heart-specific gain 

or loss of CTGF to explore the role of CTGF in myocardial fibrosis143. Induction of 

pathological cardiac remodeling in models of aging, pressure overload via transverse 



aortic constriction (TAC), or heart-specific TGF-β overexpression was not affected with 

heart-specific gain or loss of CTGF, suggesting that CTGF is unlikely playing an 

important role in myocardial remodeling and fibrosis143. Additionally, Fontes et al. 

generated conditional CTGF knockout mice that underwent TAC but was unable to 

prevent myocardial fibrosis and hypertrophy144. Implications of a cardio-protective role 

of CTGF has also been suggested by Gravning and colleagues, whereby transgenic mice 

with cardiac-restricted CTGF overexpression resulted in similar fibrosis after MI or 

chronic pressure-overload via abdominal aortic banding140,173. Moreover, other members 

of the CCN family of proteins may play compensatory and/or redundant roles136,220,221. 

Thus, with recent evidence suggesting minimal importance of CTGF in progression of 

myocardial fibrosis, the role of CTGF needs to be reconsidered.  

 

4.1.5 Characterizing Monocyte/Mϕ Composition and Subsets in Ang-II Exposed Mice 

 As shown in our results after 24 hours of Ang-II exposure, mononuclear cell 

infiltrate in the myocardium and are likely interacting with resident cardiac cells and 

other infiltrating cells in a concerted effort to repair the stressed or injured myocardium. 

At 3 days after Ang-II exposure, previous work from our laboratory identified these 

mononuclear infiltrates as monocytes/Mϕs associated with progression of myocardial 

fibrosis80. At this time-point, there appears to be an overlap between collagen deposition, 

indicative of fibrosis, and the inflammatory response as shown in previous works from 

our laboratory49,80,106. In this study, 3 days of Ang-II infusion led to an increase in 

CX3CR1+CCR2+ Mϕs in the myocardium with a pro-inflammatory shift towards 

increased expression of CD11bhighLy6Chigh. Monocytes/Mϕs play a role in essentially all 



aspects of the healing response and can be described as biphasic during ischemic cardiac 

injury, whereby classical monocyte recruitment occurs during the inflammatory phase, 

followed by a shift towards non-classical monocyte accumulation to mediate the healing 

response41,177,222. In a non-ischemic model of myocardial fibrosis, Duerrschmid et al. 

demonstrated that continuous Ang-II infusion led to an initial accumulation of pro-

inflammatory CD86+CD45+ M1 cells after 1 day, followed by a shift in the cardiac 

environment towards an accumulation of CD301+ CD206+ M2 cells by 1 week66. Thus, in 

the context of our study, our findings support the initial accumulation of pro-

inflammatory Ly6Chigh monocytes/Mϕs in the myocardium.  

 The understanding of the contribution of monocyte/Mϕ accumulation in the 

myocardium is becoming increasingly complex with the emergence of resident cardiac 

Mϕs, as well as bone-marrow derived monocytes and monocyte deployment from the 

splenic reservoir42,61,62,102,177,223. Swirski et al. demonstrated an increase in blood 

monocytes and a reduction in total splenic monocytes 1 day post-MI, suggesting the large 

contribution of splenic monocyte deployment, with the Ang-II-AT1R signaling axis 

promoting this monocyte emigration61. In contrast, our results demonstrated a reduction 

in the proportion of CD11bhigh and CD11blow monocytes after Ang-II exposure with no 

effect on monocyte phenotypic changes. These differences could be attributed to our 

results representing the circulatory monocyte population at 3 days, at which point a large 

proportion of leukocytes in the blood could mainly consist of lymphocytes42,224. 

Furthermore, increase in peripheral Ly6Chigh monocytes could be a transient effect that 

occurred prior to 3 days225. Finally, the total number of mononuclear cells were reduced 

in the spleen after Ang-II exposure, which resulted in a reduction of CD11bhigh and 



CD11blow monocytes. The increase in proportion of Ly6ChighCCR2+ CD11bhigh 

monocytes indicates a pro-inflammatory shift in the Ang-II spleen and suggests the 

deployment of pro-inflammatory splenic monocytes in the presence of continuous Ang-II 

infusion.  

 

4.2 Limitations 

 In an effort to further understand the cellular and molecular changes associated 

with hypertensive-induced myocardial fibrosis, the Ang-II infusion model represents one 

of the many available hypertensive models160. However, this animal model, like all 

animal models, is not without its limitations. Hypertension is a chronic disease that 

usually develops over a long period of time and encompasses a heterogenous etiology, 

thus increasing the complexity of this disease160,226. In contrast to the human disease, our 

Ang-II infusion model involves the use of young mice and conditions that result in the 

sudden systemic elevation of Ang-II levels. Although our mouse model results in the 

sustained elevation of blood pressure, this model disregards other potential confounding 

factors that occurs in the human disease state, such as age and genetic dispositions that 

may affect sodium dependency and renin status8,160. Additionally, it is uncertain whether 

the sympathetic nervous system plays a role in the Ang-II infusion model of 

hypertension227. 

 Nevertheless, elevated Ang-II plasma concentrations are commonly associated in 

hypertensive and chronic kidney disease patients228-230. Comparison of the plasma Ang-II 

concentrations in mice after Ang-II infusion to plasma Ang-II concentrations in patients 

have been difficult due to high sequence homology between different components of the 



RAAS231. In literature, the concentrations of plasma Ang-II in healthy patients fall within 

a large range, which may be due to different methodological approaches used231-233. 

Furthermore, due to many genetic dispositions and heterogeneity in etiology between 

individuals, the concentration of plasma Ang-II in healthy subjects and patients may 

range. Interestingly, unilateral renal artery stenosis is often accompanied by immediate 

elevation in blood pressure and consequent elevation in plasma Angiotensin II 

concentrations234-236. Renal artery stenosis has also been shown to be commonly 

associated in patients with chronic heart failure237. However, whether renal artery 

stenosis is involved in the progression of heart failure is still uncertain237. Despite this, 

many processes in the Ang-II signaling pathway may be similar in rodents and humans so 

that application from rodent experimentation to the clinical setting may be implicated 

with regards to understanding underlying mechanisms of hypertension, myocardial 

inflammation, and fibrosis.  

 A major limitation in our in vitro and in vivo studies using the TGF-β trap is the 

dosage for our in vitro experiments and the consideration of the TGF-β trap half-life for 

our in vivo experiments. Our in vitro results did not exhibit effects to the same extent as 

the 1D11 antibody and thus, dose-response experiments is ideal to determine the efficacy 

of the TGF-β trap on NIH/3T3 fibroblasts. Additionally, Zwaagstra et al. used the TGF-β 

trap to determine its efficacy in tumours, a state that is very different from our studies155. 

The TGF-β trap has a very short half-life (<1 hour) and its effect may not be maintained 

in vivo for extended periods of time, such as for our 24-hour time-point. This may be 

beneficial in the sense of short-term neutralization of TGF-β, as the events that occur 

during myocardial inflammation and fibrosis are very context and time-dependent117,238. 



As such, there exists the possibility that elimination of the TGF-β trap from the system 

may have occurred, which may explain the insignificant observations at 24 hours and 

must not be disregarded when interpreting our observations. The dosage and delivery 

method that we used in our experiments were based off their tumour studies and thus, the 

optimal dosage and delivery method should be altered in our myocardial fibrosis model.  

 In addition, the TGF-β trap was designed based on the human TGF-β type II 

receptors155, whereas the pan TGF-β neutralizing antibody is a recombinant mouse 

monoclonal antibody. In this thesis, we have used both the TGF-β trap and pan TGF-β 

neutralizing antibody in our murine studies and in vitro murine fibroblasts. Thus, another 

limitation of this study is the use of a human-based TGF-β trap as opposed to a murine-

based peptide, which may affect the interpretation of our observed results. In particular, it 

is necessary to consider that the differences in efficacy seen in our in vitro results may be 

due to the differences in species specificity. Potentially, the lower degree of sequence 

homology between human and murine TGF-β type II receptors may affect the specificity 

of TGF-β binding to its receptors in our experimentation. 

 Although the main objective of this thesis was to understand the mechanistic link 

between TGF-β and CTGF in the early myocardial environment, changes in the transcript 

levels of these early pro-fibrotic mediators does not necessarily dictate protein changes in 

the myocardium. This experimental technique is also extremely sensitive and is highly 

prone to error. Thus, further experimentation looking at protein changes temporally may 

provide greater insight into the mechanistic link between TGF-β signaling and CTGF 

protein production. Furthermore, we only assessed changes in collagen type I transcript 

levels, and although collagen type I comprises the majority of the collagen present in the 



myocardium, we cannot disregard other types of collagen also found in the myocardium, 

such as collagen type III23,151.  

 Our assessment of the role of CTGF in vitro is at a fundamental level but the use 

of NIH/3T3 fibroblasts does not necessarily translate to cardiac fibroblasts due to their 

highly adaptive nature239. Thus, at best, our observations can only be interpreted at a 

general level and further experimentation on cardiac fibroblasts is warranted. Moreover, 

our cell starvation protocol did not completely remove all serum and instead, included 

1% FBS. Thus, when interpreting these results, careful consideration into the influence of 

FBS must not be disregarded as components of the serum may also affect fibroblast 

induction and phenotype.  

 Finally, our in vivo experiments in characterizing monocyte/Mϕ composition and 

subsets only uses four cell surface markers and thus, cannot disregard the possibility of 

other cell types that may have been included using this method. Furthermore, our 

observations seen in the blood did not take into consideration absolute numbers and was 

not normalized to a certain volume of blood taken at the time of harvest. Lastly, our 

method for the digestion of the heart tissue involves rigorous conditions whereby 

mechanical and enzymatic digestion is required to isolate mononuclear cells within the 

myocardium, which may have affected the monocyte/Mϕ phenotypes.  

 

4.3 Future Directions 

 The overarching objective of this thesis was to further understand the close 

relationship between TGF-β and CTGF in the early Ang-II exposed myocardial 

environment. A step further was taken at understanding the monocyte/Mϕ changes that 



occur after Ang-II exposure by exploring the cardiosplenic axis. With this, there are 

many directions of which future studies can take to fill in the knowledge gap that 

currently exists in the understanding of the underlying mechanisms of myocardial 

fibrosis. In the next few paragraphs, some future directions will be outlined. 

 As mentioned in the Limitations, administration of the TGF-β trap in vivo did not 

elicit the same response at 24 hours as it did at the 6-hour time-point and may be due to 

the possibility of the elimination of the TGF-β trap. Thus, further experimentation can be 

conducted in order to determine the optimal dosage and delivery method in this disease 

model. As such, longer time-points can be explored using the TGF-β trap as a therapeutic 

tool to limit detrimental remodeling in addition to a molecular tool. Multiple studies have 

attempted to block TGF-β activity in an effort to abrogate fibrosis development but have 

yielded both beneficial and detrimental effects127,129,130. Thus, the potential of short-term 

neutralization utilizing the TGF-β trap may result in beneficial effects. Additionally, by 

understanding the molecular events involved in the process of myocardial inflammation 

and fibrosis, time-specific administration of the TGF-β trap could perhaps prevent the 

inhibition of beneficial anti-inflammatory effects required after an inflammatory 

response, as well as limit the detrimental effects of over-induction of tissue remodeling.  

 Our in vitro experiments demonstrated minimal importance of the role of CTGF 

on fibroblast induction and activity. In literature, many studies have put into question as 

to whether CTGF is important in the progression of fibrosis138,140,141,143,144,173,174. Our 

methodology involving the starvation of fibroblasts prior to treatment included the 

presence of FBS in the serum could have affected our observations. Further small-scale 

studies could be conducted in order to eliminate the possibility of serum affecting our 



results. In addition, CTGF has been demonstrated to regulate fibroblast proliferation 

through one of its binding domains133,240. Due to some technical issues, we were not able 

to perform the appropriate proliferative studies, of which future small-scale studies can 

be performed to assess proliferative capacity in the presence of CTGF. To further extend 

the role of CTGF on fibroblast function in the context of myocardial fibrosis, murine or 

human cardiac fibroblasts can be used in future in vitro experiments. Additionally, other 

resident myocardial cells, such as endothelial cells and cardiomyocytes, could be 

considered in future studies to determine the role of CTGF on these cell types.  

 Our Ang-II infusion model demonstrated early transcript upregulation of some 

important fibrogenic mediators and was associated with later phenotypic shifts towards 

pro-inflammatory Ly6ChighCCR2+ monocyte/Mϕ accumulation. As mentioned 

previously, the Ang-II exposed myocardium exhibits immediate upregulation of pro-

inflammatory cytokines and chemokines, which later transitions into a pro-fibrotic 

environment66,80. However, these observations are strictly at the transcript level. 

Additionally, the population of monocytes/Mϕs can originate from multiple sources, such 

as proliferating cardiac resident Mϕs and/or recruitment of splenic and/or bone-marrow 

derived monocytes61,100-102,241. Recently, Sager et al. demonstrated in a chronic heart 

failure model post-MI that both proliferation of local cardiac Mϕs and monocyte 

recruitment contribute to the accumulation of Mϕs in the failing myocardium242. 

Additionally, they demonstrated that isolated steady-state cardiac Mϕs, monocyte-derived 

Mϕs, and locally derived Mϕs from the failing myocardium exhibited distinct expression 

patterns that deviated from the M1/M2 paradigm242. While there are obvious difficulties 

in mimicking the myocardial environment, future experiments can be designed to assess 



the roles of certain factors in the early myocardial environment in the recruitment or 

proliferation of monocytes/Mϕs through in vitro studies. 

 Interactions between monocytes/Mϕs and resident cardiac cells, such as cardiac 

fibroblasts, have been demonstrated as key in dampening inflammation and progression 

towards remodeling64,126,243. As such, the interactions between monocytes/Mϕs and 

cardiac fibroblasts may largely influence the direction to which myocardial inflammation 

and fibrosis progresses. The in vitro fibroblast monoculture experiments explored the role 

of CTGF on fibroblasts only. Perhaps, the role of CTGF may be important in the 

presence of Mϕs and may alter Mϕ phenotypes and consequently, alter fibroblast 

activation and phenotype. Our laboratory has established an in vitro coculture system of 

fibroblasts and Mϕs that can be used to explore the fundamental role of CTGF in the 

interaction between Mϕs and fibroblasts80,104. This can be further extended to interactions 

between Mϕs and other resident cardiac cells, and in particular with cardiomyocytes and 

endothelial cells. 

 

4.4 Concluding Remarks 

 At the end of the day, many questions asked in the laboratory setting is thought of 

in an applicable clinical context. In this thesis, the early molecular and cellular changes in 

the Ang-II exposed myocardium was explored in further detail. In the clinical setting, it is 

often very difficult to identify the onset of a disease, such as hypertension. Rather, the 

disease is often presented at a time at which the disease has progressed to a late and/or 

critical stage. In the context of this thesis, perhaps the most critical time is when the 

myocardium is presented with severe fibrosis that affects the proper function of the heart. 



Despite this, understanding the underlying mechanism and cellular changes is still 

important to manipulate these changes in order to promote a more beneficial outcome.  

 Throughout this thesis, we have focused on the early mechanistic link between 

TGF-β signaling and its partial participation in CTGF transcript induction in the early 

Ang-II exposed myocardium by using a TGF-β trap. Additionally, we began to try to 

understand the role of CTGF on fibroblast activity and phenotype, of which CTGF 

appears to play minimal role in regulating fibroblast induction and differentiation into 

effector α-SMA+ myofibroblasts alone or in combination with TGF-β. Finally, we started 

to understand the different compositions and subsets of monocytes/Mϕs in the context of 

continuous Ang-II exposure in the spleen, blood, and myocardium in order to open a path 

for exploring possible roles of certain cytokines and mediators in influencing these 

phenotypic changes (Figure 4.1). We have focused on certain cell types and mediators 

that have been suggested to be important in the progression of myocardial inflammation 

and fibrosis, but in fact, the progression of a disease involves a complex web of multiple 

cell types, cytokines, chemokines, mediators, and redundant/compensatory signaling 

pathways that are likely to heavily influence one another.  

 

  



Figure 4.1. Summary of Findings. In this thesis, we demonstrated that Ang-II infusion 

led to onset of an inflammatory response, characterized by increase in mononuclear cell 

infiltration into the myocardium at 24 hours. Previous work from our laboratory have 

shown that myocardial fibrosis ensues at 3 days, which is characterized by an increase in 

collagen deposition49,80. Interestingly, we have shown that upregulation of TGF-β and 

CTGF transcript levels occur as early as 6 hours after Ang-II infusion, which occurred 

prior to significant cellular infiltration. We have suggested that latent TGF-β activation 

and signaling via the canonical Smad-dependent pathway is partially inducing early 

upregulation of CTGF transcript levels at 6 hours, implicating an important role for 

resident cardiac cells at this time-point. Finally, by extending our time-point to 3 days, 

we demonstrated that monocyte/Mϕ accumulate in the myocardium and largely consisted 

of pro-inflammatory Ly6Chigh phenotype. This pro-inflammatory phenotypic shift after 

Ang-II infusion is reflected in the monocyte composition in the spleen, which is 

represented by an increase in the ratio of Ly6ChighCCR2+ monocytes to 

Ly6ClowCCR2low/neg monocytes. These results open a path for exploring possible roles of 



certain cytokines and mediators, such as CTGF, in influencing phenotypic changes of 

monocytes/Mϕs and its influence and interactions with resident cardiac cells, such as 

fibroblasts, endothelial cells, and cardiomyocytes.   
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